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ABSTRACT OF THE DISSERTATION 

 
Integration site-based clonality analyses of  

potency of stem and progenitor cells  
and 

safety in human gene and cell therapy 
 

by 
 

Aaron Cooper 
 

Doctor of Philosophy in Molecular Biology 
 

University of California, Los Angeles, 2016 
 

Professor Donald Barry Kohn, Chair 
 

 
 Since their development over thirty years ago, replication incompetent retroviral vectors 

have become indispensable tools for stable genetic modification in gene therapy and 

experimental biology (Mann et al. 1983). One notable feature of these vectors is that they 

irreversibly integrate their genome into the genomic DNA of the target cell, where it is copied 

along with the cellular genes and passed on to daughter cells when the cell proliferates. Because 

integration occurs at a random location, each transduced cell within a population of reasonable 

complexity acquires a retroviral genome at a unique site. The integration process does exhibit 

some preferences, but the process is still random and most genomic sites are amenable to 

integration. By using methods that can distinguish between these distinct integration sites (ISs) 

based on their unique properties, one can enumerate the ISs present in a cellular population. 

More interestingly, these unique properties can be observed over time as cellular clones expand, 

contract, differentiate, migrate, die or express other behaviors, allowing one to make inferences 

about clonal biological potential and proliferative dynamics. 
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 This concept, which is most commonly referred to as “clonal tracking,” will occupy the 

entirety of this thesis aside from chapter 2. Chapter 2 presents two works improving the function 

and production of lentiviral vectors based on human immunodeficiency virus 1 (HIV-1), a 

slightly newer retroviral genetic engineering technology that has almost completely superseded 

that of retroviral vectors based on murine viruses (Cooper et al. 2011; Cooper et al. 2015). 

Chapter 3 contains two studies in which clonal tracking was used to demonstrate the ability of 

either hematopoietic or cancer stem cells to produce multiple distinct cell types (Stoyanova et al. 

2013; McCracken et al. 2013). Chapter 4 describes experiments in which clonal tracking was 

used to determine whether a recently discovered immunophenotypically defined population of 

pluripotent stem cell-derived progenitor cells possesses multipotency (Chin, Cooper et al., Stem 

Cells, In Press). The unprecedented complexity of ISs sequenced in this work prompted a more 

thorough statistical examination of the issue of sampling in IS sequencing approaches. Chapter 5 

contains multiple published collaborative studies in which IS sequencing was used to examine 

the safety of gene and cell engineering approaches for therapeutic applications in gene therapy or 

regenerative medicine (Karumbayaram et al. 2012; Awe et al. 2013; Candotti et al. 2012; 

Carbonaro et al. 2014; Romero et al. 2013; Hoban et al. 2015). Chapter 6 discusses work on the 

safety and efficacy of retroviral gene therapy in a human clinical trial for adenosine deaminase-

deficient severe combined immunodeficiency (ADA-SCID). In addition to applying the 

molecular and statistical methods for IS-based clonal tracking developed during my graduate 

work, this analysis also involved large-scale sequencing of the T-cell receptor rearrangements 

that are the foundation of the adaptive immunological repertoire. Chapter 7 summarizes the 

work and discusses unanswered questions for potential future research.  
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Chapter 1: 
 
 
 
 

Retroviral integration site sequencing  
for clonal tracking in experimental biology and gene therapy 

 

1



ADA-SCID: an initial test case for retroviral gene therapy technology 

The first retroviral vectors used in the gene therapy field were those based on murine 

viruses that cause neoplasia in the hematopoietic system. Essential early developments include 

the removal of viral genes required for replication from vector genomes and the development of 

methods to produce vector free from the helper virus required to provide in trans the proteins 

needed to assemble functional vector particles (Mann et al. 1983). Subsequent work investigated 

how to orient transgenes of interest within recombinant retroviral vectors to obtain optimal 

expression in cell types of interest, and the first clinical application of this technology was to treat 

ADA-SCID by transducing autologous T-cells to restore ADA function (Hock et al. 1989; 

Blaese 1993; Hershfield et al. 1993). In ADA-SCID, an absence of the enzyme adenosine 

deaminase leads to accumulation of toxic metabolites adenosine and 2’-deoxyadenosine during 

DNA catabolism. For reasons that are still not entirely clear, the most salient phenotype is a 

pathological dearth of T- and B-cells, the critical agents of adaptive immunity. While transduced 

T-cells persisted in this pioneering gene therapy study and provided important proof-of-concept 

through their improved biological function, it was understood that in order to achieve a 

potentially lifelong cure, immature hematopoietic stem and progenitor cells (HSPCs) capable of 

supporting continuing in vivo T-cell development would need to be modified (Blaese et al. 

1995).  

A subsequent effort to perform gene therapy for ADA-SCID in autologous umbilical 

cord blood HSPCs established that genetically modified HSPCs could indeed engraft in a 

human patient, though again there was no clear therapeutic benefit beyond that provided by 

enzyme replacement therapy (Kohn et al. 1995; Kohn et al. 1998). This can likely be attributed 

to collusion of expression silencing in transduced cells, low transduction efficiency of HSPCs and 
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low engraftment efficiency of transplanted cells due to the lack of pretransplant ablation of 

resident uncorrected hematopoietic progenitors (Kohn 2002). Some postulated that the 

continuation of enzyme replacement therapy prevented selection of ADA-deficient cells and 

critically reduced the efficiency of engraftment, but recent studies in humans and in ADA 

knockout mice suggest that cytoreductive preconditioning is the most crucial factor (Carbonaro 

et al. 2012; Otsu et al. 2015). Fortunately, with respect to the issues of expression and 

transduction efficiency, the strength and durability of expression from retroviral vectors improved 

throughout the 1990s via use of other murine retroviruses, exchange of tRNA primer binding 

sites required for reverse transcription, modification of splice junctions and deletion of negative 

control regions in the long terminal repeats (LTRs)  (Colicelli & Goff 1986; Riviere et al. 1995; 

Challita et al. 1995; Robbins et al. 1997; Robbins et al. 1998; Ohashi et al. 1992; Baum et al. 

1995).  

 

Gene therapy clears the tower 

 In retrospect, while gene therapy for ADA-SCID required preconditioning to improve 

engraftment efficiency, a very similar approach to treat an X-linked SCID caused by deficiency 

of the growth factor receptor component IL2RG (SCID-X1) did not due to the strong selective 

advantage provided to transduced cells by restoration of growth signaling. The first clinical trial 

for SCID-X1 therefore gave the field its first apparently unalloyed success (Cavazzana-Calvo et 

al. 2000; Hacein-Bey-Abina et al. 2002). Since this initial report in 2000, retroviral vectors have 

repeatedly proven themselves capable of effecting therapeutic gene additions to ameliorate the 

phenotypes of multiple genetic diseases (Ott et al. 2006; Boztug et al. 2010; Gaspar et al. 2004; 
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Candotti et al. 2012; Gaspar et al. 2011; Aiuti et al. 2002). In trials for disorders aside from 

SCID-X1, preconditioning was required for significant engraftment of transduced cells. 

 

Adverse events and the rise of integromics 

 Not long after the initial success of gene therapy for SCID-X1, reports emerged that one 

patient developed a T-cell leukemia, probably T-cell acute lymphoblastic leukemia (T-ALL), 

about two and a half years after gene therapy (Check 2002; Hacein-Bey-Abina et al. 2003). 

Because of the provenance of the retroviral vectors used for these studies, some in the gene 

therapy field already had fears that the vector could be oncogenic. In mice, replication competent 

viruses without oncogenes had long been known to cause leukemias after a long onset, while 

those that had captured cellular oncogenes led to rapid-onset neoplasias (Hayward et al. 1981). It 

was hoped, however, that this process would not occur with the replication-incompetent vectors 

used in gene therapy.  

Not long after the initial reports in 2002, another patient in the trial developed T-ALL 

(Marshall 2003). Because the leukemic cells in both cases contained the vector, it was 

hypothesized that insertional mutagenesis could have contributed to oncogenesis. To test this 

hypothesis, Christof von Kalle, Manfred Schmidt and their colleagues employed newly improved 

techniques for determining the genomic site of integration of retroviral vectors (Schmidt et al. 

2001; Schmidt et al. 2002). Interestingly, these techniques had just recently shown that the 

transduced PBMCs in one patient treated with cord blood gene therapy were dominated by a 

single clone, apparently without any untoward effects (Schmidt et al. 2003). In the case of 

SCID-X1, these analyses revealed that in both patients’ leukemias, the MFG-gammaC vector 

was integrated near the promoter of LMO2, a gene discovered as a common translocation point 
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in T-cell leukemias and known from knockout mouse studies to be essential for hematopoietic 

development (Boehm et al. 1991; Hacein-Bey Abina et al. 2003). Population-level expression 

analysis indicated that LMO2 was more highly expressed than in normal human T-cells, and 

RNA FISH detection of LMO2 combined with DNA FISH for MFG-gammaC showed that 

only the LMO2 allele bearing a vector integration was active in one patient, while both alleles 

were active in the other. 

These observations revealed that the absence of continued viral replication after gene 

therapy did not render the viral vectors completely safe, and they dramatically illustrated the 

necessity of enumerating vector integration sites before and after the opening of retroviral clinical 

trials. 

Additional adverse events emphasize retroviral risk 

 Unfortunately, this phenomenon of insertional oncogenesis was not to be limited to these 

two patients in the trials for SCID-X1, or to trials for SCID-X1 alone. Two more patients in the 

pioneering French trial and one patient in a similar British SCID-X1 trial developed T-ALL, 

and the first patient to display leukemia in the French trial perished (Hacein-Bey-Abina et al. 

2008; Howe et al. 2008). LMO2 was implicated in all cases except one, in which the cancer-

associated cell cycle protein cyclin D2 (CCND2) incurred an integration and was activated to 

produce leukemia. One LMO2 leukemic clone also bore an integration in BMI1, another known 

oncogene. 

 In the first paper reporting clinical benefit in a two-patient trial for chronic 

granulomatous disease (CGD), a conspicuous number of integrations in MDS1 and EVI1 

Complex Locus (MECOM) and PR Domain Containing 16 (PRDM16) was observed (Ott et al. 

2006). Initially, it appeared that the enhanced expansion of these clones due to proto-oncogene 
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upregulation could aid in the repopulation of the patients with corrected cells, but it was 

subsequently determined that many MECOM clones did not express the therapeutic transgene 

due to promoter methylation within the vector (Stein et al. 2010). More significantly, one 

patient died, likely of myelodysplastic syndrome (MDS) that may have advanced to acute 

myeloid leukemia (AML), and the other developed MDS and required an allogeneic bone 

marrow transplant. These observations were the first to demonstrate that the insertional 

oncogenesis phenomenon was not singular to gene therapy for SCID-X1. 

 In 2010, an initial paper on a retroviral trial for Wiskott-Aldrich syndrome showed 

therapeutic benefit in two patients and some worrying integration site analyses (Boztug et al. 

2010). While no transduced clones dominated the peripheral blood out to almost three years 

post-transplant in the patients, the clones with integrations into MECOM, LMO2, and CCND2 

were frequently among the most abundant. This constellation of integration sites was particularly 

inauspicious, as it combined the sets of genes hit and dysregulated in the SCID-X1 trial, giving 

rise to lymphoid neoplasia, with those affected in the CGD trial, which caused myeloid 

neoplasia. Soon after this initial report, news spread that one patient had presented with T-ALL 

resulting from LMO2 activation (Zorn n.d.; Persons & Baum 2011). A thorough follow-up 

report in 2014 detailed seven leukemias (two fatal) in ten patients treated, the highest frequency 

of insertional oncogenesis in a gene therapy trial to date (Braun et al. 2014). Consistent with the 

set of frequently hit genes observed, both T-ALL and AML clones containing vector insertions 

were detected, sometimes in the same patient. LMO2 and MECOM insertions were observed in 

multiple cases, along with TAL1, which was identified as a translocation partner with the TCR 

beta locus in the British trial leukemia (Howe et al. 2008). 

 

6



Lessons from adverse events in retroviral trials 

 Among clinical trials using retroviral vectors in HSPCs, those for ADA-SCID are the 

only that have shown clinical benefit without vector-related adverse events (Candotti et al. 2012; 

Gaspar et al. 2011; Aiuti et al. 2009). Partly because ADA-SCID is an unexplained exception to 

the rule, other gene therapy efforts in humans using retroviral vectors with intact LTRs have 

been discontinued (Sorrentino et al. 2003). Various hypotheses have been advanced to explain 

the absence of leukemia in ADA-SCID patients, such as the different transgene used, the use of 

bone marrow-derived CD34+ HSPCs in ADA-SCID instead of growth factor-mobilized 

peripheral blood-derived HSPCs used in CGD and WAS trials, and the differing disease 

biology. For example, unresolved bacterial infections in CGD lead to strong chronic myeloid 

proliferative signaling, which when combined with a pool of HSPCs containing insertional 

mutations, could facilitate clonal evolution towards myeloid leukemia. In SCID-X1, the absence 

of HSPC engraftment in the bone marrow owing to the lack of cytoreductive conditioning most 

likely led to thymus-autonomous T-cell development. Because reduction of competition between 

incumbent thymic progenitors and new thymic immigrants from the bone marrow has been 

shown to induce T-cell leukemia in mice, the potential paucity of clonal competition in the trial 

could have increased the likelihood of T-ALL development (Martins et al. 2014). There also 

could have been cooperation between the insertional activation of LMO2 and the unregulated 

expression of IL2RG from the vector, similar to a putative cooperative phenomenon observed in 

a retroviral vector-induced myeloid leukemia in mice (Li et al. 2002). Without significant new 

data to test these hypotheses, it seems unlikely that retroviral vectors of this ilk will ever be used 

again in human experiments involving HSPCs. 
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 It has been proposed that sequencing of vector integration sites could be used for safety 

monitoring in clinical trials, such that blood DNA samples could be taken regularly and used to 

detect whether any threatening clones are expanding. However, the clinical course of most of the 

leukemias would not have been compatible with this monitoring scheme. In the cases of 

lymphoid leukemias that occurred in the SCID-X1 trials and the WAS trial, leukemic clones 

expanded suddenly without warning and the observation of leukemic symptoms preceded that of 

clonal dominance at the molecular level. Contrastingly, in the cases of myeloid dysplasia, 

progressive outgrowth of the clones containing MECOM integrations was seen. Although there 

was no recourse in these situations due to the lack of a suicide gene or other counterselection 

mechanism in the vectors, the slow rise of myeloid clonal dominance could be a signal to follow a 

patient more closely in the future. 

 In addition to being instructive with respect to the risks of viral gene therapy, the detailed 

analyses of these presumably integration-initiated neoplasias revealed multiple genetic lesions not 

related to vector integration, including tumor suppressor inactivations and oncogene-activating 

translocations. Assuming that the vector insertion was the initial event in these clones, these 

leukemias represent a chilling vindication of the multiple hit cancer model (Nordling 1953). 

 

Integration site preferences of retroviral vectors 

During this turmoil within the gene therapy field, integration site analysis was also 

shedding light on preferences that viral integrase enzymes exhibit during vector integration into 

target cell genomes. At about the same time that the French SCID-X1 trial was reporting in 

detail its first cases of leukemia, the first comprehensive study of retroviral integration sites 

showed that MLV has a strong bias towards integrating within several kilobases of transcription 
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start sites (TSSs) (X. Wu et al. 2003). It has recently been shown that this preference is caused in 

part by interaction between the viral preintegration complex and cellular cofactors that associate 

with enhancer DNA (Sharma et al. 2013). Therefore, in addition to being quite capable of 

activating genes by promoter insertion or enhancer-mediated activation of endogenous 

promoters when proximal to TSSs, retroviral vectors tend to integrate into genomic sites 

perfectly suited for this behavior. This and other reports also showed that retroviral vectors tend 

to prefer to integrate into active genes, which suggests that viral gene therapy approaches in 

HSPCs may be more likely to disrupt genes involved in stem cell maintenance. Some of these 

genes, particularly those that inhibit differentiation and promote proliferation, frequently 

function as oncogenes. 

These analyses also revealed that HIV-1-based lentiviral vectors (LVs) tend to integrate 

away from gene TSSs, though they still prefer to integrate within gene transcribed regions 

(Mitchell et al. 2004). Because this tends to position the vector away from TSSs, it is thought 

that the preferences of HIV-1 integration yield a more favorable safety profile than those of 

murine retroviral vectors. Subsequently, other reports demonstrated that viral vector integration 

preference is determined by the cellular cofactors with which the viral integrase interacts. This is 

an obligate interaction, as experimentally reducing the expression of the cellular cofactor 

dramatically inhibits integration. In the case of MLV, the key cellular cofactors are 

bromodomain chromatin remodeling proteins that interact with enhancer regions, while for 

HIV-1, the key cofactor is the transcription factor lens epithelium-derived growth factor 

(LEDGF, p75), which despite the name is ubiquitously expressed (Ciuffi et al. 2005; Sharma et 

al. 2013). Some work has succeeded in redirecting these interactions to shift the integration 
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preferences of vectors, but this has always come at the cost of integration efficiency (Gijsbers et 

al. 2010; Holmes-Son & Chow 2000). 

 

Lentiviral vectors supplant retroviral vectors in the clinic 

 While the clinical gene therapy field was conducting trials using retroviral vectors, many 

of the same labs were developing newer lentiviral vectors to treat the same diseases. LVs were 

shown to be capable of transducing immature HSPCs early in their development, and after the 

development of safe and efficient production systems, many began to employ them following the 

hypothesis that their ability to penetrate the nuclear membrane in non-dividing cells would mean 

that they would be better equipped to transduce quiescent HSPCs (Akkina et al. 1996; Case et 

al. 1999). Because the parental virus for LVs is pathogenic in humans, early efforts in LV 

development focused on reducing the probability that the vector could recombine with HIV-1. 

The earliest modification was the removal of the enhancer/promoter from the LTR, which then 

necessitated the insertion of a heterologous internal promoter (Zufferey et al. 1998). This created 

a safer vector that was self-inactivating, meaning that it could not transcribe its own genome 

after transduction, and it also deleted one of the two potential agents in insertional activation. 

With their better safety profile resulting from both intrinsic biology and engineering and their 

potentially higher efficiency for transduction of HSPCs, LVs were poised to usurp retroviral 

vectors when adverse events in trials began to occur due to strong retroviral LTRs. 

 LVs have been very capable and, equally as important, completely non-oncogenic in the 

clinical trials conducted to date. These include trials for adrenoleukodystrophy (ALD), beta-

thalassemia, metachromatic leukodystrophy, WAS and ADA-SCID (Hacein-Bey-Abina et al. 

2015; Cartier et al. 2009; Biffi et al. 2013; Aiuti et al. 2013; Cavazzana-Calvo et al. 2010; 
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Gaspar et al. 2015). Detailed integration site analyses have shown an impressive and reassuring 

absence of the common insertion sites seen with retroviral vectors, particularly in the WAS trial 

where comparison to a retroviral trial in the same disease was possible. While no malignancy 

developed, a dramatic clonal outgrowth was observed in the beta-thalassemia trial due to LV 

disruption of a miRNA binding site in HMGA2, a sobering reminder that LVs are not without 

risk. This exact genetic disruption has also been observed in the retroviral SCID-X1 trial and in 

our insertion site data from an ADA-SCID trial, illustrating that some insertional mutagenesis 

mechanisms are conserved across different vector types (see chapter 6) (Wang et al. 2010). In the 

case of the LV trial for ADA-SCID, in addition to the absence of common insertion sites, there 

has also been a more rapid immune recovery and higher frequency of humoral immunity 

restoration. Thus far, the data demonstrate that LVs are certainly safer and probably more 

effective as well in comparison to retroviral vectors. 

 

Molecular biology developments for vector integration site cloning 

 Molecular methods for genomic analysis have advanced considerably since John Dick and 

Gordon Keller independently used Southern blots to demonstrate the existence of multipotent 

hematopoietic progenitors, capable of producing the lymphoid cells that populate the thymus as 

well as myeloid cells postulated to dominate the bone marrow and spleen (Dick et al. 1985; 

Keller et al. 1985). Interestingly, though the main conclusion of these studies was correct, they 

were based on incorrect assumptions regarding the cellular composition of the spleen and bone 

marrow. In fact, the murine spleen is dominated by lymphoid cells, and the bone marrow 

contains a significant lymphoid component as well (Yang et al. 2013).  
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Inverse PCR was the first application of the then still new polymerase chain reaction to 

the problem of retrieving viral integration sites from genomic DNA (Silver & Keerikatte 1989). 

This greatly increased the sensitivity of integration site detection in comparison to Southern blot, 

and for the first time it allowed for the direct sequencing of the genomic region around the 

integration site. Combined with fluorescence-activated cell sorting (FACS), inverse PCR was 

used to definitively demonstrate the transduction and transplantation of multipotent human 

hematopoietic stem cells in mice (Nolta et al. 1996). Though initially a powerful advance in 

molecular analysis, inverse PCR was not suited for complex mixtures of clones and in practice 

was difficult to perform. It was therefore largely abandoned for ligation-mediated PCR (LM-

PCR) and linear amplification-mediated PCR (LAM-PCR) when integration site studies began 

to investigate larger numbers of sites (Mueller & Wold 1989; Schröder et al. 2002; Schmidt et al. 

2001). One exception to this is a combined LM-PCR/inverse PCR protocol to amplify flanking 

genomic DNA in both directions (Kim et al. 2010). 

One unfortunate aspect of these methods for integration site amplification is that they all 

involve restriction of genomic DNA at a defined but unknown distance from the vector for each 

integration site. This leads to each PCR amplicon having a different size, some of which are too 

long to amplify at all, some of which are too long to amplify competitively with amplicons from 

other sites, and some of which amplify but contain too little genomic sequence to map uniquely. 

Initially, this problem was circumvented by performing parallel analyses with multiple restriction 

endonucleases recognizing different sequences (Harkey et al. 2007; Ott et al. 2006). However, 

this was cumbersome, it reduced but did not eliminate genomic blind spots, and it would not 

allow for straightforward clonal quantification following the next advance in integration site 

determination. 
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High-throughput sequencing enhances integration site analysis 

 Until the arrival of massively parallel sequencing technologies such as the 

pyrosequencing-based 454, each PCR product band had to be individually cloned and Sanger 

sequenced to determine its provenance, a scheme that at its maximum led to reports containing 

approximately 1000 insertion sites (Margulies et al. 2005). Though this approach yielded 

important findings, such as the LMO2 source of the clonal dysregulation seen in the SCID-X1 

trial and the MECOM culprit for the same in the CGD trial, those analyses were too laborious to 

apply to the number of patient samples required for examining clonal dynamics and lineage 

composition. The first study using 454 technology reported nearly two orders of magnitude more 

sequences than the previous largest study and was thereby empowered to uncover integration 

frequency associations with DNA/nucleosome topology and histone modifications (Wang et al. 

2007). The added data have also revealed the profound biases introduced by the unequal 

distances between integration sites and a given restriction enzyme, thus motivating the 

development and adoption of newer molecular methods (Figure 1)  (Wang et al. 2008; Gabriel et 

al. 2009; Brugman et al. 2013). 

 The abundance of data available as a result of high-throughput sequencing (HTS) 

revealed that clones near proto-oncogenes such as LMO2, CCND2, HMGA2, and others often 

expanded and disappeared without incident (Wang et al. 2010; Stein et al. 2010). It also showed 

that the diversity of engrafted clones, at least in the case of the SCID-X1 retro trial conducted 

without preconditioning, was correlated loosely but significantly to the cell dose administered 

(Wang et al. 2010). Additionally, the data consistently revealed that many of the clones that were 

detected in retroviral clinical trials were clustered in regions referred to as common insertion sites 
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(CISs)  (Deichmann et al. 2009; Wang et al. 2010). Many of these loci were homologous and 

functionally related to CISs identified by clustered integration in mice (Cattoglio et al. 2010). 

 

Development of restriction-free integration site amplification methods 

 The aforementioned bias inherent in PCR methods involving restriction of genomic 

DNA motivated multiple labs to devise ways to avoid the restriction step. The central need in all 

PCR-based integration site amplification protocols is for a primer binding site on the unknown 

genomic side of the vector-genome PCR amplicon. Two efficient means for installing such a site 

have been devised, based either on single-stranded linker ligation following extension of a 

biotinylated vector-specific primer, or on acoustic shearing of the DNA followed by double 

stranded linker ligation. The former method, a marriage of ligation-anchored PCR (LA-PCR) 

and LAM-PCR, was termed non-restrictive LAM-PCR (nrLAM-PCR)  (Troutt et al. 1992; 

Gabriel et al. 2009; Paruzynski et al. 2010). The latter does not have a given appellation, but has 

been used in multiple studies and forms the basis for a new method for analyzing the specificity 

of designer nucleases called GUIDE-seq (Gillet et al. 2011; Berry et al. 2012; Hacein-Bey-

Abina et al. 2014). It has also been combined with linear amplification and LA-PCR in a 

method called quantitative shearing LAM-PCR (qsLAM-PCR) (Zhou et al. 2015). These 

methods are shown graphically in Figure 2. 

 Because these methods do not rely on the presence of a given restriction enzyme 

recognition sequence near an integration site, they can amplify arbitrary integration sites with 

much higher success. Furthermore, data from them correlates more directly with actual clonal 

abundance, as the PCR amplicon length and therefore PCR amplification efficiency of different 

integration sites is randomly determined during early stages of the protocol, rather than being 
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deterministic ahead of time as with restriction-based approaches. Shearing-based protocols are 

especially attractive, as they allow for digital quantification of genomic DNA templates before 

PCR through enumeration of the positions at which genomic DNA is sheared (Berry et al. 

2012). While establishing an improved variant of nrLAM-PCR in our lab, we found that 

nrLAM-PCR does show some template-specific biases during linear amplification, but they 

seem to be of a wide enough range that most integration sites are not preferentially amplified to a 

noticeably large extent (Figure 3). Our variant of nrLAM-PCR was significantly more sensitive 

than the protocol as published, capable of detecting almost all integration sites present at just 

three template copies (Figure 4). We also established a method for shearing-based LAM-PCR, 

which we called shearing and linear amplification-mediated PCR (SLAM-PCR). In analyses of 

clonal Jurkat DNA bearing dozens of integrations, we could see a benefit of SLAM-PCR over 

nrLAM-PCR, but we also observed that nrLAM-PCR was more sensitive (Figures 5, 6). 

Therefore, we applied our variant of nrLAM-PCR for all of our studies in which maximizing 

sensitivity was more important than maximizing evenness of amplification, such as a retroviral 

clinical trial of ADA-SCID in which many DNA samples had few transduced cells. 

 
Bioinformatics methods for integration site analysis 

 With the greatly increased sequence data coming from HTS experiments on integration 

sites came a need for computational methods to map, annotate and distill the data. Although 

multiple analysis pipelines have been published and are informative in their analysis approaches, 

each has been lab-specific and difficult to adopt, to varying extents (Calabria et al. 2014; 

Hawkins et al. 2011; Peters et al. 2008; Appelt et al. 2009; Huston et al. 2012). Furthermore, 

most have been oriented either towards a very small number of integration sites, being web tools, 
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or towards the number and length of sequence reads produced by 454 sequencers, which are 

roughly an order of magnitude fewer and an order of magnitude longer than figures of Illumina 

sequencing data. We initially developed a pipeline of Perl scripts to use with the efficient and 

sensitive aligner Bowtie, and then later moved on to develop a Python wrapper script for the 

more generally applicable Bowtie2 aligner, which can perform gapped alignment and accepts 

longer input reads (Langmead et al. 2009; Langmead & Salzberg 2012). Another necessity for 

time-efficient analysis was distributed computing, which was not possible with the existing 

vector integration site analysis software tools. Our latest pipeline, called VISseeker, can analyze a 

full lane of paired-end 100nt sequence data (108 paired-end 100nt reads) in less than an hour 

using 50-100 CPUs of a Linux cluster running the Sun Grid Engine. In the end, we believe that 

specialized applications such as integration site sequencing will not attract enough programming 

hours to generate a software package versatile and robust enough to deal with all circumstances. 

 

Clonal tracking experiments in stem cell biology 

 In addition to their use in gene therapy studies to track the fate of genetically modified 

hematopoietic clones, clonal tracking methods have been used extensively in experimental 

models to answer questions of cellular fate and potency. Much of this research has occurred in 

HSPCs in humans and in model organisms such as mice and non-human primates, largely 

because of the accessibility and ease of transplant of HSPCs (Williams et al. 1984; Nolta et al. 

1996; Jordan & Lemischka 1990; Kim et al. 2014; Schmidt et al. 2002). In summary, these 

studies have shown that multipotent HSPCs are transplantable and transducible, and as the 

scope and sensitivity of tracking methods have increased, it has become clear that clonal behavior 

is not uniform. Some clones contribute only in the short term while others persist, and the 
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persistence of a population seems to correlate with its lineage potency. More recent studies have 

begun to use vectors with random barcode sequences inside of them, a concept that was proposed 

before DNA sequencing techniques were capable enough to capitalize on it (Golden et al. 1995). 

This approach circumvents the challenges of amplifying vector integration sites in an unbiased 

way, and it has further elucidated the behavior of HSPCs in the transplant setting. One 

surprising finding that has opened up new debate about hematopoietic ontogeny was that clones 

repopulating the natural killer (NK) lineage in non-human primates appear to be distinct from 

those contributing to other lymphoid lineages (C. Wu et al. 2014). 

Early IS-based clonal tracking studies also shed light on development in other healthy 

tissues, such as the mouse brain and retina (Turner & Cepko 1987; Price et al. 1987). 

Integration sites have also been used to track the behavior of colon cancer cell line clones during 

transplantation, demonstrating that clonal contribution to tumors that arise after transplantation 

is variable in a fashion similar to untransformed HSPC clones in transplant (Dieter et al. 2011). 

We have recently applied integration site sequencing to test the hypothesis that a 

progenitor population derived from pluripotent stem cells is multipotent in an in vitro culture 

system, finding that multipotent clones could be detected and that special statistical 

considerations must be made when analyzing highly complex populations of integration sites (see 

Chapter 4). 
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Figure 1. Correlation between PCR product length and sequence readcount in HTS of integration sites. 
Four clonal transduced Jurkat populations were analyzed via LAM-PCR using the enzyme Tsp509I and 
Illumina sequencing. Each red dot is a distinct integration site. Because the populations are clonal, the 
integration sites are equally abundant in the genomic DNA, and the deviations from uniformity in 
readcount seen are indicative of bias due to PCR amplicon length. 
 
 

 
 
Figure 2. Comparison for current molecular methods for vector integration site amplification. Blue 
represents genomic DNA, red represents vector DNA, and green represents adapter DNA. 
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Figure 3. Length biases during linear amplification step in nrLAM-PCR. nrLAM-PCR was performed 
on a polyclonal population (top left) or on an HT29 colon adenocarcinoma cell line containing four 
integration sites. HTS reads were mapped to the human genome and PCR amplicon lengths were 
inferred from the paired-end mapping positions. Each of the integration sites, as well as the internal 
vector sequence, was seen to produce preferred, characteristic product lengths, which we believe is due to 
biased stalling of Taq polymerase during the linear amplification step. 
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Figure 4. Modified nrLAM-PCR is superior to protocol as published. A mixture of Jurkat clones bearing 
dozens of integrations each was used to test the evenness and sensitivity of the nrLAM-PCR protocol as 
published and after modifications to the linear amplification step. Each dot represents an integration site. 
ND: not detected. Dozens of integration sites were amplified by the modified protocol, but not by the 
original. 
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Figure 5. Comparison of LAM-PCR methods using different approaches for adapter installation. Three 
Jurkat clonal cell populations with dozens of unique integration sites were analyzed either by traditional 
LAM-PCR using Tsp509I, nrLAM-PCR, or SLAM-PCR. In the case of SLAM-PCR, plots were 
made with either readcounts for each site or the number of unique breakpoints observed. 
 
 
 

 
Figure 6. Comparison of variation and sensitivity across integration site methods. The coefficient of 
variation of the abundances inferred by the four methods shows that LAM-PCR shows the clear 
advantage of restriction-free methods over LAM-PCR. The number of integration sites sequenced per 
100 ng input DNA from a highly polyclonal cell population indicates that nrLAM-PCR is more sensitive 
than SLAM-PCR. 
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ABSTRACT

Lentiviral vectors almost universally use heterolo-
gous internal promoters to express transgenes. One
of the most commonly used promoter fragments is a
1.2-kb sequence from the human ubiquitin C (UBC)
gene, encompassing the promoter, some enhancers,
first exon, first intron and a small part of the second
exon of UBC. Because splicing can occur after tran-
scription of the vector genome during vector produc-
tion, we investigated whether the intron within the
UBC promoter fragment is faithfully transmitted to
target cells. Genetic analysis revealed that more than
80% of proviral forms lack the intron of the UBC pro-
moter. The human elongation factor 1 alpha (EEF1A1)
promoter fragment intron was not lost during lentivi-
ral packaging, and this difference between the UBC
and EEF1A1 promoter introns was conferred by pro-
moter exonic sequences. UBC promoter intron loss
caused a 4-fold reduction in transgene expression.
Movement of the expression cassette to the oppo-
site strand prevented intron loss and restored full
expression. This increase in expression was mostly
due to non-classical enhancer activity within the in-
tron, and movement of putative intronic enhancer se-
quences to multiple promoter-proximal sites actually
repressed expression. Reversal of the UBC promoter
also prevented intron loss and restored full expres-
sion in bidirectional lentiviral vectors.

INTRODUCTION

The HIV-1-based lentiviral vector (LV) is one of the most
common tools used for genetic modifications in biological
experiments and in gene therapy. Most LVs used are self-
inactivating, meaning that the region within the long termi-

nal repeat containing the promoter and enhancers has been
removed (1). In order to express a transgene within such
a vector, a promoter must therefore be placed within the
vector payload along with the transgene. Typically, in or-
der to express a protein-coding gene, a heterologous RNA
Pol II viral or cellular promoter will be used, and common
examples are viral promoters from cytomegalovirus, murine
leukaemia virus, and spleen focus-forming virus, and cellu-
lar promoters from human genes such as elongation factor 1
alpha (EEF1A1), ubiquitin C (UBC) and phosphoglycerate
kinase (PGK1) (2,3).

During the viral production process, RNA Pol II tran-
scribes the vector genome, typically from a transfer plas-
mid that has been transfected into the producer cells. Vir-
tually all systems incorporate the Rev protein from HIV-1,
which binds to the Rev response element (RRE) within the
HIV-1 genome and mediates splicing-independent nuclear
export of the viral genome. Despite the incorporation of the
RRE sequence into LV constructs, however, introns within
the vector payload can be lost during packaging if the splic-
ing event retains the packaging signal (Psi) in the transcript.
With some expression cassettes, though, such as one includ-
ing the intron-containing promoter of EEF1A1 and one
containing the hybrid CAG promoter, intron loss has not
been observed during lentiviral packaging (4,5). From these
observations, it has sometimes been inferred that lentiviral
gene transfer allows for the transmission of introns (6).

We set out to investigate whether the intron contained by
the human UBC promoter is faithfully transmitted from a
transfer plasmid through to proviral forms in stably trans-
duced cells. We hypothesized that a loss of the UBC intron
would result in a significant reduction in transgene expres-
sion, as the UBC intron has been reported to possess strong
enhancer activity (7). In contrast to previous findings with
the EEF1A1 intron, the UBC intron was found to be miss-
ing in the majority of proviral forms in cells transduced with
vector produced from intron-containing plasmids. The lack
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of the UBC intron resulted in a roughly 2-fold decrease in
expression in both transient transfection and stable trans-
duction experiments in cell lines, and a 4-fold decrease in
transduction experiments in primary cells. This contrasted
strikingly with experiments with the EEF1A1 promoter, in
which the majority of proviral forms maintained the in-
tron. Reversal of the UBC expression cassette prevented this
splicing-mediated intron loss and maximized expression in
uni- and bidirectional LVs. The difference in intron mainte-
nance between the UBC and EEF1A1 promoters is caused
by promoter exonic sequences, rather than the intronic se-
quences themselves.

MATERIALS AND METHODS

Plasmid construction

All plasmid sequences used in these studies are included as
Supplementary files, available at NAR online.

The human ubiquitin C promoter was amplified via
polymerase chain reaction (PCR) from FUGW (8), phos-
phorylated with T4 polynucleotide kinase and ligated into
linearized and blunted pCafe (Cassette for expression)
to generate pCafe-UBC. The woodchuck hepatitis virus
post-transcriptional regulatory element sequence (herein
‘PRE,’ referred to as ‘LPRE’ in Schambach et al.) was
PCR amplified and cloned into pCafe-UBC linearized with
KpnI using In-Fusion (Clontech Laboratories, Mountain
View, CA, USA, Cat. No. 639645). The Emerald vari-
ant of EGFP was PCR amplified from pRSET-EmGFP
(Life Technologies, Carlsbad, CA, USA, Cat. No. V353-20)
and cloned into HpaI-linearized pCafe-UBC-PRE using
In-Fusion to generate pCafe-UBC-EmGFP-PRE. pCafe-
UBCs-EmGFP-PRE was generated in a similar fashion,
with UBC cloning primers designed to omit the UBC in-
tron sequence.

For the expression cassettes in the reverse orientation
(ro) plasmids, pCafe-roUBC-EmGFP-bGHpA and pCafe-
roUBCs-EmGFP-bGHpA, the bovine growth hormone
polyadenylation signal (bGHpA) was PCR amplified from
pcDNA4/HisMax A (Life Technologies, Cat. No. V864-20)
and inserted after the transgene.

For constructs with the UBC intron repositioned
(i), pCafe-iUBC-EmGFP-PRE, pCafe-roiUBC-EmGFP-
PRE and pCafe-rofiUBC-EmGFP-PRE, UBC intronic se-
quences were PCR amplified from pCafe-UBC-PRE and
cloned into EcoRV-linearized pCafe-UBCs-EmGFP-PRE
using In-Fusion.

For a construct with the UBC enhancer deleted (dEnh),
pCafe-dEnhUBC-EmGFP-PRE, pCafe-UBC-EmGFP-
PRE was PCR amplified using overlapping, outward-facing
primers flanking the putative intronic enhancer region and
recircularized with In-Fusion after DpnI treatment.

For all pCCLc (3) LVs, expression cassettes were removed
from pCafe plasmids with EcoRV/KpnI digestion and lig-
ated into EcoRV/KpnI-linearized pCCLc with the NEB
Quick Ligase Kit (New England Biolabs, Ipswitch, MA,
USA).

The bidirectional (BD) vector was constructed by as-
sembly of PCR amplicons of the human growth hor-
mone polyadenylation signal (hGHpA) and bidirectional
mCMV/UBC promoter (9) and EGFP and WPRE from

FUGW, and mCherry from EFS-single-IDLV (10) designed
with overlapping homology with the pCCLc backbone us-
ing In-Fusion. roBD vector was constructed by restriction
digest of BD to invert the mCherry-bidirectional promoter-
EGFP cassette between inverse hGHpA and WPRE, and
ligated with the NEB Quick Ligase Kit.

Cell culture

D10 medium was prepared by adding 50 ml heat-inactivated
foetal bovine serum (Gemini Bio-Products, West Sacra-
mento, CA, USA, Cat. No. 900-208) and 5.5 ml 100X L-
Glutamine:Penicillin:Streptomycin solution (Gemini Bio-
Products Cat. No. 400-110) to 500 ml Dulbecco’s modified
Eagle’s medium without L-glutamine (Mediatech, Hern-
don, VA, USA, Cat. No. 15-013-CV). R10 medium was pre-
pared by adding the same two components to 500 ml RPMI
1640 medium without L-glutamine (Mediatech Cat. No. 15-
040). HEK293T cells, hereafter ‘293T,’ (ATCC, Manassas,
VA, USA, Cat. No. CRL-1268) were maintained in D10
medium, and K562 (ATCC Cat. No. CCL-243) cells were
maintained in R10 medium.

Vector production

LV supernatant was produced by transfection of 1 ×
107 293T cells with 10 !g pCMV!R8.91 (11), 10 !g of
the appropriate pCCLc vector plasmid and 2 !g pCAG-
VSV-G (12). Transfection mixtures were prepared in 1.5
ml DPBS by adding the plasmids and 66 !l 1 mg/ml
branched PEI solution (Sigma-Aldrich, St. Louis, MO,
USA, Cat. No. 408727-100ML), and then vortexing for sev-
eral seconds. After incubation at room temperature for 5–
10 min, transfection mixes were added dropwise to 293T
cells plated 24 h earlier in 10 cm dishes. After ∼16 h, the
medium was changed to UltraCULTURE medium (Lonza,
Basel, Switzerland, Cat. No. 12-725F) supplemented with
50 U/ml penicillin, 50 !g/ml streptomycin, 2 mM L-
glutamine and 20 mM HEPES. Viral supernatant was har-
vested 24–48 h after this medium change.

For roUBC vectors, 5 !g pcDNA3-NovB2 was included
to prevent a drop in titers caused by the presence of tran-
scripts antisense to the vector genomic RNA (13). An addi-
tional 15 !l 1 !g/ml PEI solution was added to compensate
for the increased plasmid DNA.

Vector was concentrated ∼150-fold by ultracentrifuga-
tion at 26,000 rpm for 90 min at 4◦C in a Beckman Coulter
SW-32Ti rotor for transduction of human CD34+ HSPCs.

Transfection

293T cells were seeded at 8 × 105 cells/well in 6-well
plates (Corning, Corning, NY, USA, Cat. No. 3516) in D10
medium. Twenty-four hours later, 1.5 !g of plasmid was
prepared for transfection in 200 !l Opti-MEM I medium
(Life Technologies, Carlsbad, CA, USA, Cat. No. 31985-
062) in 1.5 ml microcentrifuge tubes, 4.5 !l of TransIT-293
transfection reagent (Mirus Bio, Madison, WI, USA, Cat.
No. MIR 2700) was added, and the mixtures were vortexed
briefly and incubated at room temperature for 5 min before
being added dropwise to the cells. Cells were collected 48
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h after transfection by brief trypsinization and analyzed for
green fluorescent protein reporter expression on a BD LSR-
Fortessa flow cytometer.

Transduction

For lentiviral expression analysis, K562 cells were plated in
24-well plates at 5 × 104 cells/well and treated with a range
of vector doses to obtain populations with 10% transduc-
tion or lower, thus ensuring that the majority of cells re-
ceived only single integrations. Cells were cultured for 1–
2 weeks before flow cytometric analysis to dilute out non-
integrated vector and to allow fluorescent protein levels to
reach steady state.

For expression analysis in primary human CD34+
HSPCs from mobilized peripheral blood, cryopreserved
cells were thawed and prestimulated overnight in X-VIVO
15 medium (Lonza) supplemented with 50 ng/ml human
fms-like tyrosine kinase 3 (FLT-3) ligand, 50 ng/ml hu-
man stem cell factor and 50 ng/ml human thrombopoietin
(PeproTech, Rocky Hill, NJ, USA). Viral vector was then
added in an equal volume of the same medium to achieve a
final vector concentration of 3 × 105 transducing units/ml,
as determined by transduction of K562 cells. This vector
dose yielded ∼10% transduction. Twenty-four hours after
vector addition, 2 ml of myeloid differentiation medium was
added, composed of IMDM supplemented with 20% foetal
bovine serum, 0.5% bovine serum albumin, 5 ng/ml human
interleukin-3, 10 ng/ml human interleukin-6 and 25 ng/ml
human stem cell factor (PeproTech).

PCR analysis of splicing

Genomic DNA from transduced K562 cells was analyzed
via PCR using KAPA HiFi Hot Start polymerase and
primers UBC intron F (AAGTAGTCCCTTCTCGGC-
GAT), UBC intron R (GGTCAGCTTGCCGTAGGT),
EEF1A1 intron F (GTTCTTTTTCGCAACGGGTTTG)
and EEF1A1 intron R (TGTGGCCGTTTACGTCGC).

Quantitative droplet digital PCR (ddPCR) was car-
ried out by analysis of genomic DNA from UBC
vector-transduced K562 cells using primers UBCint F
(GGCGAGTGTGTTTTGTGAAGTTT) and EmGFP R
(TACGTCGCCGTCCAGCTC), and probe FAM-EmGFP
(FAM-CACCACCCCGGTGAACAGCTCCTCG). For
EEF1A1 vector analysis, the UBCint F primer was
substituted with EEF1A1int F (TCTCAAGCCTCA-
GACAGTGGT). The spliced form of UBC was quantified
using UBCs F (GCTGTGATCGTCACTTGACA) instead
of UBCint F. ddPCR was carried out according to the
manufacturer’s instructions, using 100 ng of template
gDNA. One unit of DraI enzyme (New England Biolabs)
was added to the ddPCR master mix containing ddPCR
Supermix for Probes (Bio-Rad, Hercules, CA, USA), and
predigestion was carried out in the PCR reaction mixes
for 1–2 h at 37◦C before droplet generation and thermal
cycling.

For analysis of vector genomes in vector supernatant,
RNA was purified from 500 !l of raw vector supernatant
using the PureLink RNA Mini Kit liquid sample procedure
(Life Technologies). Reverse transcription was carried out
before PCR using iScript cDNA Synthesis Kit (Bio-Rad).

UBC

roUBC

roUBCs

UBCs

iUBC

roiUBC

ro UBC

dEnhUBC

EmGFP

EmGFP

EmGFP

EmGFP

EmGFP

EmGFP

EmGFP

promoter + exon 1 intron 1 + exon 2 (partial)

putative enhancer region

ψ SIN LTRASDSSIN LTR
expression cassette

EmGFP

Figure 1. Expression vectors used for studies. Lentiviral diagram depicts
location in CCLc vectors. roUBC and roUBCs vectors contain a bovine
growth hormone polyadenylation signal (not depicted), in the proper re-
verse orientation, after the end of the EmGFP reading frame. pCafe
expression plasmids contained identical cassettes upstream of an SV40
polyadenylation signal.

Luciferase assay

pGL4.25 vector (Promega, Madison, WI, USA) contain-
ing an optimized luciferase open reading frame driven by
a minimal TATA-box promoter was used to assay for en-
hancer activity of the UBC and EEF1A1 introns. A pro-
moterless enhancer sequence from the CMV promoter was
used as a positive control. All inserts were cloned via PCR
and Gibson assembly into pGL4.25 linearized with EcoRV
and KpnI. All plasmid sequences are provided as Supple-
mentary data. Luciferase assays were performed in 293T
cells plated on 96-well tissue culture-treated plates. 5 × 104

cells per well were plated in D10 medium, and 18 h later,
transfection mixes were prepared in OPTI-MEM with 100
ng reporter plasmid and 0.3 !l TransIT-293 per well. Sam-
ples were prepared 48 h after transfection with the Dual-
Luciferase Reporter Assay System (Promega) and lumines-
cence readings were taken with a Tecan Infinite M1000 PRO
plate reader (Tecan, Männedorf, Switzerland).

RESULTS

UBC intron is missing from proviral forms, and expression
cassette reversal prevents loss

To assess whether UBC intron 1 is maintained during pack-
aging, pCCLc LV DNA constructs and simpler pCafe ex-
pression plasmid constructs for transient transfection were
created with various modifications of the UBC promoter
(Figure 1). All constructs contained the Emerald variant of
green fluorescent protein (EmGFP), which allowed for ex-
pression analysis via flow cytometry (14). UBC constructs
contained the full UBC promoter fragment, as it exists in
the human genome, whereas shorter UBCs constructs were
designed with a full deletion of UBC intron 1, which would
be the expected proviral form if canonical splicing occurred
during packaging. To test whether movement of the expres-
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Figure 2. Genetic analysis of UBC splicing. (A) PCR strategy with primer
locations and expected product sizes. (B) Electrophoresis of PCR prod-
ucts from controls and gDNA from cells transduced with lentiviral vectors
bearing UBC promoter variants.

sion cassette to the opposite strand would avoid splicing-
mediated loss of the intron, reverse orientation (ro) con-
structs roUBC and roUBCs were created by reversing the
promoter and transgene and inserting a polyadenylation
signal after the transgene. Importantly, while the payloads
of the pCCLc LVs pass through an RNA intermediate stage
and are susceptible to splicing-mediated loss, payloads of
the pCafe expression plasmids have no RNA intermediate
and therefore cannot lose genetic elements due to splicing.

Viral vectors were produced in 293T cells and used to
transduce K562 cells for PCR-based genetic analysis of
proviral forms (Figure 2A). PCR analysis of gDNA two
weeks post-transduction revealed that many CCLc-UBC-
EmGFP-PRE proviral forms contained an amplicon con-
sistent with intron loss, as indicated by analysis of UBCs
proviral forms (Figure 2B, lanes 5 and 6). Sanger sequenc-
ing of the short product confirmed that the expected canon-
ical splicing had occurred (data not shown). In contrast,
roUBC proviral forms yielded no truncated PCR product,
suggesting that reversal of the expression cassette fully pre-
vented intron loss (Figure 2B, lane 7). Because of the signif-
icant difference in predicted PCR product size between the
intron-containing templates and intron-lacking templates,
there could be a substantial bias toward amplification of the
intron-lacking templates and overestimation of the amount
of intron loss from this result. Therefore, to quantify the
frequency of intron loss, a duplex digital PCR assay was set
up in which the signal from a primer and probe set spanning
the intron and EmGFP transgene was normalized using a
primer and probe set to the LV packaging signal (Figure 3A

and B). This analysis showed that only 18% of UBC vector
forms retained the UBC intron (Figure 3C), while roUBC
vector forms fully retained the intron.

In order to assess whether events during transduction and
reverse transcription influenced the proportion of provi-
ral forms containing introns, we collected RNA from UBC
viral supernatants and quantified the fraction of RNA
genomes containing spliced UBC introns. We then com-
pared this to the fraction of vector proviral forms contain-
ing spliced introns in K562 cells transduced with the same
supernatants. These values agreed very closely, suggesting
that the introns were already missing in vector particles and
were therefore removed in the packaging cells (Supplemen-
tary Figure S1).

Loss of intron lowers expression from UBC promoter

To assess the effect of intron loss on transgene expression,
pCafe expression plasmids containing the full UBC pro-
moter element or the truncated UBCs promoter with the
intron region deleted were transiently transfected into 293T
cells and analyzed at 48 h post-transfection via flow cytom-
etry. The UBC promoter yielded significantly higher expres-
sion than the UBCs promoter, by a margin of ∼2-fold (Fig-
ure 4A). A similar 2-fold difference was observed between
the roUBC and roUBCs constructs. Because these plasmids
were transfected directly into cells, no intron loss was pos-
sible, and the UBC promoter plasmid molecules assayed
therefore all contained the intron.

Having established that the presence of the intron confers
higher expression in these transfection experiments where
intron loss was not possible, we next examined expression
from the various constructs packaged as LVs 2 weeks af-
ter transduction of K562 cells. As the genetic analysis re-
vealed that the majority of UBC LV forms lack the in-
tron, we reasoned that the UBC vector would express levels
of EmGFP similar to the UBCs vector. Indeed, the fluo-
rescence of EmGFP-expressing cells in populations trans-
duced with the UBC vector was nearly equivalent to that in
populations transduced with UBCs vector (Figure 4B). In
contrast, the roUBC vector showed ∼2-fold higher fluores-
cence in cells than the UBC vector, consistent with the ge-
netic analysis indicating that the roUBC vector retains the
intron.

We also transduced human CD34+ hematopoietic stem
and progenitor cells enriched from the peripheral blood of
a healthy donor treated with granulocyte-colony stimulat-
ing factor to determine if the improved expression from
the roUBC vector compared to the UBC vector would also
be observed in a primary cell type relevant to lentiviral
gene therapy. After 10 days of culture post-transduction
in myeloid differentiation conditions, cells transduced with
roUBC vector showed 4-fold higher expression than cells
transduced with UBC (Supplementary Figure S2). Genetic
analysis showed that intron loss was similar in the UBC-
transduced cells to that observed in K562 cells and that
the intron was fully maintained in roUBC-transduced cells
(Supplementary Figure S3).
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Figure 3. Quantitative analysis of UBC intron loss during packaging and transduction. (A) Duplex ddPCR strategy for quantifying UBC intron copies
(FAM-UBC intron), normalized to total proviral integrations (HEX-LV psi). (B) Representative raw data from ddPCR, illustrating separation between
positive and negative droplets. (C) Ratio of UBC intron copies to total proviral copies in controls and samples transduced with LV bearing UBC promoter
variants. Error bars represent 95% confidence interval based on ddPCR Poisson statistics.
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Figure 4. Flow cytometric expression analysis of UBC promoter variants. (A) Geometric mean fluorescence intensity (gMFI) of 293T cells 48 h post-
transfection with expression plasmids. Error bars represent standard deviation of three biological replicates. UBC versus UBCs unpaired t-test P = 0.0122,
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Positive effect of UBC intron on expression is not through
classical enhancer activity

Aside from reversal of the expression cassette, we also
sought other ways to retain full expression of the UBC
promoter fragment in an LV. We first investigated whether
movement of the reported intronic enhancer sequence to
a site immediately upstream of the promoter would lead
to equivalent expression compared to the full-length UBC
promoter fragment (7). Importantly, this variant lacked the
intronic splice sites, which should allow its transmission
in LVs. However, the resulting iUBC construct performed
worse than UBCs (Figure 4C). roiUBC and rofiUBC were
created and analyzed to assess whether the orientation of
the enhancer sequence relative to the promoter was impor-
tant, but these promoter variants expressed no better than
iUBC (Figure 4C). We finally constructed dEnhUBC, in
which the putative enhancer sequence was deleted, but the
splicing sites were retained. This variant expressed slightly
more EmGFP than UBCs, presumably due to improved nu-
clear export from splicing, but significantly less than UBC
(Figure 4C). These results are consistent with a follow-up
study on the UBC promoter fragment intron, which found
that its enhancer activity was fully dependent on its posi-
tion within the intron (15). This behavior, termed intron-
mediated enhancement, is poorly understood.

We reasoned that if the UBC intron sequence were not
a classical enhancer, then it should not increase expression
from a heterologous minimal promoter. Indeed, when the
intron sequence was placed in a luciferase reporter plas-
mid upstream of a minimal promoter in a forward or re-
verse orientation, no increase in luciferase expression over
background was observed, in contrast to a plasmid in which
a CMV enhancer sequence was placed upstream (Supple-
mentary Figure S4). In fact, expression from these plasmids
was significantly lower than from plasmids with the minimal
promoter alone, consistent with the UBC intron sequence
being repressive when placed outside the transcription unit.
This repressive effect mirrors the reduction in expression
seen when intronic sequences were placed upstream of the
UBCs promoter form (Figure 4C). Interestingly, the same
was true for EEF1A1 intron 1 in forward or reverse orien-
tation (Supplementary Figure S4).

EEF1A1 intron is maintained in proviral forms and aids in
maximal expression

Because the observation of intron loss from the UBC pro-
moter contrasts so starkly with reports on the EEF1A1
promoter fragment in LVs, we created expression vectors
for transient transfection and lentiviral production with
the EEF1A1 promoter fragment and an EmGFP reporter.
PCR and ddPCR analysis of gDNA from transduced cells
showed that nearly all vector forms retained the intron
within the promoter (Figure 5B, lane 5). Extreme contrast
adjustment of the gel electrophoresis image can reveal a
barely detectable amount of short product at the length
expected upon intron loss, but quantitative ddPCR analy-
sis does not detect this small population of intron-lacking
proviral forms (Figure 5C). Consistent with these observa-
tions and with a previous report (2), a ∼2-fold difference

in expression between the intron-containing and intron-
lacking promoters was observed both in transient transfec-
tion (Figure 5D) and transduction (Figure 5E) experiments,
suggesting that the EEF1A1 promoter element’s intron is
indeed being faithfully transmitted in almost all cases.

Difference in intron transmission is determined by promoter
exon sequences

We hypothesized that the difference in intron retention be-
tween the UBC and EEF1A1 promoters was due to se-
quence determinants of splicing efficiency or splicing kinet-
ics within the introns. To test this, we swapped the introns
from one promoter to the other, creating UBC (EEF1A1int)
and EEF1A1(UBCint) vectors. Surprisingly, we found that
the UBC (EEF1A1int) LV lost the EEF1A1 intron and ex-
pressed similar levels of EmGFP to the intronless UBCs
vector, while the EEF1A1(UBCint) maintained the UBC
intron and expressed significantly more EmGFP than the
intronless EEF1A1s vector (Supplementary Figure S5).
These results suggest that the distinct exon sequences of the
two promoters are determining whether the introns are re-
tained during lentiviral production.

Expression cassette modification maximizes expression from
UBC bidirectional vectors

We finally sought to improve expression from UBC
promoter-based bidirectional vectors mediating coordi-
nated expression of two transgenes in LVs (9,16). Because
the vector design calls for a sense-strand orientation of the
UBC promoter, we reasoned that the majority of proviral
forms would lose the UBC intron and that reversal of the
dual, divergent UBC and minimal cytomegalovirus (CMV)
promoters would lead to increased expression due to intron
inclusion with the UBC-promoted transgene (Figure 6A).

Genetic analysis of stably transduced 293T cells revealed
that the UBC intron was lost 75% of the time from BD
vectors, in which the UBC promoter is on the vector sense
strand, whereas in roBD vectors, nearly all of the proviral
forms contained the UBC intron (Figure 6B). This led to an
increase in EGFP expression driven by the UBC promoter
in stably transduced cells (Figure 6C). Surprisingly, in light
of the expression data suggesting that the intron does not
contain a traditional enhancer, mCherry expression driven
by the minimal CMV promoter was also increased in re-
tained UBC intron in roBD-transduced cells.

DISCUSSION

Lentiviral gene transfer has recently advanced into clinical
gene therapy trials, with multiple successes and no clinically
significant adverse events, and has also shown promise in
many pre-clinical studies (17–22). As therapies are devel-
oped for additional disorders, new vectors will be created
bearing various genomic fragments for transgene regula-
tion. Past promoter/transgene combinations have required
the presence of introns for full activity and regulation, and
it is likely that some future designs will require them as well.

Our results suggest that introns differ in terms of their
likelihood of loss during vector production and transduc-
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Figure 5. EEF1A1 analysis. (A) Diagrams of lentiviral vectors bearing EEF1A1 promoter variants. (B) Gel electrophoresis of PCR product amplifying
across EEF1A1 intron in stably transduced K562 cells, greater than 2 weeks post-transduction. (C) ddPCR quantification of the ratio of intron copies
to proviral copies in samples analyzed in (B). Error bars represent 95% confidence interval. (D) gMFI of transiently transfected 293T cells 48 h post-
transfection with expression plasmids, measured by flow cytometry. Error bars represent SD of three biological replicates. Unpaired t-test P = 0.0064. (E)
gMFI of stably transduced K562 cells 10 days post-transduction, measured by flow cytometry.

tion. While the human UBC promoter fragment was miss-
ing its intron in most proviral forms, the human EEF1A1
promoter fragment was not similarly affected. Inclusion
of the UBC intron requires that the transgene cassette
be reversed to avoid the processing of splicing machin-
ery, but the EEF1A1 intron is maintained in almost ev-
ery proviral form even though it is theoretically exposed
to the spliceosome. A previous study indicates that the hy-
brid CAG promoter is also maintained throughout vector
production and transduction (4). An intronless version of
the EEF1A1 promoter has moved into clinical trials for
both adenosine-deaminase-deficient severe combined im-
munodeficiency (ADA-SCID) and X-linked SCID (SCID-

X1), and preclinical studies suggested that it will drive suf-
ficient transgene expression for therapeutic effect. Our data
indicate that a full EEF1A1 promoter containing intron 1
leads to roughly 2-fold higher transgene expression, an in-
crease that could be necessary or beneficial for future vector
designs. Overall, these results illustrate the importance of
full genetic characterization of retroviral vectors, as known
or unknown introns can lead to transduced cells bearing
highly variant vector forms. In the area of gene therapy,
where product characterization is important from a regula-
tory standpoint, this variation is unlikely to find acceptance.

It has been reported that antisense RNA targeted to
splice donor or acceptor sites can prevent splicing of pri-
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mary transcripts (23). We therefore attempted to inhibit
splicing of UBC vector genomes using U6-driven plasmids
expressing 50 nt antisense sequences to either the splice
donor or splice acceptor site during lentiviral production.
Unfortunately, these constructs did not lead to higher ex-
pression from UBC vectors upon transduction when used
alone or in combination (data not shown). It is possible that
this strategy could lead to retention of other introns in LVs,
but it was ineffective for the UBC intron in our experiments.

We found that the UBC promoter intron does indeed
increase expression, as previously reported, but that the
enhancer-like activity within the intron sequence is depen-
dent on its location inside the intron. This could be paral-
leled by future vector designs incorporating transgenes with
endogenous introns for full activity, in which regulatory ac-
tivity of intronic sequences might similarly not be mobile.
Further research is also warranted to investigate why the
UBC intronic sequences have a positive effect on expres-
sion when present within the transcription unit, but a neg-
ative effect when placed upstream of the promoter. This
would likely have important implications for both endoge-
nous gene regulation and transgene regulation for gene ther-
apy and genetic engineering. Importantly, our data suggest
that such introns are relatively safe payloads for integrating
vectors, as they probably will not transactivate nearby pro-
moters in the manner that has caused adverse events and
subclinical clonal expansion in clinical gene therapy trials
(18,24–27).

The UBC intron and EEF1A1 intron 1 do not differ no-
ticeably at the sequence level in terms of their adherence
to canonical splice donor, acceptor and branch point sites,
and our data from vectors in which the introns are swapped
indicate that the sequence determinants of intron loss are
not within the introns themselves but within the exonic se-
quences of the UBC and EEF1A1 promoters. This would
be unfortunate if true generally, as potential modifications

to vectors to alter splicing would be limited dramatically
in the majority of exons that are coding sequences. Biolog-
ically speaking, it is unsurprising, as exons in the human
genome are known to contain exonic splicing enhancers
as well as exonic splicing suppressors/silencers. These se-
quences control the efficiency of splicing of human introns,
most of which are thought to be suboptimally defined (28).

We hypothesize that the difference in frequency of loss
between these introns is linked to the speed at which they
are spliced, which can be largely determined by exonic se-
quences. Future experiments could assess the splicing kinet-
ics of these two genetic elements, the speed of which would
be predicted to correlate inversely with intron transmission.
While new work has examined the kinetics of transcript
splicing and release from chromatin, the sequence deter-
minants of the range of rates observed for different tran-
scripts are not yet understood (29). A better understand-
ing of the determinants of splicing kinetics could direct the
modification of the UBC promoter fragment to decrease
splicing speed sufficiently to get intron-containing genomic
RNA into vector particles, while maintaining efficient splic-
ing during transgene expression.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Supplemental Figure 1. Digital PCR quantification of spliced vector junctions in 
viral vector supernatant and transduced K562 cells.  
 

 
Supplemental Figure 2. Expression of EmGFP measured by flow cytometry in 
myeloid cells differentiated from transduced human CD34+ HSPCs enriched from 
mobilized peripheral blood of a healthy donor. Expression was analyzed 10 days 
after transduction in populations that were approximately 10% transduced. Two-
tailed t-test p-value 0.0013. 
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Supplemental Figure 3. Digital PCR quantification of UBC intron in proviral forms 
in transduced CD34+ HSPCs 10 days after transduction. 
 
 

 
Supplemental Figure 4. Luciferase assay for enhancer activity of intron 
sequences in pGL4.25-based plasmids. Luciferase activity was measured in cell 
lysates 48 hours after transfection of 293T cells. 
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Supplemental Figure 5. Expression and genetic analysis of UBC and EEF1A1 
lentiviral vectors with introns swapped. A. Expression analysis of K562 cells 
transduced with lentiviral vectors containing the indicated promoters, measured 
by flow cytometry 7 days after transduction. B. Genetic analysis using primers 
diagrammed in Figure 2A. Product of intermediate length in three lanes on the 
right is a non-specific product from K562 genomic DNA and should be ignored. 
C. Genetic analysis of transduced K562 cells using primers diagrammed in 
Figure 5A. 
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a  b  s  t r  a  c  t

Large-scale  lentiviral  vector  (LV)  concentration  can be  inefficient  and  time  consuming,  often  involving
multiple  rounds  of filtration  and  centrifugation.  This  report  describes  a simpler  method  using  two tan-
gential  flow  filtration  (TFF)  steps  to  concentrate  liter-scale  volumes  of  LV  supernatant,  achieving  in  excess
of  2000-fold  concentration  in  less  than  3  h with very  high  recovery  (>97%).  Large  volumes  of LV  super-
natant  can be  produced  easily  through  the use of multi-layer  flasks,  each  having  1720  cm2 surface  area
and  producing  ∼560 mL  of supernatant  per flask.  Combining  the  use  of such  flasks  and  TFF greatly  sim-
plifies  large-scale  production  of LV.  As a demonstration,  the  method  is used  to  produce  a very  high  titer
LV  (>1010 TU/mL)  and  transduce  primary  human  CD34+  hematopoietic  stem/progenitor  cells  at  high  final
vector  concentrations  with  no  overt  toxicity.  A  complex  LV (STEMCCA)  for  induced  pluripotent  stem  cell
(iPSC)  generation  is  also  concentrated  from  low initial  titer  and  used  to transduce  and  reprogram  primary
human  fibroblasts  with  no  overt  toxicity.  Additionally,  a generalized  and  simple  multiplexed  real-time
PCR  assay is described  for  lentiviral  vector  titer  and copy  number  determination.

© 2011 Elsevier B.V. All rights reserved.
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1. Type of research

Since  their development nearly fifteen years ago, VSV-G-
pseudotyped self-inactivating (SIN) lentiviral vectors (LVs) have
become an indispensible part of the experimental biologist’s tool-
box and have met  with success in clinical gene therapy trials
(Naldini et al., 1996; Cartier et al., 2009; Cavazzana-Calvo et al.,
2010). Unlike the !-retroviral vectors that preceded them, LVs are
capable of transducing non-dividing cells, can carry more complex
transgene cassettes, more frequently maintain long-term trans-
gene expression, and generally yield higher titers in producer cells
(Zufferey et al., 1997). LVs are also less genotoxic than !-retroviral
vectors, although this difference has become less significant since
the advent of SIN !-retroviral vectors (Modlich et al., 2006, 2009;
Arumugam et al., 2009).

Titers in the supernatant of producer cells are generally more
than sufficient for transducing cell lines, but primary cells are more
difficult to transduce and require a vector that is far more con-
centrated. Additionally, some vector designs incorporate genetic
elements that severely reduce titers, effectively rendering the viral
supernatant useless without concentration. Many cell types also
cannot tolerate either the growth medium or secreted proteins
from vector producer cells, and post-production concentration and
cleanup is necessary.

Various  methods have been employed to concentrate viral par-
ticles. Ultracentrifugation is a well-established strategy, but each
spin yields only about 100-fold concentration and multiple spins
risk diminished viral particle recovery. Furthermore, processing
large volumes via ultracentrifugation is cumbersome and time-
consuming, as typical research centrifuges are limited to ∼230 mL
of raw LV per rotor. Ultrafiltration via centrifuged filtration units
enables LV to be more easily concentrated, but these units trap
a significant amount of LV input. Tangential flow filtration (TFF),
on the other hand, does not appreciably trap LV and allows for
easier processing as well as for a diafiltration step to reduce
metabolites and small secreted proteins from producer cells. TFF
is therefore an attractive alternative to centrifugation for concen-
trating large volumes of vector supernatant, and this is evidenced
by its recent use to produce a clinical-grade LV (Cavazzana-
Calvo et al., 2010). The sole disadvantage of TFF is that one-step
TFF only yields 50–100-fold concentration of LV (Geraerts et al.,
2005).

The present study describes a rapid method using two  tan-
dem TFF steps to concentrate up to 5.5 L of raw LV-containing
supernatant down to ∼1 mL  final volume with a reliably high
recovery rate (>97%). The final product is demonstrated to
be of a quality sufficient to transduce, with no overt toxicity,
both primary human CD34+ hematopoietic stem/progenitor
cells (HSPCs) and primary human fibroblasts for iPS
generation.

2. Materials

2.1. Special equipment

• KrosFlo  Research II TFF System (Spectrum Labs, Rancho
Dominguez, CA, Cat. No. SYR2-U20-01 N).

• Flow  path 1 [FPI] (Spectrum Labs, Rancho Dominguez, CA, Cat.
No.  EZ-M1-500S-260-01N-I).

o The hollow fiber filter in FP1 contains 320 fibers (0.5 mm internal
diameter)  with a total surface area of 615 cm2 and a 500 kDa cut-
off.

• Flow  path 2 [FPII] (Spectrum Labs, Rancho Dominguez, CA, Cat.
No.  EZ-CHIL07-01-I).

o The hollow fiber filter in FP2 contains 12 fibers (0.5 mm internal
diameter)  with a total surface area of 40 cm2 and a 500 kDa cut-
off.

• DELTRAN  I disposable pressure transducer (Utah Medical Prod-
ucts,  Midvale, UT, Cat. No. DPT 100).

• 150 cm2 tissue culture flasks (Corning, Corning, NY, Cat. No.
430825).

• TripleFlask  (NUNC, Rochester, NY, Cat. No. 132867).
• HYPERFlask (Corning, Corning, NY, Cat. No. 10010).
• Syringe filters (Millipore, Cat. No. SLGV033RS).
• 5  mL  syringe (BD Medical, Franklin Lakes, NJ, Cat. No. 309603).
• 0.8  "m filter units (Nalgene, Rochester, NY, Cat. No. 127-0080).
• 0.22  "m filter units (Millipore, Billerica, MA,  Cat. No.

SCGPU05RE).
• 2  mL  screw cap tubes (VWR, Radnor, PA, Cat. No. 80078-428).
• 0.5  mL  screw cap tubes (VWR, Radnor, PA, Cat. No. 89004-318).
• 2  mL  cryovials (Nalgene, Rochester, NY, Cat. No. 5011-0020).
• PureLink Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA, Cat.

No.  K1820-01).
• MicroAmp optical 96-well reaction plate (Applied Biosystems,

Cat.  No. N8010560).
• MicroAmp optical adhesive film (Applied Biosystems, Carlsbad,

CA,  Cat. No. 4311971).
• 7500  Real-Time PCR System (Applied Biosystems, Carlsbad, CA,

Cat. No. 4362143).

2.2. Chemicals and reagents

• 293T  cells (ATCC, Manassas, VA, Cat. No. CRL-1268).
• HT-29  cells (ATCC, Manassas, VA, Cat. No. CCL-218).
• TransIT-293 (Mirus, Madison, WI,  Cat. No. MIR2706).
• Opti-MEM (Invitrogen, Carlsbad, CA, Cat. No. 31985-062).
• Dulbecco’s modified Eagle’s medium [DMEM] (Mediatech, Hern-

don,  VA, Cat. No. 15-013-CV).
• Fetal  bovine serum (Omega, Tarzana, CA, Cat. No. FB-01).
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• l-Glutamine/penicillin/streptomycin (Gemini Bioproducts,
Woodland, CA, Cat. No. 400110 100ML).

• Sodium  butyrate (Sigma–Aldrich, St. Louis, MO,  Cat. No. B5887-
5G).

• 1  M HEPES (Invitrogen, Carlsbad, CA, Cat. No. 15630-130).
• Dulbecco’s  phosphate buffered saline [DPBS] (Mediatech, Hern-

don,  VA, Cat. No. 21-031-CV).
• UltraCULTURE  (LONZA, Basel, Switzerland, Cat. No. 12-725F).
• 0.05%  trypsin EDTA 1× (Mediatech, Herndon, VA, Cat. No. 25-052-

CI).
• 0.25%  trypsin-EDTA (Invitrogen, Carlsbad, CA, Cat. No. 15050065).
• Genomic  DNA prepared using NucleoBond Xtra Maxi EF Kit (Clon-

tech,  Cat. No. 740424.10).
• Primers  and probes ordered from Integrated DNA Technologies

(IDT)  (Coralville, IA).
• TaqMan  Universal PCR Master Mix  (Applied Biosystems, Carlsbad,

CA,  Cat. No. 4304437).

3. Detailed procedure

3.1.  Time required

Day  1: cell seeding and transfection [2 h]
Day  2: sodium butyrate induction [1 h]
Day  4: first harvest [1 h]
Day 5: second harvest and TFF [3 h]
Total [7–8 h]

3.2. Cell seeding and transfection

Note.  All of the amounts below are per HYPERFlask of pack-
aging cells. Two HYPERFlasks are routinely processed in parallel
to make use of the cost of the flow paths. As many as five have
been processed at one time, but more than five would exceed the
recommended capacity of FPI.

(1) Low passage (<12) 293T cells were maintained below conflu-
ence  in 500 cm2 TripleFlasks in 150 mL  D10 medium, consisting
of  DMEM with 10% fetal bovine serum, 50 U/mL penicillin,
50  !g/mL streptomycin, and 2 mM l-glutamine. This requires
1:4–1:5  passaging if performed every 2 days, or 1:8–1:10 pas-
saging  if performed every 3 days.

(2)  Before cell harvesting, the transfection mix  was  prepared. First,
1  mL  of TransIT-293 was added to 50 mL  of Opti-MEM, which
was  then vortexed to mix  thoroughly and left to incubate for
30  min  at room temperature. Then, 150 !g of a pCCL-based
(Dull et al., 1998) vector plasmid, 150 !g of gag/pol express-
ing  plasmid (pCMV!R8.91, Zufferey et al., 1997) and 30 !g of
the  envelope expression plasmid pMD.G (VSV-G) (Naldini et
al.,  1996) were added to the TransIT/Opti-MEM mixture, which
was  then incubated for a further 20 min  at room temperature.

(3) Cells were washed with 15 mL  0.05% trypsin EDTA in HBSS to
bind  and remove trypsin inhibitors, and then harvested with
another  15 mL  of 0.05% trypsin and 3–5 min  incubation at 37 ◦C.
15  mL  of D10 was then added to inactivate the trypsin, cells
were  decanted into a sterile polystyrene bottle, and then a fur-
ther  30 mL  of D10 was used to rinse the TripleFlask and was
then  decanted into the bottle.

(4)  The transfection mixture was added to 7 × 108 cells (usually
obtained from three TripleFlasks) in ∼150 mL D10. This well-
combined  cell/transfection mix  was poured into a HYPERFlask
and  the HYPERFlask was placed on its side to allow even distri-
bution  among the layers. The HYPERFlask was then filled with
D10,  the whole contents were mixed well by inverting the flask
several  times, the flasks were vigorously tapped while held ver-

tically to dislodge air bubbles from the layers, and the flask was
then  placed in a horizontal position at 37 ◦C overnight.

3.3.  Sodium butyrate induction

Note.  Sodium butyrate induction does not always increase titer
and can severely reduce titer if changing of medium is not done
carefully and disturbs cells as a result. However, past experiments
show that induction may  increase titer by one half to one full log
when done properly, so it is retained as a routine step in the pro-
cedure.

(5) Approximately 18–20 h post-transfection, the medium on the
transfected  cells was changed to D10 containing 10 mM sodium
butyrate  and 20 mM HEPES.

(6) After  6–8 h, the cells were rinsed once with 500 mL  DPBS and
then  fresh harvesting medium, consisting of UltraCULTURE
with 20 mM HEPES, 50 U/mL penicillin, 50 !g/mL streptomycin,
and  2 mM l-glutamine, was  added to fill the HYPERFlask. The
user  must be aware of the balance between air bubbles being
left  in the layers of the flask and cells being disrupted by over
exuberant  tapping of the flask to dislodge bubbles. It is our
experience that using one finger to gently tap the side of the
flask,  while held in a vertical position, is sufficient to dislodge
enough  air without appreciably disrupting the cell monolayers.

3.4. Vector harvest

(7)  About 40 h after addition of harvesting medium, LV-containing
medium was decanted from the HYPERFlasks into 0.8 !m
bottle-top  filters and the filtrate was  collected in sterile
polystyrene bottles. Fresh harvesting medium was  then added
to  refill the HYPERFlask, which was then incubated again
at  37 ◦C. The harvested LV-containing medium was  stored
overnight at 4 ◦C.

(8) 24 h later, LV-containing medium was again decanted from the
HYPERFlasks  into 0.8 !m bottle-top filters and the filtrate was
collected  in sterile polystyrene bottles.

(9)  The filtered first and second harvests were combined and sam-
ples  were retained for recovery analysis.

3.5.  Tangential flow filtration

(10)  All concentration steps were performed on custom made flow
paths  (FPI and FPII shown in Figs. 1 and 2 respectively) using
the  KrosFlo Research II TFF System.

(11)  Before introducing LV-containing medium, flow paths were
tested  for integrity. This was  done by thoroughly wetting the
system  with DPBS, running the system until all the DPBS had
been  cleared as permeate, closing every valve and running
the  pump until the inlet pressure was around 5 psi, and then
releasing  the permeate. After an initial drop in pressure to
clear  the PBS, an intact column exhibits a pressure drop of
about  0.01 psi/s, as the PBS-wetted filter fibers are imperme-
able  to air.

(12) Upon validation of the column’s integrity, the concentration of
the LV-containing medium was  commenced. Throughout the
procedure,  the inlet pressure was  monitored and maintained
below  6 psi. FPI was  used to concentrate as much as 5.5 L down
to  50 mL,  which is the minimal holdup volume in the flow path
and  represents about 100-fold concentration.

(13)  The concentrated vector was diafiltrated in FPI with 1000 mL
of  diafiltration mix, consisting of DPBS and 2.5 mL  of FCS, and
again  concentrated down to 50 mL.  This intermediate concen-

48



4 A.R.  Cooper et al. / Journal of Virological Methods 177 (2011) 1– 9

Fig. 1. Design of flow path I (FPI). A: inlet, B: permeate, C: filter column, D: pressure transducer port, E: tubing loop for peristaltic pump, F: reservoir pressure release port,
and G: reservoir.

trate was kept in a 50 mL  conical tube while FPII was tested
for  integrity.

(14) Once FPII passed an integrity test (see step 11), it was used
to  further concentrate the 50 mL  from FPI down to the 1 mL
minimal  holdup volume (50 fold concentration, up to 5000-
fold  concentration total). Throughout the whole procedure,
the  inlet pressure was monitored to keep it below 9 psi.

3.6. Vector transduction for titer determination

(15) Six well plates were seeded with 1 × 105 HT-29 cells per well
in  2 mL  D10.

(16) After 24 h, three wells were harvested with 0.25% trypsin EDTA
and  total cell count was determined. Mean cell number per
well  was recorded for the calculation of titer at the end of the
protocol.

(17) For  TFF-concentrated vector, three independent 50,000-fold
dilutions were prepared in D10, using three independent
initial 100-fold dilutions, each followed by serial 500-fold dilu-
tions.

(18) Medium  from the HT-29 cells was  aspirated and then 1 mL
of  diluted vector was  added to each well. 12–16 h later, an
additional 1 mL  D10 was  added to each well.

(19) After another 48 h (∼60 h post-transduction), the cells were
harvested  with 0.25% trypsin-EDTA.

(20) Genomic DNA isolation was performed using the PureLink
Genomic DNA Mini Kit.

3.7. Absolute quantitation via probe-based real-time PCR

Real-time  PCR amplification of the packaging signal sequence
(psi) in the lentiviral provirus was  used for absolute quantitation
of the average number of vector DNA sequences per cell.

Fig. 2. Design of flow path II (FPII). A: inlet, B: permeate, C: filter column, D: pressure transducer port, E: tubing loop for peristaltic pump, F: reservoir pressure release port,
and G: reservoir.
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Table 1
Oligonucleotide sequences.

HIV-PSI F 5′-ACCTGAAAGCGAAAGGGAAAC
HIV-PSI R 5′-CGCACCCATCTCTCTCCTTCT
HIV-PSI-FAM 5′-6-FAM-AGCTCTCTC-ZEN-GACGCAGGACTCGGC-Iowa Black FQ
SDC4  F 5′-CAGGGTCTGGGAGCCAAGT
SDC4 R 5′-GCACAGTGCTGGACATTGACA
SDC4-HEX 5′-HEX-CCCACCGAACCCAAGAAACTAGAGGAGAAT-Iowa Black FQ
uc483  F 5′-GCATGCTTCATTAACAGTGACC
uc483 R 5′-TTTAAAATCTGAATGCATGATAAGAATGG
uc483-HEX 5′-HEX-AGATCCCCAGCTCATCCGTGATTG-Iowa Black FQ

(21) A standard curve was prepared from samples of HT29 DNA
mixed  with DNA from a HT29 clone that has 2 copies/cell of a
lentiviral  vector.

(22) To obviate DNA concentration determination and normal-
ization,  a multiplex probe-based real-time PCR reaction was
used  combining primers and probe to detect a conserved LV
sequence  (HIV-1 psi region) with primers and probe targeted
to  the autosomal gene syndecan 4 (SDC4, De Preter et al.,
2002)  for normalization (Table 1). The SDC4 internal control
allows  the cycles to threshold (Ct) value of psi to be normal-
ized  to that of the endogenous control, which is reflective of
the  number of cell equivalents of DNA present in the reac-
tion.  Therefore, the same volume of DNA can be added to each
reaction  even though the concentrations will be somewhat
different. Substitution of the SDC4 primers and probe with
those  directed to the ultra-conserved region uc483 (200 nM
each  primer, 100 nM probe) allows normalization of genomic
DNA  from mouse as well as human cells and many other ver-
tebrate  cells, if there is a need to determine titer in cells of
another  species (Bejerano et al., 2004). However, the uc483
primers  and probe must be used in parallel reactions rather
than  in multiplex.

(23) Real-time PCR was performed using ABI TaqMan Universal
PCR  Master Mix  and an ABI 7500 Fast Real-Time PCR System. A
total  volume of 25 !L was used for reactions with 400 nM each
for  SMPU primers, 50 nM each for SDC4 primers, 50 nM each
probe,  and 1 !L of genomic DNA template (50–300 ng). Cycling
conditions were as recommended by the manufacturer, and
the  ‘fast’ option of the system was not used.

(24)  In order to interpret the data, the !Ct was determined for
each  well (!Ct = Ctpsi − CtSDC4). A standard curve was  plotted
as  a log2(copy number) vs. !Ct. The standard curve DNA had
copy  numbers of 2, 0.2, 0.02, 0.002, and 0.0002, corresponding
to  100 through 10−4 dilutions. A linear equation was  obtained
for  a best-fit line of the standard curve. The !Ct values for each
experimental  sample were put into the equation to obtain the
log2(copy number).

(25) The copy number for each sample was calculated as:

copy number = 2log2(copy number)

and titer was determined with the following equation:

Titer (TU/mL)  = (cell count at time of transduction)

× (copy number)(dilution factor)

4. Additional materials and methods

4.1. CD34+ culture and transduction

CD34+ cells were isolated from human bone marrow obtained
from The National Disease Research Interchange (NDRI, Philadel-
phia, PA) using Ficoll-Hypaque (Amersham Pharmacia Biotech,

Piscataway,  NJ) density gradient centrifugation followed by
Milteyni MidiMACS separation columns (Milteyni Biotech, Sunny-
vale, CA). CD34+ cells were frozen after collection and thawed prior
to transduction. CD34+ cells (1 × 105/well) were pre-stimulated
overnight on fibronectin fragment CH-296 (Takara Shuzo Co.,
Otsu, Shiga, Japan)-coated 6 well plates in serum-free X-Vivo-15
medium (Lonza, Basel, Swutzerland) containing 50 ng/mL FLT-3
ligand (R&D Systems, Minneapolis, MN), 50 ng/mL c-kit ligand
(Biosource International, Camarillo, CA) and 50 ng/mL thrombopoi-
etin (R&D Systems). The next day, the cells were exposed to
1 × 106–1 × 109 TU/mL of CCL-c-MNDU3-EGFP vector (Haas et al.,
2003) in 1 mL  final volume of the X-Vivo medium with cytokines
described above. 24 h following transduction, the medium was
exchanged for basal bone marrow medium (BBMM:  IMDM, 20% FCS,
0.5% BSA) with 5 ng/mL human IL-3, 10 ng/mL IL-6 and 25 ng/mL c-
kit ligand (Biosource International). Seven days after transduction,
cells were analyzed for EGFP expression by flow cytometry per-
formed on a FACSCalibur (Beckton-Dickinson Immunocytometry
Systems, San Jose, CA) using CellQuest software.

4.2. iPSC culture and transduction

NHDF  17622 female fibroblasts were obtained from Lonza
(Basel, Switzerland). All cells were grown and procedures per-
formed under a protocol approved by the Chancellor’s Animal
Research Committee (ARC) and Embryonic Stem Cell Research
Oversight (ESCRO) committee at UCLA. 100,000 fibroblasts (pas-
sage 3) were exposed overnight to 1.75 × 106–3 × 107 TU/mL
of both concentrated HAGE-EF1"-STEMCCA LV (Sommer et al.,
2009) as well as CCL-c-MNDU3-EGFP LV in 1 mL  of standard
fibroblast medium (DMEM supplemented with 10% FBS, l-
glutamine, nonessential amino acids, and penicillin–streptomycin)
with  5 !g/mL polybrene. Cells were trypsinized and re-plated
onto 6-well plates (for NANOG staining) containing gamma
irradiated male CF1 mouse embryonic fibroblasts on day 5 post-
transduction. Medium was  replaced with standard hESC medium
(DMEM/F12 supplemented with 20% knockout serum replacement,
l-glutamine, nonessential amino acids, penicillin-streptomycin, 2-
mercaptoethanol, and 20 ng/mL bFGF) the next day and changed
every day thereafter. hESC-like colonies were seen at day 20 post-
transduction and TRA-1-60 as well as NANOG positive colonies
were scored at day 30 post-transduction.

For  immunostaining, cells grown on coverslips were washed in
PBS and then fixed for 10 min  at room temperature (RT) in PBS
containing 4% paraformaldehyde. Cells were then permeabilized
by incubation with PBS containing 0.5% Triton X-100 for 5 min
at RT, transferred into PBS with 0.2% Tween-20 (PBS/Tween), and
then incubated for 30 min  in blocking buffer (5% goat serum, 0.2%
fish skin gelatin, 0.2% Tween in PBS). Primary NANOG antibody
(Abcam ab21624, Cambridge, MA)  incubations were performed for
1  h at RT in blocking solution, and cells were washed three times in
PBS/Tween and incubated with Alexa 546 labeled secondary anti-
bodies in blocking buffer for 30 min. Primary TRA-1-60 antibody
(Millipore MAB4360, Billerica, MA)  incubations were performed for
1  h at RT in blocking solution, and cells were washed three times in
PBS/Tween and incubated with Alexa 647 labeled secondary anti-
bodies in blocking buffer for 30 min. Cells were then washed with
PBS/Tween, stained with DAPI, and mounted in Aqua-polymount
(Polysciences Inc., Warrington, PA).

4.3. Statistical analysis

Statistical  analyses for correlations between vector dose and cell
number and viability and for the exponential decay coefficient of
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Table 2
Recovery data.

Vector Raw titer (TU/mL) Fold concentration Expected titer (TU/mL) Actual titer (TU/mL) Recovery (%)

STEMCCA 2.0 × 105 1833 3.6 × 108 5.0 × 108 137
Single  promoter 1.3 × 107 420 5.4 × 109 6.7 × 109 124
Single  promoter 5.3 × 106 1690 8.9 × 109 9.6 × 109 108
Single  promoter 7.0 × 106 1690 1.3 × 1010 1.2 × 1010 97
Single  promoter 2.7 × 106 2000 5.4 × 109 5.8 × 109 109
Single  promoter 3.1 × 104 1100 3.4 × 107 4.0 × 107 116
Single  promoter 1.7 × 105 1222 2.1 × 108 2.0 × 108 94
Single  promoter 3.7 × 105 2200 8.2 × 108 1.0 × 109 127
Single  promoter 8.0 × 105 2200 1.8 × 109 2.5 × 109 141
Dual  promoter 4.6 × 106 730 3.3 × 109 3.8 × 109 113
Dual  promoter 9.8 × 106 360 3.6 × 109 3.6 × 109 101
Failed  transfection 3.1 × 104 1100 3.4 × 107 4.0 × 107 116
Failed  transfection 6.5 × 103 1467 9.6 × 106 1.4 × 107 142

vector through freeze/thaw cycles were performed with GraphPad
Prism software (GraphPad, La Jolla, CA).

4.4. Recovery calculations

To  calculate recovery, the titer of the raw LV supernatant (after
one freeze/thaw cycle) was multiplied by the total volume of super-
natant at the beginning of the concentration process to obtain the
total number of initial transducing units (ITU). The titer of the con-
centrated LV was multiplied by the final volume of the product to
obtain the total number of final transducing units (FTU). Recovery
(in %) was calculated as 100 × (FTU/ITU).

5.  Results

5.1. Recovery

TFF very efficiently concentrated multiple LV preparations, with
a mean recovery of 117% for both simple single promoter/transgene
vectors and more complex vectors possessing multiple promot-
ers/transgenes (Table 2). Two very low titer vector preparations,
resulting from poor transfection efficiencies, were also efficiently
concentrated. The mean recovery value of over 100% can probably
be attributed to enhanced cryopreservation of the concentrated LV
samples relative to the raw LV samples. The final product resem-
bles a highly concentrated suspension of LV and cellular debris,
and high protein concentrations are generally agreed to contribute
to cryopreservation. In order to assess the stability of our final
product through freeze/thaw cycles, an aliquot of concentrated vec-
tor was repeatedly thawed and refrozen. Each time, a sample was
taken and used to transduce cells, and this was repeated to yield
five samplings (Fig. 3). TFF-concentrated LV exhibited higher than

Fig. 3. Freeze/thaw stability of concentrated vector. Each bar represents the mean
of three independent dilutions of vector, each followed by a transduction of HT29
cells, genomic DNA isolation and real-time PCR measurement. Error bars represent
the  standard error of the mean (SEM).

expected stability through multiple freeze/thaw cycles, losing on
average only 15% of its TU per freeze/thaw cycle as determined
by exponential decay analysis of the freeze/thaw data. The ratio of
transducing units to nanograms of p24 was determined for sev-
eral vector preparations, and the mean TU/ng p24 was 2.0 × 104

(Table 3). This value is within a log of values typically reported for
LV preparations (Follenzi and Naldini, 2002; Kutner et al., 2009).

5.2.  Transduction of primary human CD34+ HSPCs

To test the quality of the concentrated LV, a vector prepa-
ration was  used to transduce primary human CD34+ HSPCs
isolated from bone marrow. To transduce these sensitive cells effi-
ciently, they are typically exposed to final vector concentrations of
1  × 107–1 × 108 TU/mL (Haas et al., 2000). In this case, however,
an upper concentration of 1 × 109 was used to see how high of
a vector concentration the HSPCs would tolerate in a short-term
in vitro culture assay. After an 18 h prestimulation in cytokines
that enhance CD34+ cell transduction, the cells were transduced
overnight, cultured for 7 days and then collected for flow cytomet-
ric and molecular analyses. As expected, the percentage of EGFP+
cells measured by flow cytometry increased relatively linearly at
low vector doses but increased less at higher doses as cells began
to incur multiple transduction events (Fig. 4A). In contrast, vector
copy number increased linearly across the entire range of vector
doses, indicating that the increasing vector doses resulted in the
expected increase in transduction events (Fig. 4B). Although some
of these measurements are extrapolated beyond the standard and
are therefore not strictly accurate, they are taken to be reasonable
estimates based on dilutions of high VCN DNA into untransduced
DNA that were used previously to test the assay (data not shown).
Similarly, mean fluorescence intensity of EGFP+ cells increased lin-
early across almost the whole range, except for the first two  data
points where most of the EGFP+ cells would be expected to have
only one integration and thus the same EGFP expression (Fig. 4C).
Final cell counts were somewhat variable, but there was no sig-
nificant correlation between vector dose and final cell number or
viability (p = 0.2357 and p = 0.8397 by Spearman’s rank correlation
test, respectively) (Fig. 4D).

Table 3
Vector quality.

Titer (TU/mL) p24 (ng/mL) TU/ng p24

2.0 × 108 1.0 × 104 1.9 × 104

5.8 × 109 1.7 × 105 3.4 × 104

1.0 × 109 1.0 × 105 1.0 × 104

2.5 × 109 1.5 × 105 1.7 × 104
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Fig. 4. Various metrics of transduction of CD34+ cells analyzed 7 days post-transduction, plotted against vector dose. (A) % EGFP+ cells by flow cytometry. (B) Vector copy
number measured by real-time PCR. (C) Geometric mean fluorescence intensity of EGFP+ cells in each condition. (D) Cell count (!) and viability (") by trypan blue dye
exclusion.  Bars represent mean and error bars represent range (n = 2).

5.3. Transduction of primary human fibroblasts for iPSC
generation

Induced pluripotent stem cells are an important new technol-
ogy for biological and medical research, but vectors containing the
efficient STEMCCA element (with murine Oct4, Sox2, Klf4, cMyc)
for single-vector reprogramming are difficult to produce in large
scale and high titer. A large 5.5L batch of HAGE-EF1!-STEMCCA
was  produced and concentrated down to 3 mL,  representing a
nearly 2000-fold concentration (Table 2). This vector was  used in
a  dose escalation to transduce primary human dermal fibroblasts
to generate iPSC colonies along with an EGFP-expressing vector
as a transduction control. With increasing vector doses, the effi-
ciency of full reprogramming as measured by the fraction of NANOG
and TRA-1-60 positive colonies out of total ESC-like DAPI clusters
increased continuously with vector dose (Fig. 5). This suggests that
the high extent of transduction by our vector preparation induced
efficient reprogramming.

6.  Discussion and conclusions

This protocol using 2 tangential flow steps in tandem can be
used reproducibly and reliably to concentrate up to 5.5 L of raw LV-
containing supernatant down to ∼1 mL  final volume, with a high
recovery rate (>97%). Based on our metrics of vector transduction
and expression as well as total cell counts and viability determi-
nation in CD34+ cells after 1 week of culture, it is concluded that
vectors prepared in this fashion do not intrinsically lead to overt
toxicity, at least in primary human hematopoietic cells. It should
be noted that vectors bearing certain transgenes can be toxic irre-
spective of the method of preparation. Finally, our preparation of
the proven STEMCCA vector for iPSC generation and successful gen-
eration of iPSCs from primary human fibroblasts demonstrates that
this production and concentration scheme is effective for producing
and concentrating complicated vectors in large scale.

7. Troubleshooting

Problem Solution

Slow growing 293T This is often resulting from high passage number.
Try to use 293T cells that are below passage 12

DNA precipitation If the DNA is not pure it may cause excessive
precipitation during the transfection set up. The
Nucleobond Xtra Maxi EF Kit is recommended for
endotoxin removal, and thorough rinsing of the
DNA precipitate with 70% ethanol can remove
excess salt

Cell clumping If the trypsinization step was insufficient to
dissociate the cells from one another, it is
recommended to rinse again with trypsin to
improve recovery

Uneven cell plating This may occur if the incubator shelf is not level
Cells peeling off This can occur for several reasons: too many cells

were plated, or the medium changes were
performed too vigorously, or the HYPERFlask was
repeatedly knocked

Column integrity fail This is very rare but when it does occur the column
must be replaced

Flow path leak Check all the connections throughout the flow path
as  this is usually caused by a single loose connection

Blocked filter If too much particulate matter or protein (serum) is
in  the LV-containing medium then the filter may
start to block. Reduce the protein content in the
LV-containing medium by using serum-free
medium. If serum-free medium was used and the
permeate flow seems slow then try closing the
permeate to increase the internal pressure in the
filter to try unblocking some of the pores in the
membrane

High inlet pressure This often occurs as the filter is beginning to clog.
Reduce the back pressure (if additional back
pressure has been applied) and reduce the flow rate

Aggregation If too much protein is removed then there is a
substantial increase in aggregation. Try to keep
some protein present in the diafiltration mix and
avoid diafiltrating in pure DPBS

Overheating FP2 can heat up during use, threatening the stability
of the vector. As a precaution, keep the reservoir
tube on ice during the second concentration stage
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A

B

Fig. 5. Transduction and reprogramming of primary human dermal fibroblasts.
(A)  Percentage of ESC-like DAPI clusters staining NANOG-positive at day 30 post-
transduction by immunocytochemistry. (B) Percentage of ESC-like DAPI clusters
staining TRA-1-60-positive at day 30 post-transduction by immunocytochemistry.

8. Alternatives

Alternative
concentration
method

Advantages Disadvantages

Ultracentrifugation Little co-concentration
of  large molecules or
particulates,  relatively
simple  in concept and
execution

Cannot achieve
high-fold
concentration,
increased risk of
contamination,
cumbersome, cannot
process  large volumes

Ultrafiltration Relatively easy to
process
medium-to-large
volumes

Cannot achieve
high-fold
concentration,
increased risk of
contamination, large
amount  of vector
trapped  in filters,
co-concentrates
negatively charged
species  such as phenol
red

Chromatography Inexpensive, no
specialized  equipment,
little  co-concentration
of  large molecules or
particulates

Processing
medium-to-large
volumes extremely
cumbersome

Alternative
protocol
components

Advantages Disadvantages

Four-plasmid
packaging system
(Dull  et al., 1998)

Less chance of
replication-competent
lentivirus  (RCL)
formation

Requires extra
optimization and
plasmid  preps. No
reports  of RCL with
three-plasmid system

Cell  factories to
replace
HYPERFlasks

Easier to change
medium, available with
larger  culture areas

More expensive per
unit  area, require more
incubator  space

Calcium phosphate
transfection

Less expensive Less reliable, requires
more  plasmid,
necessitates more
washing  during
medium changes to
remove  precipitate

9. Quick procedure

9.1.  Cell seeding and transfection

The  transfection mixture was added to 6 × 108 cells, mixed well
and poured into a HYPERFlask (placed at 37 ◦C overnight).

9.2. Sodium butyrate induction

Approximately  18–20 h later, the medium on the transfected
cells was changed to D10 containing sodium butyrate and HEPES.
After 6–8 h, the cells were rinsed once with DPBS and then fresh
harvesting medium, was added to fill the HYPERFlask.

9.3. Vector harvest

After  another ∼40 h, LV-containing medium was decanted from
the HYPERFlask, filtered through a 0.8 !m filter and then stored
overnight at +4 ◦C. Fresh harvesting medium was then added to
refill the HYPERFlask and the cells were incubated at 37 ◦C. After
∼24 h, LV-containing medium was  filtered and combine with the
first harvest.

9.4.  Tangential flow filtration

Test  flow paths for integrity. Concentrate down to 50 mL  and
diafiltrate in FPI, further concentrate to 1 mL  in FPII.

9.5.  Vector transduction for titer determination

Seed 6-well plates with 1 × 105 HT-29 cells per well in 2 mL D10.
After 24 h, count three wells and add diluted vector to the other
wells. 12–16 h later, an additional 1 mL  D10 was  added to each
well. After 48 h cells were harvested and their genomic DNA was
isolated.

9.6. Absolute quantitation via probe-based real-time PCR

A  standard curve was prepared from samples of HT29 DNA
mixed with DNA from a HT29 clone that has 2 copies/cell of a
lentiviral vector. Run a multiplex real-time PCR reaction for psi and
SDC4. Plot a standard curve and use this to determine the copy
number. The following equation was used to determine titer:

Titer  (TU/mL)  = (cell count at transduction)(copy number)

×  (dilution factor)
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The relationship between the cells that initiate cancer and the
cancer stem-like cells that propagate tumors has been poorly
defined. In a human prostate tissue transformation model, basal
cells expressing the oncogenes Myc and myristoylated AKT can
initiate heterogeneous tumors. Tumors contain features of acinar-
type adenocarcinoma with elevated eIF4E-driven protein trans-
lation and squamous cell carcinoma marked by activated beta-
catenin. Lentiviral integration site analysis revealed that alternative
histological phenotypes can be clonally derived from a common cell
of origin. In advanced disease, adenocarcinoma can be propagated
by self-renewing tumor cells with an androgen receptor-low imma-
ture luminal phenotype in the absence of basal-like cells. These data
indicate that advanced prostate adenocarcinoma initiated in basal
cells can be maintained by luminal-like tumor-propagating cells.
Determining the cells that maintain human prostate adenocarcinoma
and the signaling pathways characterizing these tumor-propagating
cells is critical for developing effective therapeutic strategies against
this population.

Tumors that arise from a given tissue in the body exhibit
heterogeneity with respect to their molecular alterations,

biological behavior, and response to therapy (1). Such variation
presents a serious challenge for clinical cancer management. In
many organ sites, tumors have been classified into subtypes
based on their molecular and histological features (2). Subtypes
of cancer can reflect distinct states of differentiation within a
given tissue, leading Visvader and coworkers to propose that
different epithelial tumor subtypes can arise from transformation
of distinct cells of origin with different developmental potential
(3). Functional studies in the mouse mammary gland and mouse
lung support this model (4, 5). However, there is limited func-
tional evidence for such a mechanism in human epithelial cancer.
Several recent studies using mouse models have revealed that

the same phenotypic cell that initiates cancer can be responsible
for tumor maintenance or propagation. Lgr5+ intestinal stem
cells can initiate and maintain murine intestinal adenomas (6, 7).
In mouse models of skin cancer, hair follicle bulge stem cells can
serve as target cells for transformation (8) and CD34+ cells re-
sembling their normal bulge stem cell counterpart are capable of
propagating the disease as a cancer stem cell population (9).
Mouse models of breast cancer demonstrate that tumors can
arise from the transformation of luminal cells (4), and recent
studies using human tumor samples indicate that breast cancer
can also be propagated by luminal-like cells (10). In most human
epithelial cancers it has not been determined whether the cell
types that give rise to cancer are also capable of maintaining
advanced disease.
The predominant histological subtype of prostate cancer is

acinar-type adenocarcinoma (11), with features of luminal se-
cretory cells, rare neuroendocrine cells, and an absence of basal
cells. A number of less common histological variants are found in
prostate cancer, including small cell carcinoma and squamous
cell carcinoma. Both of these variants are associated with poor

prognosis, aggressive disease, and resistance to hormonal ther-
apy (androgen deprivation and/or androgen receptor blockade)
(11). Small-cell carcinoma is characterized by proliferating neu-
roendocrine cells and loss of p53 (12). Squamous cancers have
features of basal cells and can occur either in the context of ad-
enocarcinoma or alone as squamous cell carcinoma (11, 13, 14).
Based on their different phenotypes and response to hormonal
therapy, different histological variants of prostate cancer are pre-
dicted to arise from distinct cells of origin (13).
The relationship between the cells that initiate and maintain

human prostate adenocarcinoma is not known. Naïve human
prostate basal cells can initiate acinar-type adenocarcinoma in
response to oncogenic stimulation (15). Consistent with these
findings, basal cells from the BPH-1 human prostate cell line can
initiate human prostate cancer in response to combined estrogen
and testosterone treatment (16). These collective data suggest
that human prostate tumors may set aside a subset of basal cells
within the tumor to ensure continuous production of malignant
luminal-like cancer cells.
Human prostate cancer cells with a basal phenotype have been

reported to produce luminal cancer progeny in vitro (17). Using
cell lines that were originally derived from human prostate tumors,
it was shown that basal cell marker CD44 enriched for tumor-
propagating cells in the absence of differentiated luminal cell
markers (18). A recent study demonstrates that advanced
chemotherapy-resistant prostate cancer is maintained by cells
lacking basal or luminal cytokeratins (19). No study has defined
the role of basal or luminal-like cells isolated directly from pri-
mary human prostate cancer in tumor propagation.
In the present study, we use a tissue-regeneration model of

human prostate cancer to determine whether the cells at the
origin of prostate cancer are continually required to maintain the
disease as tumor-propagating cells. Benign cell populations iso-
lated from primary human prostate tissue were first tested for
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their susceptibility to transformation by defined oncogenes. In
the resulting tumors, cancer cell populations were further trans-
planted to define the cells capable of propagating the disease.
Tumors driven by expression of oncogenes Myc and myristoy-
lated/activated AKT (myrAKT) initiating in basal cells exhibit
features of both adenocarcinoma and squamous cell carcinoma
with different signaling pathways characteristic of each histo-
logical pattern. eIF4E-driven protein translation pathway is el-
evated in adenocarcinoma, whereas activation of beta-catenin is
associated with squamous differentiation in experimental and
clinical human prostate cancer. Using lentiviral integration site
analysis, we determined that alternative histological phenotypes
of prostate cancer can arise from a clonal cell of origin. Adeno-
carcinoma can be serially propagated by cells with a luminal
phenotype. Our results indicate that cancer initiated in basal cells
can evolve to adenocarcinoma maintained by luminal-like cells.

Results
Basal Cells Initiate Heterogeneous Human Prostate Cancer. Two of
the most common alterations identified in human prostate tumors
are increased expression of Myc (20) and activation of AKT,
typically via loss of PTEN (21). Coexpression of Myc and phos-
phorylated AKT are rarely observed in primary localized prostate
cancer, but are commonly found in advanced metastatic prostate
tumors (Fig. 1A). The oncogenes Myc, myrAKT, or both Myc and
myrAKT were introduced via lentivirus into highly enriched pop-
ulations of human prostate basal (CD45−Trop2+CD49fhiCD26−)
and luminal (CD45−Trop2+CD49floCD26+) cells isolated by FACS.
Basal and luminal epithelial cells were purified from preparations
of dissociated, freshly isolated prostate tissue from six patients

undergoing radical prostatectomy. Transduced human prostate
epithelial cells were combined with inductive murine urogenital si-
nus mesenchyme (UGSM) with Matrigel and implanted s.c. into
immune-deficient NOD-SCID-IL2Rγnull mice (Fig. S1A). Consis-
tent with previous findings (15), infection of human prostate lumi-
nal-enriched cells did not result in any detectable epithelial
structures after 12 wk in vivo, regardless of whether cells were
transduced with a single oncogene or the combination of Myc and
myrAKT. Even implantation of 100,000 luminal cells was in-
sufficient to generate primary tumors (Fig. S1B).
When expressed in naïve human prostate basal-enriched cells,

Myc or myrAKT alone gave rise to benign glands or low-grade
prostatic intraepithelial neoplasia lesions with distinct p63+
basal and androgen receptor-positive (AR+) luminal layers (Fig.
1 B and C). The two oncogenes dramatically synergized in hu-
man prostate basal cells to consistently generate large tumors in
as little as 6 wk (Fig. 1B). Transduced basal cells were implanted
in limiting numbers (105, 5 × 104, 104, and 103) in vivo to de-
termine the number of target cells required to respond to on-
cogenic stimulation. As few as 10,000 basal cells were sufficient
to initiate tumors in 12 wk (Fig. S1B). Metastasis was not ob-
served in tumor-bearing mice, indicating that further genetic
alterations or a longer time period may be required to observe
metastatic lesions.
Regenerated tumors contained both acinar-type adenocarci-

noma and squamous features (Fig. 2A). Adenocarcinoma regions
were defined by high levels of expression of the luminal markers
Keratin 8 (K8) and CD26, heterogeneous expression of AR,
scattered chromogranin A+ neuroendocrine-like (NE) cells and
an absence of basal markers Keratin 14 (K14), p63, and Keratin
5 (K5) (Fig. 2B). Conversely, squamous regions expressed basal
cell markers K14, p63, and K5 and lacked cells expressing K8,
CD26, AR, or chromogranin A. All tumors were confirmed to
express oncogenes Myc and myrAKT and have a human origin
based on staining with a pan-HLA antibody (Fig. 2B and Fig.
S2). This heterogeneous tumor provides a model to investigate
the relationship between different histological phenotypes within
an individual cancer. In clinical prostate cancer, the squamous
phenotype is rare in primary tumors. Squamous differentiation is
predominantly observed in aggressive metastatic tumors that are
resistant to androgen-deprivation therapy (22).

Distinct Histological Phenotypes Share a Clonal Origin. Human pros-
tate cancer often presents as a multifocal disease where distinct
cancerous lesions are present within an individual patient’s tissue.
Multiple tumor foci can regularly be identified within regenerated
tumors using the in vivo tissue-regeneration assay (15). We iden-
tified certain regions containing cells with adjacent squamous
(K14/p63/K5) and luminal (K8/CD26) phenotypes in close prox-
imity without defined borders (Fig. 3 A and B). These mixed
regions made up an average of six foci per tumor, covering ∼18%
of the total tumor area (Fig. S3). These regions containing both
histological phenotypes originate either from the merging of two
neighboring glands of distinct histological phenotypes or from
a single gland capable of multilineage differentiation. The most
definitive method to distinguish these possible outcomes is lenti-
viral integration site analysis (23).
Tumors were initiated from naïve human prostate basal cells

transduced with lentivirus, resulting in the integration of viral DNA
into the genome of the target cell and all of its progeny. If both
adenocarcinoma and squamous phenotypes within an individual
region arise from the same transformed basal cell, they should share
a set of common lentiviral integration sites. However, if distinct
histological phenotypes in an individual region arise from distinct
cells of origin, they should not share any common integration sites.
Laser capture microdissection was performed on neighboring

adenocarcinoma and squamous phenotypes within an individual
lesion (region X) and DNA was isolated separately from

Fig. 1. Myc and myrAKT are coexpressed in advanced prostate cancer and
synergize to initiate human prostate cancer. (A) Localized (black line) and
metastatic (red line) human prostate cancer specimens were subjected to
Western blot analysis with antibodies against phosphorylated AKT (pAKT),
Myc, and Erk as a loading control. (B) Naïve benign basal or luminal cells
were transduced with Myc, myrAKT, or both Myc and myrAKT at varying cell
doses. Representative tumors initiated from basal cells expressing Myc,
myrAKT, or both after 8 wk of regeneration. (Scale bar, 1 cm.) (C) Histology
of representative lesions initiated from basal cells expressing Myc, myrAKT,
or both stained for H&E, AR, and p63. (Scale bars, 100 μm.)
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adenocarcinoma and squamous cells for lentiviral integration site
analysis (Fig. 3B). DNA was also isolated from an individual
lesion containing only the adenocarcinoma phenotype (region
Y). In a distinct tumor, DNA was collected from neighboring
adenocarcinoma and squamous phenotypes in close proximity
(region Z). PCR primers specific for the viral DNA were used to
extend into the genomic DNA (Fig. 3C). Illumina sequencing was
performed and reads were aligned to the genome to map integra-
tion sites (Fig. 3C). Neighboring adenocarcinoma and squamous
cells (region X) shared common integration sites (Fig. 3 D and E),
showing that they are derived from a clonal origin. In contrast,
tissue taken from a distinct adenocarcinoma lesion (region Y) had
entirely unique integration sites (Fig. 3 D and E). Common in-
tegration sites were also shared between neighboring adenocar-
cinoma and squamous phenotypes taken from a separate tumor
(Region Z, Fig. 3 D and E). No overlapping integration sites
were observed between different regions, as would be expected.
Beta-catenin signaling has been implicated in squamous dif-

ferentiation and tumorigenesis in the prostate, mammary gland,
and skin (9, 24, 25). In human regenerated prostate tumors, the
expression of total and activated forms of beta-catenin was eval-
uated in both adenocarcinoma and squamous tissues. In contrast
to total beta-catenin, which is expressed in both histological var-
iants, active beta-catenin is highly expressed in squamous areas
(Fig. S4). Elevated Wnt signaling in the prostate microenviron-
ment can transform adjacent naïve benign epithelium (26). Wnt
ligands are elevated in prostate cancer stromal cells following
treatment, leading to beta-catenin activation in the adjacent tumor
cells (27). This is consistent with the presence of squamous dif-
ferentiation in prostate cancer, which is rare in primary tumors but
more commonly observed in late-stage prostate cancer following
treatment (14, 22). High levels of activated beta-catenin could

also be detected in clinical metastatic castration-resistant pros-
tate cancer with squamous differentiation (Fig. S4).

Luminal-Like Cancer Cells Serially Propagate Adenocarcinoma in the
Absence of Basal-Like Cells. Previous studies have established optimal
conditions for tumorigenicity of dissociated human tumor cell
preparations (28). Regenerated primary human prostate tumor
cells initiated from the transformation of five distinct benign
patient samples were dissociated to single cells. Human tumor
cells were identified by FACS based on staining of a pan-HLA
antibody (Fig. 4A). Luminal-like tumor cells were then isolated
on the basis of low expression of CD49f and transplanted into
secondary NSG mice.
Upon transplantation, isolated CD49flo tumor cells were capa-

ble of generating secondary tumors in recipient mice. Immuno-
histochemical staining on tumor-derived tissue sections identified
a phenotype consistent with luminal/acinar-type adenocarcinoma
(29) with a predominance of K8+ CD26+ luminal-like cells and an
absence of K14+ p63+ basal-like cells (Fig. 4B). CD49flo tumor
cells failed to regenerate the squamous phenotype. Secondary
tumors derived from CD49flo cancer cells were almost entirely
composed of a CD49flo Keratin 18+ luminal-like phenotype as
analyzed by flow cytometry (Fig. 5A) and expressed oncogenes
Myc and myrAKT (Fig. S5). As few as 100 CD49flo cells taken from
secondary tumors could generate tertiary tumors with a strictly
adenocarcinoma phenotype (Fig. 5B). These data suggest that
CD49flo tumor cells can self-renew in a unipotent manner in vivo.

Fig. 2. Heterogeneous human prostate tumors containing squamous and
acinar-type adenocarcinoma phenotypes. (A) H&E stains demonstrate het-
erogeneous tumors generated from the transformation of naïve benign basal
cells from six distinct individuals. Dotted lines represent the borders of adeno-
carcinoma and squamous phenotypes. (Scale bars, 100 μm.) (B) Representative
adenocarcinoma and squamous regions are identified based on staining for H&E
and antibodies against luminal markers K8, CD26, and AR, the neuroendocrine
marker chromogranin A, and basal/squamous markers K14, p63, and K5, and
oncogenes Myc and myrAKT/pAKT. (Scale bars, 100 μm.)

Fig. 3. Distinct histological variants in heterogeneous tumors can share
a clonal origin. (A) Schematic of two different heterogeneous tumors con-
taining adenocarcinoma, squamous, or both phenotypes. Regions X, Y, and Z.
(B) Representative regions X, Y, and Z are shown with serial tissue sections
stained with K8 to highlight adenocarcinoma and either p63 or K5 to high-
light squamous regions. Dotted lines indicate region excised using laser
capture microdissection. (Scale bars, 100 μm.) (C) Schematic of lentiviral in-
tegration site analysis. LTR, long terminal repeat (viral DNA). (D) Venn dia-
grams depict shared lentiviral integration sites in DNA isolated and amplified
from neighboring adenocarcinoma (red) and squamous (green) phenotypes
(region X), distinct adenocarcinoma gland (region Y), and additional neigh-
boring adenocarcinoma and squamous phenotypes (region Z). (E) Table lists all
unique integration sites (IS) with genomic location identifiers (chromosome,
orientation, and nucleotide position) representing at least 1% of total reads
(indicated by +) in each sample. Rows in yellow represent shared IS between
distinct histological phenotypes in the same region, rows in red indicate IS
unique to adenocarcinoma, and green represent IS unique to squamous.
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CD49fhi tumor cells were also tested in transplantation assays.
We found that CD49fhi tumor cells could regenerate secondary
lesions exhibiting a mixture of squamous (K14+ p63+) and ad-
enocarcinoma (K8+ CD26+) areas (Fig. S6) that both expressed
Myc and myrAKT (Fig. S7). These data suggest the presence of
multipotent cells in the CD49fhi fraction capable of propagating
both squamous and adenocarcinoma phenotypes.
In numerous tissues, high expression of Myc is associated with

a block in differentiation and reprogramming to pluripotency
(30). In prostate epithelium, Myc overexpression has been shown
to reduce levels of AR (31) and its target prostate-specific an-
tigen (PSA) (32). We hypothesized that high levels of Myc in
Myc/myrAKT-driven tumors might cause a block in differentia-
tion, resulting in reduced levels of AR and PSA. In primary
regenerated tumors, we found low and heterogeneous expression
of AR with only rare PSA+ glands (Fig. 1C and Fig. S8). Levels
of AR and PSA were low in secondary and tertiary tumors upon
serial transplantation (Fig. 5C and Fig. S8). These results are
consistent with recent studies demonstrating that low or negative
levels of AR and PSA are associated with tumor-propagating
cells in prostate cancer xenografts (18, 19, 33, 34). Low levels of
AR and PSA are also characteristic of DU145 (35) and PC3 (36)
aggressive metastatic prostate cancer cells. In fact, expression of
PSA, characteristic of clinical acinar-type adenocarcinoma, is
inversely correlated with patient survival (18).

Luminal-Like Cancer Cells Exhibit Elevated eIF4E-Driven Protein Trans-
lation. Our findings demonstrate that whereas naïve benign lu-
minal cells are not efficient cells of origin for prostate cancer,
CD49flo tumor cells with a luminal phenotype can self-renew and
maintain human prostate adenocarcinoma in the absence of
CD49fhi or K14+ p63+ basal-like cells. Signaling pathways that
are absent in benign luminal cells may become expressed in
malignant luminal cells and contribute to their capacity to self-
renew and initiate tumorigenesis. Two pathways implicated in
prostate tumorigenesis are the MAPK pathway (37) and the
JAK/STAT pathway (38). Myc and myrAKT-driven tumor cells
exhibited low levels of phosphorylated Erk1/2, downstream of
the MAPK pathway, and weak staining for phosphorylated
STAT3, a readout of the JAK/STAT pathway (Fig. S9).

The protein translation factor eIF4E is downstream of the
PI3K pathway and has been shown to cooperate with Myc in
promoting cell growth and tumorigenesis (39). eIF4E is unable
to promote translation when bound by 4EBP1. mTOR-mediated
phosphorylation of 4EBP1 (p4EBP1) relieves this interaction
and allows eIF4E-driven translation initiation. High levels of
eIF4E and p4EBP1 are associated with poor prognosis in prostate
cancer (40) and have been shown to drive tumor invasion (41).
Elevated levels of eIF4E, 4EBP1 and p4EBP1 were found in

luminal-like tumor cells isolated from Myc and myrAKT-driven
tumors but not in benign luminal cells or in neighboring squa-
mous cells (Fig. 6 A and B and Fig. S10). Luminal-like tumor
cells also express MTA1 and Sox2 (Fig. 6 A and B), two targets of
eIF4E translation associated with prostate cancer progression.
The self-renewal regulator Sox2 has been previously demon-
strated to promote the proliferation of prostate cancer cells (42).
eIF4E, p4EBP1, MTA1, and Sox2 were identified in subsets of
benign basal cells but not benign luminal cells (Fig. 6A). These
findings suggest that luminal-like tumor cells may acquire a lim-
ited set of self-renewal and cell-survival factors normally asso-
ciated with stem-like basal cells to promote tumor propagation.
Luminal-like cancer cells were grown in vitro and treated with

pharmacological inhibitors previously demonstrated to interfere
with eIF4E-driven protein translation. mTOR-mediated phosphor-
ylation of 4EBP1 can be prevented by treatment with Rapamycin,
allowing nonphosphorylated 4EBP1 to bind and inhibit eIF4E.
PP242 inhibits both mTORC1 and mTORC2 and has been pre-
viously demonstrated to deplete eIF4E-driven protein translation
(43). Dasatinib is a Src family kinase inhibitor that does not alter
4EBP1 phosphorylation. We tested the effect of eIF4E-driven
protein translation inhibition on luminal-like cancer cells isolated
from Myc and myrAKT-driven tumors. Treatment with rapamy-
cin and PP242, but not with Dasatinib, caused a reduction in
MTA1 and Sox2 protein levels and depleted sphere number and
size in vitro (Fig. 6 C–E).

Fig. 4. Luminal-like cells isolated from primary tumors propagate adeno-
carcinoma. (A) Tumors initiated from CD49fhi cells expressing Myc and
myrAKT are dissociated to single cells and gated based on HLA+ and CD49f.
Isolated HLA+ CD49flo cells are transplanted back into recipient mice and
harvested 6–12 wk later. (Scale bar, 1 cm.) (B) H&E-stained overview of
a representative secondary tumor generated from 10,000 isolated CD49flo

tumor cells. Only the adenocarcinoma phenotype is observed as evidenced
by stains for H&E, K8, CD26, K14, and p63. (Scale bars, 50 μm.)

Fig. 5. Luminal-like tumor-propagating cells maintain human prostate ad-
enocarcinoma in the absence of basal-like cells. (A) Flow cytometry charac-
terization of secondary tumors derived from CD49flo tumor cells. Secondary
tumors derived from CD49flo tumor cells were dissociated to single cells and
stained for surface levels of CD49f or subjected to intracellular flow
cytometry and stained for K18. (B) Table indicates number of tumors formed
per transplantation of CD49flo cells (taken from either primary or secondary
tumors) at varying cell doses. (C) CD49flo secondary tumor cells can generate
tertiary tumors upon transplantation. Representative tertiary tumor sections
are shown, stained for H&E, the pan-human HLA-A/B/C antibody, and
markers of luminal adenocarcinoma (K8 and CD26) and basal cells (K14 and
p63). (Scale bars, 100 μm.)
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Discussion
Epithelial cancers often exhibit significant heterogeneity at the
histological level (1). By engineering expression of oncogenes or
loss of tumor suppressors in specific lineages via cre-lox technology,
it has been reported that different histological variants of mouse
breast and lung cancer can arise from distinct cells of origin (4, 5).
We have used a tissue-regeneration model to determine the origins
of prostate cancer heterogeneity. Based on their distinct pheno-
types and biological behaviors, histological variants of prostate
cancer have been proposed to arise from different cells of origin
(13). Myc- and myrAKT-initiated tumors exhibit features of both
acinar-type adenocarcinoma and squamous cell carcinoma. Using
lentiviral integration site analysis, we demonstrate that alternative
human epithelial cancer phenotypes can arise from a common
clonal target cell. Activated beta-catenin is elevated in areas with
squamous differentiation both in experimental and clinical prostate
cancer, suggesting a role for the beta-catenin pathway either in
promoting or maintaining the squamous phenotype.
Our findings that basal cells are efficient cells of origin for

human prostate cancer are consistent with previous findings
by our group and others (15, 16). These studies on the human

disease have all used a tissue-regeneration approach to model
development concomitant with tumorigenesis. Several different
groups have investigated the origins of murine prostate cancer
using genetically engineered mouse models in which the tumor
suppressor Pten is deleted in a subset of basal or luminal cells
from a young age. Depending on the genetic background of the
mouse and the frequency of Pten deletion by the promoters used,
there is considerable disagreement on whether basal or luminal
cells generate a more proliferative, aggressive tumor that can
model lethal human prostate cancer (44–46). Regardless of the
assay system, studies using both mouse and human tissue confirm
that transformed basal cells can generate malignant luminal
progeny in vivo.
In the present study, we find that human prostate adenocar-

cinoma initiated by transformed basal cells can be propagated
by phenotypically luminal cancer cells (Fig. 7). Such a model
resembles chronic myelogenous leukemia (CML). CML is initi-
ated in transformed hematopoietic stem cells (47, 48). Advanced
disease can be maintained by granulocyte-macrophage progenitor-
like cells that have gained self-renewal (49–51).
Several regulators of growth and self-renewal normally re-

stricted to the stem-like basal cell compartment are likely to be
expressed in malignant luminal cells in human prostate cancer
and cooperate to promote their tumorigenic activity. In Myc- and
myrAKT-driven human prostate tumors, luminal-like cancer
cells exhibit elevated levels of p4EBP1 and eIF4E. Luminal-like
tumor cells express MTA1 and Sox2, two targets of eIF4E-driven
protein translation that are normally expressed in self-renewing
basal cells but not benign luminal cells. These findings suggest
that eIF4E-driven protein translation may contribute to luminal-
like tumor-propagating cell survival and self-renewal. In fact,
activation of eIF4E downstream of Pten deletion in murine
models of prostate cancer may play an important role in luminal
cell transformation (44, 46).

Methods
Full methods, including antibodies, lentiviral vectors, laser capture micro-
dissection, DNA isolation, and nonrestrictive linear amplification-mediated
(nrLAM) PCR are found in SI Methods.

Human Tissue. Acquisition and processing of human tissue, dissociation and
isolation of distinct epithelial subsets, lentiviral transduction, and in vivo
implantation have all been described in detail (52). Patient tissue is provided
in a de-identified manner and is exempt from institutional review board
approval. Immunohistochemistry, Western blotting, and intracellular flow
cytometry were performed as previously described (15).

Sequential Tumor Transplantation. Primary tumors were minced into small
pieces, dissociated in 1 mg/mL type I collagenase (Invitrogen), 1mg/mL Dispase
(Invitrogen) and 50 μg/mL DNase I (Roche) at 37 °C on an Adams Nutator Mixed
(BD Biosciences) for 2–4 h and further digested with 0.05% trypsin/EDTA
(Invitrogen) for 5 min at 37 °C if necessary before sequential passing through
100-, 70-, and 40-μm cell strainers (BD Biosciences). Cells were stained with
antibodies at 4 °C for 15–30 min and tumor cell populations were sorted on
a BD FACS ARIA II into media with 50% (vol/vol) FBS (Omega Scientific). Iso-
lated cells were counted by hemacytometer using trypan blue stain (Invi-
trogen), resuspended in 30 μL Matrigel (BD Biosciences), and implanted
s.c. into NOD-SCID-IL2Rγnull (NSG) mice with or without UGSM cells.

Fig. 6. Luminal-like tumor-propagating cells exhibit elevated eIF4E-driven
protein translation. (A) Immunohistochemical analysis of benign human
prostate and primary tumors initiated by Myc and myrAKT stained for anti-
bodies against eIF4E, 4EBP1, phosphorylated 4EBP1 (Thr37/46), and the eIF4E
target MTA1. (Scale bars, 50 μm.) (B) Western blots of FACS-purified benign
basal and luminal cells compared with luminal-like tumor cells stained with
antibodies aginst eIF4E, phosphorylated 4EBP1 (Thr37/46), 4EBP1, MTA1, Sox2,
the basal marker p63, and loading control Histone H3. (C) Luminal-like cells
isolated from Myc and myrAKT-driven tumors were treated with DMSO,
Dasatinib, Rapamycin, and PP242 for 18 h followed by an additional treatment
1 h before harvesting. Lysates were subjected toWestern blot for phosphorylated
4EBP1 (Thr37/46), Sox2, MTA1, total and phosphorylated Src (Y416), and Erk2 as
a loading control. (D) Luminal-like cells isolated from Myc- and myrAKT-
driven tumors were plated into Matrigel and grown in a sphere assay. Cells
were treated with DMSO, Dasatinib, Rapamycin, and PP242 every 48 h and
sphere number and size was quantified after 10 d in vitro. Sphere number is
presented as a percentage normalized to the DMSO control. (E) Sphere size is
presented as the diameter in microns. Error bars represent SEM. Statistical
analysis was performed using ANOVA and Newman–Keuls multiple compari-
son test. *P < 0.05, ***P < 0.0005. n.s., not statistically significant.

Fig. 7. Model of human prostate cancer initiation and propagation by dis-
tinct phenotypic cell populations.
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Animal Work.All primary, secondary, and tertiary tumorswere transplanted s.c.
into NOD-SCID-IL2Rγnull (NSG) mice. NSG mice were originally purchased from
the Jackson Laboratories and were housed and bred under the care of the
Division of Laboratory Animal Medicine at the University of California, Los
Angeles (UCLA). Surgical castration (orchiectomy) of tumor-bearing mice was
performed according to protocols approved by UCLA’s Animal Research
Committee.
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SI Methods
Antibodies. Antibodies used for flow cytometry included CD49f-
PE, CD45-APCeFluor 780, HLA-A/B/C-biotin, Streptavidin-
APC, and Streptavidin-APC-eFluor 780 (eBiosciences); CD49f-
Alexa Fluor 647 and CD26-FITC (BioLegend); and Trop2-APC
(R&D Systems). Antibodies used for immunohistochemistry and
Western blot included Keratin 8 and Keratin 5 (Covance);
Keratin 14 and HLA-A/B/C (Abcam); p63, Erk1/2, and andro-
gen receptor (AR) (Santa Cruz); CD26/DPP4 (LifeSpan Bio-
sciences); chromogranin A (Dako); Myc, eIF4E, and 4EBP1
(Epitomics); Histone H3, AKT, and p4EBP1 (Thr37/46); pErk1/
2 (T202/Y204), pSTAT3 (Y705), Sox2, MTA1, Src, and pSrc
(Y416) (Cell Signaling); beta-catenin (BD Biosciences); and
active beta-catenin (Millipore).

Lentiviral Vectors. The myristoylated AKT vector was previously
described (1). For cloning of the Myc vector, the pMX-human-
cMYC plasmid was purchased from Addgene (17966), cut with
NotI, and blunted using Pfu polymerase. EcoRI linkers (Gene
Link) were added to the 3′ end (former NotI site) by overnight
blunt-end ligation using T4 DNA ligase (New England Biolabs).
EcoRI was used to cut and release the MYC insert. The insert
was gel-purified and cloned into the EcoRI sites of FU-CRW
lentiviral backbone (2). Insert orientation was checked by ClaI
digest and sequenced for confirmation. The resulting plasmid is
now described as FU-Myc-CRW with the construct design pre-
sented in Fig. S1.

Laser Capture Microdissection, DNA Isolation, and Nonrestrictive Linear
Amplification-Mediated PCR. Paraffin-embedded tissues were pre-
pared on PEN membrane slides (Leica) and stained for H&E
without a coverslip. Tissue corresponding to squamous and ade-
nocarcinoma regions were isolated using the LMD7000 (Leica).
Tissue was collected into a 100-μL nuclease-free PCR tube (Ambion).
DNA was isolated and whole genome amplification was performed
using the REPLI-g FFPE kit (Qiagen). Amplified human genomic

DNA was quantitated against an absolute plasmid standard via
probe-based real-time PCR using primers uc483-F (GCATGCT-
TCATTAACAGTGACC) and uc483-R (TTTAAAATCTGAAT-
GCATGATAAGAATGG) and probe FAM-uc483 (FAM-
AGATCCCCAGCTCATCCGTGATTG-Iowa Black) (3). An es-
timated 100–5,000 genomic equivalents of amplified DNA was used
to perform nonrestrictive linear amplification PCR (4). Briefly, 100
cycles of linear amplification were performed with primer HIV3-
linear (Biotin-AGTAGTGTGTGCCCGTCTGT). Linear reactions
were purified using 1.5 volumes of AMPure XP beads (Beckman
Genomics) and captured onto M-280 Streptavidin Dynabeads (In-
vitrogen Dynal). Captured ssDNA was ligated to read 2 linker
(Phos-AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-
3C Spacer) using CircLigase II (Epicentre) in a 10 μL reaction at
65° for 2 h. PCR was performed on these beads using primer
HIV3right (AATGATACGGCGACCACCGAGATCTACACTG-
ATCCCTCAGACCCTTTTAGTC) and an appropriate indexed
reverse primer (CAAGCAGAAGACGGCATACGAGAT-index-
GTGACTGGAGTTCAGACGTGT). PCR products were mixed
and quantified by probe-based quantitative PCR and appropriate
amounts were used to load Illumina v3 flow cells. Paired-end 50bp
sequencing was performed on an IlluminaHiSEq. 2000 instrument
using a custom read 1 primer (CCCTCAGACCCTTTTAGTCA-
GTGTGGAAAATCTCTAGCA). Reads were aligned to the hg19
build of the human genome with Bowtie (5) and alignments were
condensed and annotated using custom Perl and Python scripts to
locate vector integrations. Integration sites were considered present
and significant in a sample if they represented at least 1% of total
sequence read alignments.

Inhibitors. HLA+ CD49flo luminal-like cells were isolated from
Myc and myrAKT-driven human prostate tumors by FACS. For
drug treatment, Dasatinib (20 nM), Rapamycin (20 μM), and
PP242 (10 μM or 1 μM) (all from Selleck Chemicals) or DMSO
control (Sigma) were used.
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Fig. S1. Schematic of naïve human prostate in vivo transformation. (A) CD45-Trop2+ epithelial cells were sorted based on CD49f and CD26 into CD49fhiCD26−

basal-enriched and CD49floCD26+ luminal-enriched subsets, transduced with lentivirus carrying Myc, myristoylated/activated AKT (myrAKT), or both, combined
with urogenital sinus mesenchyme cells and transplanted into NSG mice. (B) The number of grafts recovered that contain epithelial lesions per number of
grafts implanted in recipient mice is indicated. At doses of 100,000 or 50,000 transformed cells, a single graft was implanted from each patient sample
representing five or six individuals. At lower cell doses, duplicate grafts were implanted from two individuals.

Fig. S2. Species-specific staining for HLA-A/B/C antibody. Tissue sections of human regenerated Myc/AKT tumors and mouse prostate tissue (negative control)
were stained with a human-specific pan-HLA antibody to confirm species specificity. (Scale bars, 100 μm; top left overview, 1 mm.)

Fig. S3. Quantification of stand-alone adenocarcinoma, stand-alone squamous, or mixed glands within regenerated tumors. Tissue sections representing Myc-
and myrAKT-initiated tumors were subjected to quantification of the number of glands and percentage of total tumor area harboring stand-alone adeno-
carcinoma, stand-alone squamous, or mixed glands.
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Fig. S4. Elevated expression of active beta-catenin in squamous cells. Representative adenocarcinoma and squamous regions from primary tumors driven by
Myc and myrAKT, and a clinical metastatic castration-resistant prostate cancer (CRPC) sample with squamous differentiation were stained for H&E and an-
tibodies against total and activated beta-catenin. (Scale bars, 50 μm.)

Fig. S5. Characterization of oncogene expression in histological variants present in secondary tumors initiated by CD49flo tumor cells. Secondary tumors were
stained for H&E, Myc, and myrAKT and representative regions are shown. (Scale bars, 50 μm.)

Fig. S6. Tumors initiated from CD49fhi cells expressing Myc and myrAKT were dissociated to single cells, gated based on HLA+, and CD49fhi tumor cells were
transplanted back into recipient mice. H&E-stained overview of a representative secondary tumor from 10,000 isolated CD49fhi tumor cells after 6–12 wk in
vivo. Both squamous and adenocarcinoma phenotypes are represented in secondary tumors as distinguished by stains for H&E, K8, CD26, K14, and p63. (Scale
bars, 50 μm.)
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Fig. S7. Characterization of oncogene expression in histological variants present in secondary tumors initiated by CD49fhi tumor cells. Primary tumors initiated
in naïve benign CD49fhi cells expressing Myc and myrAKT were dissociated to single cells. Isolated CD49fhi tumor cells were transplanted into recipient mice to
establish secondary tumors. Secondary tumors were stained for H&E, Myc, and myrAKT and representative regions are shown. Regardless of the phenotype of
secondary tumors, expression of oncogenes Myc and myrAKT was maintained. (Scale bars, 50 μm.)

Fig. S8. Low or absent expression of prostate-specific antigen (PSA) in primary, secondary, and tertiary regenerated tumors. Immunohistochemical staining
for AR and PSA, a downstream target of AR signaling, in adenocarcinoma regions of regenerated tumors. Primary regenerated tumors, initiated in naïve
benign CD49fhi cells, show low or negative expression of PSA except for rare PSA+ glands (Inset). PSA expression is absent from secondary/tertiary tumors
maintained by CD49flo tumor cells. (Scale bars, 100 μm.)

Fig. S9. Myc- and myrAKT-driven human prostate cancer exhibits low or absent expression pSTAT3 and pErk1/2 (A) Immunohistochemical staining for
pSTAT3Y705 in benign human prostate and adenocarcinoma regions of regenerated Myc and myrAKT-driven tumors (arrows denote positive nuclei). (B) Im-
munohistochemical staining for pErk1/2T202/Y204 in AKT- and K-RASG12V-driven mouse prostate cancer (positive control), benign human prostate and adeno-
carcinoma regions of regenerated Myc and myrAKT-driven tumors. (Scale bars, 50 μm.)
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Fig. S10. Expression of EIF4E/4EBP1 pathway components in adenocarcinoma and squamous cells. Immunohistochemical staining for H&E, eIF4E, total 4EBP1,
and phosphorylated 4EBP1 (p4EBP1) in Myc/myrAKT-driven primary tumors indicates elevated pathway activation in adenocarcinoma cells compared with
neighboring squamous cells. (Scale bars, 100 μm.)
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Positron emission tomography (PET) reporter genes allow nonin-
vasive whole-body imaging of transplanted cells by detection with
radiolabeled probes. We used a human deoxycytidine kinase con-
taining three amino acid substitutions within the active site
(hdCK3mut) as a reporter gene in combination with the PET probe
[18F]-L-FMAU (1-(2-deoxy-2-18fluoro-β-L-arabinofuranosyl)-5-meth-
yluracil) to monitor models of mouse and human hematopoietic
stem cell (HSC) transplantation. These mutations in hdCK3mut ex-
panded the substrate capacity allowing for reporter-specific de-
tection with a thymidine analog probe. Measurements of long-
term engrafted cells (up to 32 wk) demonstrated that hdCK3mut
expression is maintained in vivo with no counter selection against
reporter-labeled cells. Reporter cells retained equivalent engraft-
ment and differentiation capacity being detected in all major he-
matopoietic lineages and tissues. This reporter gene and probe
should be applicable to noninvasively monitor therapeutic cell
transplants in multiple tissues.

gene therapy | molecular imaging

Genetically modifying cells can offer novel therapeutic strate-
gies for currently untreatable diseases (1). Standard methods

for monitoring the long-term viability of transplanted cells are
inadequate. Improvedmethods to serially detect transplanted cells
in several tissues throughout the body simultaneously and non-
invasively are critical to measure therapeutic efficacy (2, 3).
Hematopoietic stem cell transplants (HSCT) from both autol-

ogous and allogeneic sources have been successfully used in re-
generative medicine (4). Genetic engineering through viral vector
integration repairs defects in HSCs expanding clinical applica-
tions (5). Effective transplantation requires the engraftment of
HSCs followed by an expansion into mature hematopoietic line-
ages repopulating multiple organs and peripheral blood. Mea-
surement of mature hematopoietic cells in the peripheral blood is
the primary diagnostic method for evaluating transplant efficacy.
The major limitation of this approach is the lack of information
about the engraftment within hematopoietic tissues.
Cells engineered to express a positron emission tomography

(PET) reporter gene can be serially imaged in vivo with a re-
porter-specific probe (2). Most studies have used variants of the
herpes simplex virus type 1 thymidine kinase (HSV1-TK or
HSV1-sr39TK) and a radiolabeled penciclovir analog (9-(4-
[18F]-fluoro-3-hydroxymethylbutyl)guanine, [18F]-FHBG) to de-
tect reporter-labeled cells (6, 7). However, HSV1-TK is immu-
nogenic and cells expressing this enzyme are selectively cleared
over time potentially causing therapeutic failure (8–10). This
immunogenicity has prevented the routine use of PET reporter
genes clinically (11, 12).
Alternative potentially nonimmunogenic PET reporter genes

have been investigated (3). Human nucleoside kinases deoxy-
cytidine kinase (dCK) and thymidine kinase 2 (TK2) have similar
substrate specificity to HSV1-TK. Several studies demonstrated

the specific detection of reporter-labeled cells in mouse models
with these human nucleoside kinases as PET reporters. Two studies
developed xenografts expressing truncated TK2 or a mutant TK2
demonstrating reporter-specific imaging when probed with [18F]-
thymidine analogs (13, 14). Infiltrating tumor-specific human T
cells expressing a mutant dCK (dCKDM: R104M, D133A) re-
porter were detected within lung lesions of mice after trans-
plantation by 2′-[18F]fluoro-5-ethyl-1-beta-D-arabinofuranosyluracil
([18F]-FEAU) PET (15). These reporter-labeled T cells were tested
for cytolytic activity in vitro against target cells demonstrating that
expression of dCKDM did not alter their short-term function (15).
Further investigation of human dCK as a PET reporter was

selected based on multiple factors. mRNA encoding DCK is
∼800 bp, smaller than HSV1-TK, causing a minimal size increase
when inserted into therapeutic vectors. The biological function
of dCK has been described in genetic knockout mice (16, 17).
The enzyme structure and kinetics of dCK are well characterized
(18) with known point mutations that shift substrate specificity
(18–20). A previous study successfully demonstrated the use of
an alternate mutant dCK reporter and probe (15). Endogenous
dCK activity can be monitored with PET using an alternate
radiolabeled nucleoside analog (21).
How human nucleoside kinase reporters affect long-term cell-

based therapies remains uncertain. Specifically it is unknown if con-
stitutive expression in reporter-labeled cells is maintained within
the recipient with no perturbation on cell function. Knockout dCK
mice have a significant reduction in the total quantity of T and B
lymphocytes caused by cellular stress from imbalanced nucleotide
pools (22). Ectopic expression of nucleoside kinases could cause
similar imbalances. Potential complications may include growth
defect, disadvantage, or counterselection resulting in the loss of
engrafted cells over time.
Our study demonstrates that a hdCK PET reporter can success-

fullymonitor transplanted cells long termwith no toxicity or survival
disadvantage in modified cells. Models of mouse and human he-
matopoietic reconstitution were used to compare our reporter
tracking for monitoring engraftment to peripheral blood sam-
pling. Reporter-labeled cells exhibited identical behavior to non-
labeled cells with no differences detected regarding cell cycle,
lineage, or tissue location. Our data provide evidence that hdCK3mut
is an optimal reporter gene for hematopoietic cell tracking with
future applications in a broad range of therapeutic cell transplants.
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Results
Mutant Human dCK Functions as a PET Reporter When Probed with
Thymidine Analogs. hdCK3mut contained three point mutations
(A100V, R104M, and D133A) that were chosen based on a
previous study that demonstrated a 1,100-fold increase in thy-
midine activity compared with wild-type dCK in enzyme kinetic
assays (20). L1210-10K, a mouse leukemic cell line with no en-
dogenous dCK was selected as a model cell line for in vitro studies
(23). Stable expression of wild-type (WT) hdCK or hdCK3mut
coexpressed with yellow fluorescent protein (YFP) through an
internal ribosome entry site (IRES) in L1210-10K cells were
generated to test probes for specific retention in hdCK3mut
cells (Fig. 1A and vector maps in Fig. S1). Two thymidine ana-
logs, 2′-fluoro-2′-deoxyarabinofuranosyl-5-ethyluracil (FEAU)
and 1-(2-deoxy-2-fluoro-β-L-arabinofuranosyl)-5-methyluracil
(L-FMAU), showed significant accumulation in reporter cell
lines compared with wild type. Retention of the probe L-FMAU
was 18-fold higher in hdCK3mut cells compared with WT hdCK
(Fig. 1 B and C).
Enzyme kinetic analysis further demonstrated high substrate

affinity of hdCK3mut to L-FMAU with a measured Km of ∼13
μM. hdCK3mut had a fourfold lower Km for L-FMAU compared
with the previously published dCKDM reporter (13 μM versus 56
μM). A high affinity PET reporter and probe combination is
optimal because probes are administered at high specific activi-
ties with low concentrations of substrate. The decreased Km of
hdCK3mut for L-FMAU demonstrates that it will achieve
a higher velocity at a lower substrate concentration (Table S1).
Immune compromised NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)

mice were implanted with two s.c. grafts. The right side contained
L1210-10K cells and the left side contained L1210-10k cell lines
engineered to express WT hdCK or hdCK3mut. To determine
tumor viability, animals were imaged by PET/CT with 2-deoxy-
2-18fluoro-D-glucose ([18F]-FDG), a glucose analog used to
measure glycolytic consumption. F-18 has a half-life of ∼110 min
with probes decayed to undetectable levels within 24 h allowing
for sequential scans with alternate probes. The following day
[18F]-L-FMAU PET/CT scans detected hdCK3mut reporter

expression with signal observed within hdCK3mut grafts (Fig.
1D). PET images were then quantified for total probe accumu-
lation. Images were dose corrected to total radioactivity at the
scan start time. Tumors were then selected in a region of interest
(ROI) and the mean percent injected dose per gram (%ID/g)
over the entire tumor was calculated. Tumor signal of the dCK
transduced graft is compared as the fold change in probe re-
tention to the nontransduced L1210-10K tumors of each animal.
Tumors expressing hdCK3mut had a 3.3-fold increase in [18F]-L-
FMAU retention (P = 0.0006) compared with WT hdCK grafts
(Fig. 1E and Fig. S2). These results determined that hdCK3mut
and L-FMAU make a suitable PET reporter gene and probe
combination for in vivo studies.

Expression of hdCK3mut in Mouse HSCs Allow Noninvasive Detection
of Reporter Cell Transplantation Before Normalization of Peripheral
Blood Counts. A competitive mouse bone marrow transplantation
(BMT) study was chosen to test whether hdCK3mut can detect
transplanted cells during early hematopoietic reconstitution (24–28).
Donor cells were generated by treating mice with 5-flourour-

acil 5 d preharvest for HSC enrichment. Collected bone marrow
was retrovirally infected with ∼40–60% transduction efficiency to
express hdCK3mut (coexpressed with YFP through an IRES) or
the control of IRES-YFP only (Fig. S1). Recipient mice then
received a lethal irradiation dose of 900 rads to eliminate host
bone marrow. Mice were transplanted with the mixed population
of reporter/nonreporter HSC-enriched donor bone marrow
(Fig. 2A).

Fig. 1. Development of a human thymidine selective PET reporter gene
hdCK3mut. (A) Western blot analysis for equal expression of dCK and the
linked fluorescent marker YFP in stable cell lines. (B) Chemical structure of
two thymidine analogs FEAU and L-FMAU. (C) In vitro [3H]-nucleoside uptake
assay. Results are displayed on a log10 scale as a fold change in counts per
minute (cpm) from L1210-10K, a dCK-deficient cell line. (FEAU P = 0.027,
L-FMAU P = 0.0052) (D) [18F]-FDG and [18F]-L-FMAU MicroPET scans of NSG
mice with s.c. grafts. Right side is control L1210-10K (dotted line). Left side is
L1210-10K cells with stable expression of WT dCK or hdCK3mut (solid line). (E)
Region-of-interest quantification for [18F]-FDG and [18F]-L-FMAU (P = 0.0006).

Fig. 2. hdCK3mut and [18F]-L-FMAU PET can track reporter-labeled mouse
hematopoietic cells during early engraftment and expansion in bone mar-
row chimera mice. (A) Lethally irradiated C57BL/6 (CD45.2) mice were
transplanted with retrovirally transduced 5-FU–enriched HSCs (CD45.1).
Animals were monitored for hematopoietic reconstitution over their total
lifespan. MicroPET scans shown from Left,coronal; Right Upper, sagittal;
Center, coronal; and Lower, transverse. (B) [18F]-L-FMAU at 4 wk posttrans-
plant. Reporter signal observed in hdCK3mut animals in spleen (S), thymus
(T), and bone marrow (BM). Probe metabolism in both cohorts seen in gas-
trointestinal (GI), bladder (Bl), and kidney (K). (C) [18F]-FDG MicroPET scan at
4 wk posttransplant. Nonreporter-specific signal observed in both cohorts in
heart (H), spleen (S), gastrointestinal (GI), brain (Br), with metabolism in
kidneys (K) and bladder (Bl). (D) In vivo accumulation of [18F]-L-FMAU in
sorted hematopoietic cells from hdCK3mut animals. Reporter positive:
CD45.1+, YFP+ and reporter negative: CD45.1+, YFP−. (P < 0.05).
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Under standard conditions mice will display normalized en-
graftment and complete blood counts (CBC) within ∼8 wk after
BMT (27). We hypothesized that early engraftment and expan-
sion could be monitored by reporter imaging before normaliza-
tion of peripheral blood measurements. At 4 wk post-BMT,
animals received PET/CT scans with [18F]-FDG and the fol-
lowing day [18F]-L-FMAU (Fig. 2 B and C).
Whole-body glucose consumption was measured by [18F]-FDG

MicroPET and was indistinguishable between the two cohorts of
animals. Weak signal was detected within the spleen and bone
marrow indicating a similar glycolytic rate across all animals (Fig.
2C). The following day PET/CT with [18F]-L-FMAU detected
only hdCK3mut cells engrafted within the spleen, thymus, and
focal areas within the bone marrow of reporter-labeled animals
(Fig. 2B and Fig. S3). Animals in the control YFP cohort had no
hematopoietic signal observed with [18F]-L-FMAU (Fig. 2B).
Visualization of [18F]-L-FMAU in hematopoietic tissues of
hdCK3mut recipients verified that reporter imaging can monitor
early engraftment after BMT.
To confirm that [18F]-L-FMAU accumulation was specific for

hdCK3mut cells, in vivo reporter and nonreporter accumulation
was measured. Donor hematopoietic cells from hdCK3mut
recipients were sorted for reporter positive or negative and then
were counted for total radioactivity in counts per minute (cpm)
normalized to cpm/1e6 cells. Cells expressing hdCK3mut had
a significantly (P < 0.05) higher accumulation of [18F]-L-FMAU
compared with unlabeled cells in all hematopoietic tissues
(Fig. 2D).

Reporter Labeled Mouse HSCs Retain Expression of hdCK3mut with
Equivalent Engraftment and Differentiation Capacity. Overexpression
of enzymes or reporter genes can potentially cause cellular stress,
developmental defects during differentiation, growth disadvantage,
or transformation (29, 30). The long-term effects from forced ex-
pression of hdCK3mut on mouse HSC’s engraftment and differ-
entiation capacity was investigated. Reconstituted chimeric mice
were evaluated to confirm that hdCK3mut expression was pre-
served and that mouse HSCs expressing the reporter maintained
normal function after transplantation.

Reconstituted chimeric mice 6–8 wk post-BMT were analyzed
by flow cytometry and immunohistochemical (IHC) analysis (Fig.
3A and Figs. S4 and S5). Flow cytometry analysis evaluated the
spleen, thymus, bone marrow, and peripheral blood for total
donor engraftment by lineage, reporter expression (YFP expres-
sion), and cell cycle. A representative fluorescent-activated cell
sorting (FACS) plot of hdCK3mut engraftment within the spleen
is displayed (Fig. 3A). No significant difference in reporter en-
graftment based on tissue location, lineage distribution, or cell
cycle profiles from nonreporter labeled cells or in comparison
with the YFP cohort was observed (Fig. S4).
Tissue architecture of the spleen and thymus was examined by

hematoxylin and eosin staining (H&E) with normal morphology
in both hdCK3mut and YFP mice. hdCK3mut engraftment was
then detected although IHC of anti-dCK with no staining seen in
YFP recipients. Anti-YFP IHC detected the linked fluorescent
marker in both tissues and cohorts of animals confirming the
flow cytometry data. Both dCK and YFP IHC identified the
same engrafted hematopoietic cells in hdCK3mut animals, dem-
onstrating the specificity of reporter detection using a newly de-
veloped monoclonal antibody generated in our laboratory (Fig. S5).
Mice received HSC-enriched bone marrow that was retro-

virally transduced to express hdCK3mut or YFP in ∼50% of
cells. This enrichment technique also contains residual commit-
ted short-term progenitor cells that can express the reporter.
Transplantation of these progenitor cells is necessary for animal
survival but these cells confound analysis of HSC differentiation
at early time points. Measurements of mature hematopoietic
cells from HSCs and progenitor cells are indistinguishable in
peripheral blood analysis. A methylcellulose (MC) colony forming
assay measured the expansion and differentiation capacity of re-
porter-labeled bone marrow 6 wk posttransplantation. Recipient
animals’ bone marrow was harvested, sorted, and placed in MC
for 12 d (Fig. S6A) (25). Quantification of the MC assay de-
termined that cells from hdCK3mut recipient mice were equiv-
alent to YFP animals and nonchimeric bone marrow in colony
forming capacity (CFC) as well as colony type distribution (Fig.
S6 B–F). Sorted hdCK3mut or YFP positive cells were compa-
rable in CFC and colony type, demonstrating that expression of

Fig. 3. hdCK3mut mouse HSCs persist in vivo allowing long-
term monitoring of therapeutic cell transplantation. (A) Rep-
resentative FACS plot for hdCK3mut engraftment within the
spleen. Cells were monitored for CD45.1 (donor) and YFP (re-
porter) positive. Further gating demonstrates that reporter
positive (YFP+) cells can be found in all major lineages. (B) [18F]-
L-FMAU MicroPET at 32 wk post-BMT. (C) Serial monitoring of
peripheral blood. Animals were monitored for total white
blood cell (WBC), hematocrit (HCT), and reporter-labeled donor
engraftment (CD45.1+, YFP+). (D) Distribution of white blood
cells at early and late engraftment are indistinguishable be-
tween YFP and hdCK3mut animals. NE, neutrophils; LY, lym-
phocytes; MO, monocyte; EO, eosinophil; BA, basophil. (E) No
survival disadvantage seen in hdCK3mut reporter animals.
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hdCK3mut does not cause a disadvantage during in vitro differ-
entiation (Fig. S6E). Sorted cells from both YFP and hdCK3mut
recipients retained reporter expression during in vitro differenti-
ation detected through flow cytometry, confirming the continued
expression of hdCK3mut throughout cell development (Fig. S6F).
Together these experiments demonstrate that expression of the

hdCK3mut reporter gene has no observable selective disadvan-
tage on hematopoietic cell engraftment and expansion capacity in
a mouse HSC transplantation model.

hdCK3mutMouse HSCs Persist in Vivo Allowing Long-TermMonitoring of
Therapeutic Cell Transplantation. Long-term effects from the expres-
sion of human nucleoside reporters are poorly defined. Potential
concerns include selective vector silencing or counterselection of
reporter-labeled cells over time.
We examined whether reporter cells in BMT-recipient mice

retained the PET reporter function through serial imaging in vivo.
Consecutive scans and peripheral blood analysis were obtained at
4, 15, 27, and 32 wk post-BMT allowing for detection of both
short- and long-lived reporter HSCs (27, 28).
At 32 wk post-BMT hdCK3mut reporter-specific signal was

detected within the spleen and bone marrow, demonstrating long-
term engraftment capability of reporter-labeled hematopoietic cells
(Fig. 3B). Previous scans of the same animals demonstrated similar
signal at 15 and 27 wk (Fig. S7). Serial detection of hdCK3mut
through PET/CT reveals that the reporter gene functions through
hematopoiesis. It is hypothesized that each sequential scan is de-
tecting different hematopoietic cells that have homed to the spleen.
Peripheral blood was collected at each time point and ana-

lyzed for CBC and reporter engraftment by flow cytometry. No
significant difference was observed in the retention of circulating

reporter positive hematopoietic cells between hdCK3mut and
YFP recipients. Comparison of the total white blood cell (WBC)
count and hematocrit were normal and equivalent between both
hdCK3mut and YFP after BMT (Fig. 3C). Peripheral WBC
differential demonstrated that at both early and late engraftment
the distribution of WBC subtypes were consistent between both
groups (Fig. 3D).
Reporter-labeled bone marrow transduced with YFP or

hdCK3mut was able to successfully rescue lethally irradiated re-
cipient animals. Long-term monitoring determined there was no
survival disadvantage for hdCK3mut recipients over YFP as in-
dicated in a Kaplan–Meier survival curve (Fig. 3E). Collectively
these experiments demonstrate that expression of hdCK3mut is
an inert reporter gene capable of long-term noninvasive tracking
method throughout the recipients’ lifespan.

hdCK3mut Allows for Noninvasive Detection of Human HSC Engraft-
ment. Probe retention in reporter-labeled cells is dependent upon
transport of the radio-labeled probe intracellularly with sequential
phosphorylation by hdCK3mut. Although mice and humans have
similar nucleoside transporters, total expression or variation based
on cell lineage may differ between species (31, 32). A humanized
xenotransplantation model was used to validate that hdCK3mut
would function as a reporter in human HSCs. Human hemato-
poiesis occurs within the spleen, bonemarrow, and thymus of NSG
mice when transplanted as neonates providing a tool to study in
vivo human HSC differentiation (33). Isolated CD34+ cord blood
HSCs were transduced with hdCK3mut or control lentiviral vec-
tors (Fig. S1B) and transplanted into sublethally irradiated neo-
nate NSG recipient animals (Fig. 4A). When transplanted as
neonates CD34+ cells engraft and expand within multiple tissues

Fig. 4. hdCK3mutallows for noninvasivedetectionofhumanHSC
engraftment. (A) Schematic of human HSC xenotransplantation.
CD34+ cells from cord blood donors are transduced with lentivirus.
Sublethally irradiated neonate NSG recipients are intrahepatically
transplanted. (B) FACS plots for total human engraftment at 8 wk
posttransplantation. hCD45 denotes total human cells, reporter
cells are detected by YFP+. (C) [18F]-L-FMAU MicroPET detects hu-
man hematopoietic cells expressing hdCK3mut within the bone
marrow (BM) and thymus (Th). Background signal from probe
metabolism is seen in liver (L), gastrointestinal (GI) with probe
clearance through the bladder (BL). NSG mice displayed higher
probe background compared with C57Bl6 animals seen by in-
creased nonspecific liver signal. (D) IHC detects hdCK3mut-labeled
human hematopoietic cells within the spleen. Total engraftment
detected with α-hHLA, reporter cells detected by α-hdCK and
α-YFP. (Scale bar, 100 μm.)
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and can home to the empty NSG thymus. These mice develop
partial human hematopoietic systemswithmature humanmyeloid,
T-, and B cells.
At 8 wk post human HSC transplantation peripheral blood

analysis detected hdCK3mut reporter human engraftment by flow
cytometry (Fig. 4B). Peripheral bloodmononuclear cells (PBMCs)
were stained for human CD45 to detect total human engraftment.
Additional markers were used to detect human myeloid, B-cell, T-
cell, and YFP for reporter-labeled cells. MicroPET scans with
[18F]-L-FMAU detected hdCK3mut cells within the thymus and
bone marrow of chimeric recipient mice (Fig. 4C). This demon-
strates that human cells labeled with hdCK3mut retain expression
of the reporter and are capable of engrafting after transplantation.
IHC analysis of human HSC engraftment in the spleen and

thymus was performed at the experimental endpoint (Fig. 4D and
Fig. S8). Total human engraftment was detected with human-spe-
cific HLA staining. Sequential sections verified reporter positive
cells by anti-dCK and anti-YFP staining. Anti-dCK IHC in the
spleen stained a fraction of the total engrafted human cells, con-
sistent with the peripheral blood FACS (Fig. 4B), which revealed
∼15% of human cells that were reporter positive based on YFP
expression (Fig. 4D). This supports the hypothesis that human
hematopoietic cell maturation and homing is retained in cells
expressing hdCK3mut.

Overlapping Integration Sites in hdCK3mut-Labeled Human Hemato-
poietic Cells Defines a Common Cell of Origin with Multilineage Differ-
entiation Capacity in Vivo. A concern of gene therapy trials for the
correction of inherited diseases is the potential for insertional mu-
tagenesis that has been observed in rare cases (34). Vector inte-
gration within tumor suppressors, near the transcriptional start site
of oncogenes, or at sites that alter cell function are potential com-
plications when using viral integration methods. Integration of
lentiviral vectors is less likely to cause oncogenic transformation
that was previously seen with other retroviral vectors (35). Recent
studies have focused on identifying integration sites of modified
hHSCs to detect potential problems such as dominant clonal ex-
pansionor lineage restriction (36,37). Integrationsiteanalysison long-
term engrafted human chimeric mice was used to determine if ex-
pressionand integrationofhdCK3mut resulted inanabnormalevent.
Cells were sorted from the spleens of engrafted animals into

three lineages based on human CD33, CD3, or CD19 expression.
Total genomic DNA was isolated and sequences flanking the
vector integration sites were amplified by using common primers
within the LTRs. Short primers were then ligated to the 3′ end of
all amplified DNA allowing uniform ends of all fragments. A
second PCR amplification was then performed to attach unique
barcode sequences to the 3′ end. This allows multiple samples to
be sequenced together and each sample to be precisely identi-
fied. Pooled samples underwent paired-end 50-nt Illumina se-
quencing to identify the unique integration site. Results were
then aligned against genomic DNA to identify the exact in-
tegration location. Comparison of myeloid, B- and T-cell inte-
grations were analyzed for each animal identifying individual and
overlapping integrations (Fig. 5A).
Lineage-specific integrations identified committed progenitor

cells. Integration sites found in all three populations are derived
from a common transduced cell of origin (HSC) which then
differentiated into all lineages (Fig. 5 B–D). Previous vector copy
number per cell was determined by PCR to be ∼0.5 (0.485,
hdCK3mut; 0.494, YFP) after transduction. It is estimated that
each HSC integration site represents a single engrafted clone.
A comparison of the total number of integrations from each

sample in hdCK3mut and YFP animals confirms that the number
of integrations detected is similar between vectors. This dem-
onstrates that the expression of hdCK3mut does not prevent
hHSCs from differentiating into all major hematopoietic line-
ages within the humanized mouse model. hdCK3mut also had no
effect on long-term engraftment and was detected up to 5 mo
post-HSC transplant with no lineage restriction due to gene
toxicity or clonal expansion due to growth advantage.

Discussion
Wehave demonstrated that an alternate dCKmutant (hdCK3mut)
is well-tolerated, highly sensitive, and capable of monitoring long-
term HSC engraftment.

Expression of HSV1-TK After Gene Transfer Provides a Safety Mech-
anism in Aberrant Reporter Cell Populations Through Reporter-Specific
Cytoxicity (38, 39). hdCK3mut provides an alternative PET reporter
gene to sr39TK. One concern for alternate reporters is the loss of
suicide gene function, which is gained when HSV1-TK and mutants
are used (40). Gene transfer of HSV1-TK into select cell pop-
ulations allowed for targeted cytotoxicity when treated with FDA-
approved acycloguanosine-based antiviral drugs such as ganciclovir
(41). This eliminates all cells expressing the reporter with limited
off-target cytotoxicity (38). A limitation in HSV1-TK expression is
that prophylaxis treatment with acycloguanosine antivirals to min-
imize cytomegalovirus infection in immunocompromised individu-
als cannot be administered without potentially eliminating the
donor cells (42).
In previous studies, hdCK3mut also exhibited higher substrate

specificity for several chemotherapeutic and antiviral nucleoside
analogs in comparison with wild-type dCK (18–20). hdCK3mut
had a higher activity with gemcitabine (2′,2′-difluorodeoxycytidine,
dFdC)with little activity toward acycloguanosine drugs. dFdC is an
FDA-approved chemotherapeutic that works through self-poten-
tiation in the diphosphate and triphosphate forms (43). The tri-
phosphate form is then incorporated into DNA, causing chain
termination. Treatment with drugs that have a higher affinity for
hdCK3mut may allow a targeted suicide gene therapy. Proper in
vivomodels will need to be tested to validate hdCK3mut enhanced
sensitivity and to evaluate the off-target effects from treatment.

Evaluating the Potential Immunogenicity of hdC3Kmut in Short-Term
Therapeutic Cell Transplants. Before transitioning hdCK3mut into
a clinical PET reporter for stem cell or long-term therapeutic

Fig. 5. Overlapping integration sites in hdCK3mut-labeled human hema-
topoietic cells defines a common cell of origin with multipotent lineage
capacity in vivo. (A) Schematic of integration site analysis. Cells from the
spleens of engrafted animals are sorted into three populations. DNA is
amplified from the LTR and a 3′ cap is attached. Unique index sequence is
placed on all samples in a second amplification. Samples are sequenced, and
genomic integration sites are determined. Overlapping integration sites
from multiple lineages determines a common cell of origin differentiated
into multiple hematopoietic lineages. (B) YFP-engrafted animal. (C and D)
hdCK3mut-engrafted animals.
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transplants experimental short-lived transplanted cells need to
be investigated. The immunogenicity of HSV1-TK was found
when reporter-labeled lymphocytes caused a CD8 immune re-
sponse selectively killing reporter cells (8–10). A similar study
could determine if expression of hdCK3mut will cause an
immune response.
hdCK3mut contains only three point mutations and is expec-

ted to not cause an immunogenic epitope for MHC class 1
presentation. Using a predictive software for MHC class 1 pre-
sentation (44), hdCK3mut has only one additional peptide
fragment, which is predicted to be different fromWT hdCK. This
peptide, which incorporates the mutated amino acid methionine at
position 104, could use the methionine as an anchoring residue
within the MHC (45). All other amino acids that are displayed in
the MHC are natural, and therefore the peptide fragments dis-
played from hdCK3mut are predicted to be recognized as “self”
avoiding immune cell detection.

Summary. We demonstrate how long-term follow-up of trans-
planted cells can be managed noninvasively by using reporter PET
imaging. This study provides a comprehensive analysis on the inert

biological effect of hdCK3mut on hematopoietic cells. Therefore,
it is anticipated that hdCK3mut monitoring will provide a safe and
effective mechanism for longitudinal monitoring of a broad range
of transplanted cells.

Materials and Methods
Detailed information on animals, constructs and cloning, cell lines, uptake
assays, enzyme kinetic assay, grafts, mouse HSC transplant, human HSC
transplant, MicroPET imaging, peripheral blood analysis, FACS, methylcel-
lulose assay, antibodies, Western blot, IHC, integration site analysis, and
statistics can be found in SI Materials and Methods.
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Animals. Immunocompetent C57BL/6 and C57BL/6 SJL female
mice and immunedeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ
(NSG) mice were bred and maintained according to the guidelines
of the Department of Laboratory Animal Medicine (DLAM) at
the University of California, Los Angeles. All animal studies were
carried out by using protocols that had been approved by DLAM.

Constructs and Cloning. Codon optimized human deoxycytidine
kinase (hdCK) sequence was purchased from DNA 2.0. PCR
amplification added EcoR1 and Xho1 restriction sites. hdCK was
then placed inmurine stem cell virus (pMSCV) vector ahead of an
internal ribosomal entry site (IRES) and yellow fluorescent protein
(YFP). Amino acid mutations were made by multisite-directed
mutagenesis (Stratagene) at the following locations: A100V,
R104M, and D133A. A lentiviral vector (2F-X, pCCL based) was
constructed for infection of human HSCs. hdCK3mut-IRES-YFP
was cut from MSCV, and BamH1 sites were added by phosphate
linkers. 2F-X was digested with BamH1 and hdCK3mut-IRES-
YFP was ligated into the vector. Helper plasmids for making
ecotropic retrovirus was PCL-II. Third-generation nonreplicating
lentiviral helper plasmids were used (VSVg, PREV, and PMDL).

Cell Lines. L1210 and L1210-10K mouse leukemia cell lines were
a gift from Charles Dumontet (Université Claude Bernard Lyon
I, Lyon, France). All stable cell lines were made with retroviral
transduction with ecotropic packaging of pMSCV constructs.
Cell lines were sorted to equal expression of YFP by FACS and
grown in cell-specific media conditions.

In Vitro Uptake Assay. Suspension cell lines: 100,000 cells in 100 μL
media were plated in triplicate in a 0.22 micron filter bottom
plates. 3H-probe was diluted to 5 μCi/mL in media. A total of
100 μL (0.5 μCi) was added per well. Cells were incubated at
37 °C for 1 h, washed five times, and dried. Scintillation fluid was
added and counted for counts per minute (cpm) for 1 min on a
BetaMax plate reader (PerkinElmer).

Recombinant Protein Production. For bacterial expression of His-
tagged human dCK, 5′ and 3′ primers (5′-CATGGATCCATGG-
CCACCCCGCCCAAGAG-3′ and 5′-GTAGGTACCTCACAA-
AGTACTCAAAAACTCTTTGACCTTTTC-3′) were designed
introducing BamHI and KpnI sites for cloning into pQE-80L
vector (Qiagen). TOP10 bacteria were transformed with pQE-80L-
hdCK3mut, dCKDM, or hdCK. A single colony was used for an
overnight starter culture. A large-scale 1-L culture was inoculated
and induced at OD600: 0.6 with isopropylthio-β-galactoside (IPTG)
to 1 mM. Cells were harvested 4 h later and cleared lysate was
prepared according to Qiagen instructions. Lysate was combined
with 1 mL bed volume Ni-NTA agarose and transferred to a 20-mL
column. Beads were washed extensively and eluted in PBS 150 mM
NaCl, 250 mM imidazole, 5% (wt/vol) glucose.

Enzyme Kinetic Assay. A coupled spectrophotometric kinase assay
was adapted to determine kinetics for L-FMAU (1). Reads were
performed in ∼30-s intervals at 37 °C for 30 min. An NADH
standard curve was constructed. Nonlinear regression analysis
and Michaelis–Menten plots determined the Km values.

Grafts. Cells were counted, washed, and resuspended in a 1:1
mixture of sterile RPMI and Matrigel. Each graft contained 2 ×
105 cells in 100 μL total volume. Grafts were implanted s.c. in
6- to 8-wk-old female NSG mice. [18F]-FDG (2-deoxy-2-18fluoro-

D-glucose) was performed on day 7 or 8, with sequential [18F]-L-
FMAU (1-(2-deoxy-2-18fluoro-β-L-arabinofuranosyl)-5-methyl-
uracil) scans on day 8 or 9 depending on tumor growth rate. Grafts
were removed after [18F]-L-FMAU imaging, weighed, and total
cpm/g was determine by the amount of radioactivity in each graft
measured using a Wallac Wizard 3″ 1480 Automatic Gamma
Counter (PerkinElmer).

Mouse HSC Transplant. Six- to 10-wk-old C57BL/6 SJL mice were
injected i.v. with 150 mg/kg 5-fluorouracil (APP Pharmaceut-
icals). BM was harvested 5 d after treatment and cultured with
IL-3 (6 ng/mL), IL-6 (10 ng/mL), stem cell factor (SCF) (100ng/
mL), and 5% (vol/vol) conditioned media from WeHi-3 cells
(WeHI) as growth factors. After 24 h, the cells were infected with
Murine Stem Cell Viruses (MSCV), MSCV-hdCK3mut-IRES-
YFP or MSCV-IRES-YFP and 1.6 μg/mL of polybrene under
spin conditions (2,500 rpm, 90 min, 30 °C, Beckman CS-6R
centrifuge) and then incubated overnight at 37 °C. Cells were
superinfected the next day, washed, and counted for total cell
number. Six- to 8-wk-old C57BL/6 mice were lethally irradiated
(900 rad) before i.v. injection of 5 × 105 transduced BM cells on
the same day. Each population was ∼40–60% transduced, with
each animal transplanted with a mixed population of reporter
and nonreporter cells.

Human HSC Transplant. Hematopoietic stem and progenitor cells
were enriched from Ficoll fractionated cord blood or bone
marrow with CD34+MACS beads (Miltenyi). Cells were thawed
and prestimulated for 24 h in RetroNectin (TaKaRa)-coated
nontissue culture treated 24-well plates (Falcon) in X-VIVO 15
medium (Lonza) containing SCF (50 ng/mL), fms-like tyrosine
kinase-3 (Flt-3) ligand (50 ng/mL), Thrombopoietin (TPO)
(50 ng/mL), and IL-3 (20 ng/mL). The next day, cells were
transduced at a lentiviral vector concentration of 2 × 108 trans-
duction units/mL. Cells were injected 24 h after transduction.
Neonatal (1-3 days old) NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice
were conditioned with 150 cGy total body irradiation. Twenty-four
hours postconditioning, mice were injected intrahepatically with
CD34+-enriched cord blood or bone marrow cells at a dose of 3 ×
105 cells in 50 μL of medium.

Anti-hdCK Antibody Generation. Six His-tagged human dCK was
produced in bacteria, purified by Ni-NTA (nickel-nitrilotriacetic
acid) resin chromatography and used as immunogen. Four mice
(BALB/c females 6–8 wk) were immunized by i.p. injection of
200 μg 6 His-hudCK in RIBI adjuvant (Sigma) followed by four
monthly boosts of 100 μg immunogen i.p. in RIBI. Antibody titer
was determined in the serum by ELISA. Spleen of the highest
titer mouse was excised and dissociated. Isolated splenocytes were
fused to the myeloma cell line sp2/0 at a ratio of 5:1 splenocytes/
myeloma using PEG1500 (Roche). Twenty percent of fusion was
plated in hypoxanthine-aminopterin-thymidine medium (HAT
medium) onto 10× flat bottom 96-well plates at 200 μL/well,
the remaining fusion was frozen down. Fusion was cultured
until clones appeared in the wells and covered 25–50% of well.
Supernatant was collected and ELISA performed: 96-well flat
bottom assay plates (Nunc Maxisorp) were coated with 10 μg/μL
immunogen, blocked with PBS 1% (wt/vol) BSA. Supernatants
were applied to wells, goat antimouse HRP was used to detect
binding, and reaction was developed with 2,2′-Azinobis [3-ethyl-
benzothiazoline-6-sulfonic acid]-diammonium salt (ABTS). Positive
wells were replated in 24-well plates in hypoxanthine-thymidine
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(HT) medium. ELISA was repeated on previously positive wells
when cultures got 50% confluent. Positive supernatants were
tested for ability to detect immunogen by Western blot at 1:10
dilution in PBST-5% (wt/vol) milk. Positive wells were subcloned
by limiting dilution to obtain single clones per well in 96-well flat
bottom plates. Subclones were tested by ELISA and highest pos-
itives were tested on Western blot. Clones were tested for IHC
staining ability and clone 9D4 (plate 9 well D4) was determined to
be the best in overall performance. Preparative amounts of anti-
body were produced in CELLine-1000 flasks (Integra Bioscience)
and purified by affinity chromatography (protein G sepharose,
Prosep-G; Millipore). Anti-dCK clone 9D4 is now commercially
available with Millipore.

Antibodies and Western Blot. A total of 20 μg of total cell lysate in
RIPA buffer was run on SDS/PAGE using Precise Tris·Hepes
protein gels, 4–20%. Gels were transferred onto 0.22 micron ni-
trocellulose and blocked for 1 h at room temperature in 5% (wt/
vol) milk in PBS with 0.05% Tween. Antibodies were diluted in
5% (wt/vol) milk in PBS with 0.05% Tween as follows: dCK (Witte
Laboratory-9D4, see SI Materials and Methods; Millipore) 1:1,000,
YFP (Witte Lab, polyclonal rAb) 1:5,000, ERK2 (Santa Cruz;
SC-154) 1:5,000, goat antimouse IgG HRP (Bio-Rad; 172–1011)
1:10000, goat antirabbit IgG HRP (Bio-Rad; 170–6515)1:15000.
ECL substrate (Millipore) was used for detection and devel-
opment on GE/Amersham film.

Immunohistochemistry.Tissuewasfixed in 10%phosphate-buffered
formalinovernight. Sectionswerefixed inparaffinandcutat0.4μm,
with staining for hematoxylin and eosin for representative histol-
ogy every five slides. Tissue sections were heated at 65 °C for 1 h to
melt the paraffin followed by rehydration. Antigen retrieval was
performed using citric acid buffer and visualization was performed
using a liquid DAB+ kit (Dako). Slides were blocked for endoge-
nous peroxidase activity with 3% (vol/vol) H2O2 in PBS for 5 min,
then blocked for mouse IgG by using Vector Labs Mouse-on-
Mouse (M.O.M.) kit (BMK-2202). Primary antibodies were di-
luted with M.O.M. diluent as follows: dCK (Witte Lab-94D,
1:2,000), YFP (Witte Lab-Mouse Monoclonal, 1:200), HLA
(Santa Cruz; 1:100), mouse IgG (Santa Cruz; 0.4 μg/μL), and
incubated at 4 °C overnight. Secondary antibody was added
(ImmPRESS antimouse Ig (peroxidase) Polymer Detection kit).

Flow Cytometry and Fluorescent-Activated Cell Sorting. Single-cell
suspensions from spleen, thymus, bone marrow, and peripheral
blood were stained with the following fluorochrome-conjugated
antibodies: anti-CD45.1, anti-CD4, anti-CD8, anti-Ter119, anti-
CD71, anti-CD11b, anti-GR1, anti-B220, anti-CD19, anti-IgM,
anti-CD43, and Hoechst for cell cycle analysis. Human engraft-
ment was monitored with the following fluorochrome-conjugated
antibodies: anti-hCD45, anti-hCD3, anti-hCD19, and anti-hCD33.
In all reporter BM chimera animals, reporter-labeled cells were
defined as YFP (FITC channel) positive. Cell sorting was per-
formed on the FACSAria automated cell sorter (BDBiosciences),
and flow cytometry was performed on the BD FACScanto II.

MicroPET and Image Analysis. Mice were warmed under gas an-
esthesia (2% (vol/vol) isoflurane) and injected i.v. with 200 μCi of
either [18F]-FDG or [18F]-L-FMAU (radiochemical synthesis
described in ref. 2), followed by 1-h unconscious or 3-h conscious
uptake. Mice were then positioned in an imaging chamber for
sequential imaging with the Siemens Preclinical Solutions Mi-
croPET Focus 220 and MicroCAT II CT systems (Siemens).
MicroPET data were acquired for 10 min and reconstructed with
a filtered background projection probability algorithm. Micro-
PET and CT images were coregistered. Quantification of PET
signal was performed by drawing 3D region of interests (ROIs)
around the area of interest using AMIDE software (http://amide.

sourceforge.net/). The mean intensity of the ROI, based on the
percent injected dose per gram, was normalized to control grafts
of L1210-10K ROI drawn around untransduced grafts in the
same animal. Data are presented as fold change over L1210-10K
grafts. Images are presented here using a false-color scale that
is proportional to tissue concentration (% injected dose/gram,
%ID/g) of positron-labeled probe. Red represents the highest
with yellow, green, and blue corresponding to lower concentrations.

In Vivo Uptake Assay. BM chimera animals were placed under
anesthesia with 2% (vol/vol) isoflurane in heated chambers. One
microcurie of [18F]-L-FMAU was injected i.v. with 1-h un-
conscious probe uptake. Animals were euthanized and spleen,
femur, tibia, and thymus were removed. Cells were then disso-
ciated into single cell suspension and stained for CD45.1. In each
tissue 200,000 cells of CD45.1, YFP+ (donor and reporter la-
beled), or CD45.1 (donor) were sorted. The amount of radio-
activity in each cell type was measured using a Wallac Wizard 3-
Inch 1480 Automatic Gamma Counter (PerkinElmer).

Peripheral Blood Analysis. Peripheral blood was collected through
serial retroorbital bleeds into Capiject EDTA collection tubes
(T-MQK).CompletebloodcountswereperformedbyDepartment
of Laboratory Animal Medicine, University of California, Los
Angeles core laboratory with Hemavet. Engraftment was deter-
mined by flow cytomerty.

Methylcellulose Assay.One hdCK3mut and one YFP BM chimera
animal 6 wk posttransplant were compared with a wild-type SJL
(B6.SJL-Ptprc) mouse for each experiment in three independent
experiments. Bone marrow from both femurs and tibia was ex-
tracted. Total bone marrow was plated in duplicate. FACS was
used to isolate donor cells through sorting CD45.1 positive and
YFP (reporter) positive or YFP negative; cells were plated in
duplicate. Commercial methylcellulose for CFC was used (R&D
Systems). Colonies were analyzed on day 11, and fluorescent
analysis was analyzed by flow cytometry.

Integration Site Analysis.DNAwas isolated from FACS-sorted cells
usingthePureLinkGenomicDNAMinikit (Invitrogen).Dependent
on availability, 1–100 ng of DNAwas used to perform nonrestrictive
linear amplification-mediated PCR (3). Briefly, 100 cycles of linear
amplification were performed with primer HIV3linear (biotin-
AGTAGTGTGTGCCCGTCTGT). Linear reactions were purified
using 1.5 volumes of AMPure XP beads (Beckman Genomics) and
captured onto M-280 streptavidin Dynabeads (Invitrogen Dynal).
Captured single strand DNA was ligated to read 2 linker (Phos-
AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3C
spacer) using CircLigase II (Epicentre) in a 10-μL reaction at 65°
for 2 h. PCR was performed on these beads using primer HIV3-
right (AATGATACGGCGACCACCGAGATCTACACTGA-
TCCCTCAGACCCTTTTAGTC) and an appropriate indexed
reverse primer (CAAGCAGAAGACGGCATACGAGAT-index-
GTGACTGGAGTTCAGACGTGT). PCR products were mixed
and quantified by probe-based qPCR and appropriate amounts
were used to load Illumina v3 flow cells. Paired-end 50-bp se-
quencing was performed on an Illumina HiSEq 2000 instrument
using a custom read 1 primer (CCCTCAGACCCTTTTAGTC-
AGTGTGGAAAATCTCTAGCA). Reads were aligned to the
hg19 build of the human genome with Bowtie (4) and alignments
were condensed and annotated using custom Perl and Python scripts
to locate vector integrations. A custom Python script was written to
assess for overlapping integration sites between different samples,
and a conservative estimate of 5% FACS sorting impurity was used
to set a cutoff to eliminate overlaps with technical causes.

Graphs, Statistics, and Survival Analysis.Graphs are plotted as mean
with SE of mean (SEM) for error bars. Statistics were analyzed
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using a Student’s nonpaired t test. Survival analysis was plotted in
Graphpad and determined based on overall length of animal

survival. (Two animals were excluded from survival analysis due
to premature death caused from malocclusion.)
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Fig. S1. (A) Vector maps of pMSCV retroviruses used in generating stable ectopic expressing L1210-10K cell lines, and mouse HSC experiments. (B) 2F-X
lentivirus vector maps used in human HSC experiments.

Fig. S2. Grafts were excised after [18F]-L-FMAU MicroPET and were weighed and placed in a gamma counter. Counts were normalized to counts per minute
per gram (cpm/g) and compared with nontransduced tumors for background cpm (P < 0.0001).
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Fig. S3. Additional [18F]-L-FMAU MicroPET scans at 4 wk postmouse BMT in reporter chimeric mice.

Fig. S4. Quantification of flow cytometry from hdCK3mut and YFP mHSC recipient mice. (A) Cell cycle analysis by Hoechst staining. (B and C) Analysis of bone
marrow (BM) lineage distribution. (B) Red blood cell development with CD71 and Ter119 staining. Pro EB-CD71+, Ter119−; Baso EB-CD71+, Ter119+; Poly/Ortho
EB-CD71 low, Ter119+; RBC-CD71−, Ter119+. (C) Myeloid and B-cell development Pre B-B220+, CD43−; Pro B-B220+, CD43+; mature B-B220+, IgM+. (D) Total
engraftment within the spleen. (E) Thymus engraftment.
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Fig. S5. IHC of mHSC recipient animals of (A) YFP and (B) hdCK3mut at 8 wk post-BMT. Spleen and thymus were analyzed for normal tissue architecture through
H&E. IHC of α-YFP detected vector positive cells in YFP and hdCK3mut. α-dCK detected reporter cells only within hdCK3mut recipient mice. (Scale bar, 10 μm.)
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Fig. S6. (A) Schematic of MC assay. hdCK3mut or YFP recipients at 6 wk post-BMT were harvested for total bone marrow. (B and C) Representative white and
fluorescent images demonstrate the normal morphology of methylcellulose colonies for hdCK3mut and YFP. (D) Cells were placed in a MC assay, with an aged
matched normal BL6 (CD45.1). (E) Remaining bone marrow was sorted based on CD45.1 YFP+ or CD45.1 YFP− and placed in MC assay. Total colonies were
counted at 12 d postplating. (F) Cells from C were analyzed for retained YFP expression through flow cytometry.
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Fig. S7. Sequential scans of hdCK3mut recipient mice at 15 and 27 wk post-BMT. Reporter signal is observed within the spleen (Sp) and bone marrow (BM).
Probe metabolism is seen within the kidneys (K), gallbladder (GB), and bladder (Bl).

Fig. S8. IHC of hdCK3mut recipient hHSC recipient animal. Thymus was analyzed for normal tissue architecture through H&E. IHC of α-hHLA detected total
human engraftment. α-YFP detected vector positive cells with α-dCK detecting hdCK3mut reporter cells. (Scale bar, 50 μm.)

Table S1. Enzyme kinetics for hdCK3mut and hdCKDM with
L-FMAU

L-FMAU

Enzyme Km (μM) Vmax, nmol/min/μg R2

hdCK3mut 12.681 ± 3.893 0.724 ± 0.217 0.899
hdCKDM 55.970 ± 6.880 1.671 ± 0.312 0.975

Enzymatic studies were performed using His-tagged recombinant dCK in
a coupled enzyme assay with LDH/PK. Values are an average of three in-
dependent experiments.
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Abstract  

Although clonal studies of lineage potential have been extensively applied to organ 

specific stem and progenitor cells, much less is known about the clonal origins of lineages formed 

from the germ layers in early embryogenesis. We applied lentiviral tagging followed by vector 

integration site analysis (VISA) with high-throughput sequencing to investigate the ontogeny of 

the hematopoietic, endothelial and mesenchymal lineages as they emerge from human embryonic 

mesoderm. In contrast to studies that have used VISA to track differentiation of self-renewing 

stem cell clones that amplify significantly over time, we focused on a population of progenitor 

clones with limited self-renewal capability. Our analyses uncovered the critical influence of 

sampling on the interpretation of lentiviral tag sharing, particularly among complex populations 

with minimal clonal duplication. By applying a quantitative framework to estimate the degree of 

undersampling we revealed the existence of tripotent mesodermal progenitors derived from 

pluripotent stem cells, and the subsequent bifurcation of their differentiation into bipotent 

endothelial/hematopoietic or endothelial/mesenchymal progenitors.  

 

Introduction 

During the earliest stages of embryogenesis, a morphologic region called the primitive 

streak (PS) contains cells committed to form either mesoderm or definitive endoderm. Fate-

mapping experiments in vertebrates show that mesoderm patterning in the PS strictly correlates 

with the place and time of mesoderm induction, specifying posterior PS (extraembryonic 

mesoderm, lateral plate mesoderm), anterior PS (cardiac mesoderm, definitive endoderm, axial 

mesoderm) and late PS (presomitic mesoderm) (Mendjan et al. 2014). This dramatic period of 

morphogenesis, and the dynamic transcriptional and signaling events that shape mesoderm 
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patterning, suggest that the PS is a rapidly differentiating population in which self-renewal may 

be limited or non-existent. 

Given the inaccessibility of early human embryonic tissues, modeling with human 

pluripotent stem cells (hPSC) has become an essential tool for studying the complex cellular 

events of human germ layer commitment (Murry & Keller 2008). An early PS-like population 

has been identified during hPSC differentiation using transcriptional reporters (Davis et al. 

2008) and by expression of cell surface markers of epithelial to mesenchymal transition 

(Evseenko et al. 2010). Recently, cardiac and paraxial mesoderm, subtypes derived from the 

anterior PS and late PS respectively, were shown to be specified through distinct BRACHYURY+ 

mesoderm progenitors during exit from pluripotency (Mendjan et al. 2014).  

Transcriptome profiling of single cells often reveal a surprising level of heterogeneity 

within purified populations that contain apparently identical cells. The differential expression of 

lineage specific genes between individual cells is often inferred as evidence that those cells 

intrinsically possess different types of lineage potential. Such analyses provide a snapshot of the 

transcriptional status of individual mesoderm progenitors, but do not definitively prove the clonal 

relationship of the lineages that will be ultimately produced from each progenitor. The 

functional interrogation of lineage output at a clonal level is crucial to understand the process of 

lineage commitment, and can provide valuable insights in how to guide stepwise generation of 

therapeutically relevant tissues and organs from hPSC. Clonal analyses of lineage potential have 

been extensively applied to adult tissues and to fetal cells isolated from tissues after germ layer 

differentiation. Although PS-like populations can be differentiated into various lineages (Davis 

et al. 2008; Evseenko et al. 2010), little is known about the clonal relationship of cells that 

initiate early embryonic development. We have previously published a differentiation and 
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isolation strategy that captures the earliest stage of mesodermal commitment from hPSC, 

comprising a population that displays broad lateral plate and cardiac mesoderm potential 

(Evseenko et al. 2010). In the current study, we utilized these human embryonic mesoderm 

progenitors (hEMP) as the starting population for clonal tracking of mesoderm derivatives, 

specifically examining the hematopoietic, endothelial and mesenchymal lineage potential of 

single cells by high throughput sequencing of lentiviral tags. A fundamental challenge in 

applying this approach to heterogeneous progenitors undergoing rapid differentiation is that 

clonal output must be detected within a highly complex population with limited clonal 

duplication. To meet this challenge, we applied a “mark-recapture” statistical approach to 

estimate clonal abundance (Wang et al. 2010; Aiuti et al. 2013; Biffi et al. 2013) and developed a 

mathematical model to accurately interpret datasets from high complexity samples that cannot be 

exhaustively characterized.  

Through high throughput sequencing and analysis of lentiviral integration sites combined 

with attention to the impact of sampling and the examination of essential control populations, 

we demonstrated the presence of a tripotent mesodermal progenitor and uncovered the 

bifurcation of the hematopoietic and mesenchyme lineages early in lateral plate mesoderm 

commitment. We propose that the critical concept of undersampling and the mathematical 

approaches used here are highly relevant to other studies of transitional populations, including 

those that attempt to uncover the role of genetically diverse malignant subclones during disease 

evolution. 
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Materials and methods 

Vector constructs and production 

FUGW (carrying the EGFP reporter)(Lois et al. 2002) was used in all transductions 

except for the negative control experiment (Figure 7D) in which mCitrine, mCerulean and 

mStrawberry were expressed in pCCLc-UBC-reporter-PRE-FB-2xUSE (Baldwin et al. 2015). 

Vector production and titer were as described (Cooper et al. 2011).  

 

Mesoderm differentiation from hPSC and hEMP 

The hESC line H1 (WiCell, Madison, WI) was maintained and expanded on irradiated 

primary mouse embryonic fibroblasts (EMD Millipore, Billerica, MA). Mesoderm commitment 

was induced as previously described (Evseenko et al. 2010). CD326−CD56+ embryonic 

mesoderm progenitors were isolated by flow cytometry at day 3.5 (Figure 1A) and co-cultured on 

OP9 stroma for trilineage (hematopoietic, endothelial and mesenchymal) differentiation over the 

next 13 days (see Supplemental Methods).  

 

Transduction of hPSC, hEMP and K562 cells 

A full description of transduction methods for each cell type is found in Supplemental 

Methods. In brief, hPSC were transduced in mTESR on Matrigel for 24 hours, yielding ~50% 

GFP+ cells. Isolated hEMPs were transduced for 12 hours, yielding 80% GFP+ cells. To limit 

further viral integration during hEMP differentiation, integrase inhibitor (raltegravir, Merck & 

Co, White House Station, NJ) was added at 1 µM at 12 hours when OP9 coculture was initiated 

and was supplemented throughout the 13 days of differentiation. K562 cells (American Type 

Culture Collection) were transduced at MOI 4 and raltegravir added at various time points 
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between 6 h and 3d. After 3 weeks of further expansion, DNA was extracted to measure vector 

copy number/cell by droplet digital PCR (see Supplemental Methods).  

 

Flow cytometry and cell sorting 

Identification and isolation of lineages was performed using the following gating 

sequence: murine CD29-APC-Cy7 was used to exclude murine cells. CD45-PE-Cy7 identified 

the hematopoietic population (CD45+). From the non-hematopoietic compartment (CD45-), the 

CD31-APC and CD73-PE-Cy7 coexpressing cells were first gated, and CD144-PerCP-Cy5.5 

positivity was then used to define the endothelial population (CD45–CD31+CD73+CD144+). 

From the non-hematopoietic, non-endothelial compartment (CD45–CD31–CD144–), the 

mesenchymal population was identified based on CD73-PE-Cy7 positivity (CD45–CD31–

CD144–CD73+). Lineage negative cells were mCD29– cells that could not be assigned to a 

lineage based on immunophenotype (mCD29–CD45–CD31–CD73–). See Supplemental 

Methods for details. 

 

Lentiviral tag sequencing 

Genomic DNA was isolated from cells using the PureLink Genomic DNA Mini kit 

(Invitrogen) or NucleoSpin Tissue XS kit (Clontech, Mountain View, CA), depending on 

starting cell number. 5µl of DNA (or a maximum of 75,000 lentiviral tags/reaction) was used as 

starting input for non-restrictive linear amplification-mediated PCR (nrLAM-PCR) 

(Paruzynski et al. 2010). Four to ten independent nrLAM-PCR reactions were performed on 

the genomic DNA from each population. PCR products were mixed and quantified by probe-
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based droplet digital qPCR and appropriate amounts were used to load Illumina v3 flow cells. 

See Supplemental Methods for PCR primer sequences and conditions. 

Paired-end 50- or 100-bp sequencing was performed on an Illumina HiSeq 2000 using a 

custom read 1 primer (GAGATCTACACTGATCCCTCAGACCCTTTTAGTC). 

Sequence reads were required to begin with the end of the vector LTR sequence and have no 

more than two mismatches with the LTR sequence. To map lentiviral tags within the human 

genome, LTR sequences and Illumina adapter sequences were trimmed from the reads, which 

were then aligned to the hg19 build of the human genome with Bowtie2(Langmead et al. 2009). 

Alignments were condensed and annotated by a custom Python wrapper script. Conservative 

cutoffs were set for calling integration sites and demultiplexing (i.e. calling lentiviral tags as 

detected within samples marked by different indexes) to control for spurious tag sharing due to 

sequencing artifacts or FACS impurity. Four reads were required to call a lentiviral tag detected, 

and the power law function (threshold) = 0.0874 * (total readcount among samples)0.7025 was used 

to establish a readcount threshold for calling a tag detected in a sample. The result of this 

processing was a set of lentiviral tags (integration sites denoted by chromosome number, strand 

and nucleotide position) that were detected in each sampling of DNA from the various 

differentiated lineages. The numbers of sequence reads obtained for the samples analyzed are 

detailed in Figure 11. 

 

Estimation of total tag count and calculation of detection scores 

From the set of lentiviral tags detected among all samplings from all lineages in an 

experiment, the total number of tags (the union) was taken, along with the number of tags 

detected in only one sample and the number of tags detected in exactly two samples. These three 

86



values were used to calculate a Chao2 lower bound on the total lentiviral tags among all lineages. 

This estimate was taken to reflect the number of tags generated during hEMP transduction at 

the beginning of the experiment that survived through the end of the experiment (see Figure 8). 

These calculated lower bounds were used in the model described in Figure 6 to calculate the 

expected number of shared lentiviral tags between all possible pairs and trios of lineages, 

assuming that all tagged cells were multipotent and that the probabilities of a tag being detected 

in the lineages are independent. We model lineage commitment of a clone and detection of a tag 

within that clone together as a random draw of a lentiviral tag from the set of tags inferred in the 

transduced hEMP population. 

 

Graphical and Statistical Analysis 

Graphs were generated and statistics analyzed using GraphPad Prism software. Student’s 

two-tailed t-tests were used to calculate p-values, except in Figure 9C, where an extreme value 

test (using the cumulative distribution function) was performed using a normal distribution with 

mean and standard deviation calculated from the three hEMP experiment replicates. p < 0.05 

was considered statistically significant. 

 

Results 

The CD326-CD56+ population marks early mesoderm commitment from human PSC  

Our previous studies described an early stage of mesoderm commitment during hPSC 

differentiation that corresponds to the onset of epithelial-mesenchymal transition (EMT) in the 

primitive streak, and is marked by loss of CD326 (EpCAM) and acquisition of CD56 (NCAM) 

expression (Figure 1A) (Evseenko et al. 2010). The CD326-CD56+ human embryonic 
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mesoderm progenitor (hEMP) population partially overlaps with the APLNR+ population 

(Vodyanik et al. 2010) and first emerges as early as day 2 of differentiation (Evseenko et al. 2010) 

before cell surface expression of more lineage-specific markers (CD43, CD34, VE-Cadherin, 

CD235) (Vodyanik et al. 2006; Choi et al. 2012; Kennedy et al. 2012; Slukvin 2013). 

Transcriptome profiling of hPSC and day 3.5 hEMP by RNA-Seq demonstrated the onset of 

mesoderm commitment with significant upregulation (FDR<0.01, >2-fold changes) of genes 

known to be involved in primitive streak formation (MIXL1, EOMES, T, and MESP1) and 

EMT (CDH2, FN1, TWIST1 and SNAI2), with concomitant downregulation of cell-cell 

adhesion molecules such as CDH1 (which encodes E-Cadherin) and claudins (Figure 1B, 

Supplemental Methods). The marked downregulation of pluripotency factors in CD326-CD56+ 

cells (Figure 1B) matched the functional loss of teratoma-forming ability previously seen in vivo 

(Evseenko et al. 2010). Using established differentiation conditions, we have previously shown 

the ability of CD326-CD56+ cells to give rise to all mesodermal lineages tested including 

hematopoietic, endothelial, mesenchymal (bone, cartilage, fat, fibroblast), smooth muscle, and 

cardiomyocyte (Evseenko et al. 2010). The lack of endoderm and ectoderm gene expression 

(Figure 1C) and the inability to generate these germ layers in vitro (Evseenko et al. 2010) further 

confirmed that the hEMP population is specifically committed to mesoderm fate. 

While multiple mesoderm lineages can be generated from the hEMP population, it is not 

known whether hEMP represent a homogenous group of multipotent progenitors or a 

heterogeneous mixture of more lineage-restricted bipotent and/or unipotent progenitors. In 

more committed cell types (e.g. hemangioblasts and hematopoietic progenitors) lineage potential 

has been examined by cloning single cells and examining the lineage composition of the progeny 

(Choi et al. 1998; Kennedy et al. 2007; Vodyanik et al. 2010; Kohn et al. 2012). However, we 
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found that a rigorous and quantitative assignment of clonal lineage potential from single hEMP 

in culture was not feasible due to technical limitations (e.g. temporal variability in proliferation 

and differentiation from single cells, the need for stromal co-cultivation obscuring readout and 

unreliable lineage discrimination from low frequency events).  

We therefore turned to a lentiviral genetic labeling strategy to trace cellular genealogy in 

the mixture of clones present in differentiating bulk cultures. Lentiviral vectors integrate in a 

semi-random fashion throughout the cellular genome and the resulting integration sites are 

replicated along with the cellular genome. These integration sites can therefore be treated as 

unique sequence tags (hereafter referred to as “lentiviral tags”) marking all progeny of a tagged 

clone (Figure 1D). We developed differentiation conditions that could generate hematopoietic, 

endothelial and mesenchymal cells from bulk populations of hEMP in one culture vessel, so that 

clones would not be disturbed after lentiviral tagging and would therefore be free to proliferate 

and populate multiple lineages. Under these conditions, tri-lineage output was reliably detected 

based on cell surface marker expression after two weeks of differentiation (Figure 1A).  

Anticipating that multipotent progenitors may represent a rare subset of the total hEMP 

population, we chose to maximize the complexity of integrations by labeling a high starting 

number of cells and by using high titer vectors, achieving 60-80% transduction efficiency. To 

retrieve lentiviral tags from the differentiated cells with high efficiency, we amplified the vector-

genome junction sequences via non-restrictive linear amplification-mediated PCR (nrLAM-

PCR) (Paruzynski et al. 2010; Candotti et al. 2012; Romero et al. 2013) and sequenced them on 

an Illumina HiSeq 2000 (Figure 2). nrLAM-PCR circumvents the restriction digest required in 

standard LAM-PCR, allowing for less biased and more comprehensive integration site 

amplification (Gabriel et al. 2009). 
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Efficient detection of lentiviral tagging of tri-lineage output from monoclonal hPSC 

As an initial proof of concept, we assessed lentiviral tag sharing in cells differentiated 

from a single transduced and expanded hPSC (Figure 3A). The undifferentiated monoclonal 

transduced hPSC line contained 25 distinct lentiviral tags, as determined by high-throughput 

lentiviral tag sequencing (Figure 3B). The tagged hPSC clone was subjected to mesoderm 

induction to generate a population of hEMP, which was then differentiated into hematopoietic, 

endothelial and mesenchymal lineages (Figure 3A). After two weeks, each of the three lineages 

was isolated by flow cytometry based on cell surface markers (Figure 1A). 

HTS of nrLAM-PCR products from each lineage was performed on an Illumina HiSeq. 

The same twenty-five tags were detected in DNA from the original expanded, undifferentiated 

PSC clone and from all three lineages that were generated from isolated hEMPs derived from 

the hPSC clone; no additional lentiviral tags were detected (Figure 3B). This experiment 

demonstrated the ability of the methodology to reliably detect lentiviral tags shared among 

multiple lineages differentiated from a tagged population of minimum complexity. 

 

Lentiviral tagging of polyclonal pluripotent populations and estimation of undersampling of 

shared tags  

We anticipated that even if the lentiviral system were applied to study a population of 

progenitor cells that were all multipotent, it would fail to fully detect all lentiviral tags in the 

multiple differentiated lineages of interest due to undersampling arising from practical 

limitations inherent in our experimental system, such as the infeasibility of collecting the 

genomic DNA of all cells in the culture vessel, of preparing sequencing libraries containing all of 

the lentiviral tags present in the isolated genomic DNA, and of sequencing all of the lentiviral 
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tags present in the sequencing libraries. In experiments attempting to detect the same clones in 

multiple cell populations, the impact of undersampling is amplified multiplicatively, leading to a 

dramatic underestimate of the frequency of sites shared between lineages.  

To illustrate this issue, we present a theoretical situation in which cellular populations of 

three target lineages all contain the same 100 lentiviral tags (Figure 4). Using an arbitrary 

scenario in which only 25% of the lentiviral tags were recovered and sequenced at random from 

each lineage (from compounded undersampling during processing), we can predict the expected 

number of shared tags between E, H, and M assuming independence in the detection events in 

the three lineages (Figure 4). Each tag has a probability of 0.25 of being detected in a single 

lineage, and only a probability of 0.252, or 0.0625, of being detected in two lineages. Therefore, 

the most likely result is that 6 tags would be detected in both the H and E lineages. This issue 

compounds with each population that is added to the analysis; in the case of three populations, 

the probability falls to 0.253, or only ~0.016; thus the most likely result is to detect only one to 

two shared tags of the 100 that are actually present. Interpreting such a result without 

considering the impact of sampling would lead one to conclude that most of the tagged cells 

were not multipotent, when in reality, all of them were. In this theoretical setting, the 

expectation can be calculated because of the initial assertion that 100 clones were present, but in 

an experimental setting, the total number of clones is not known. Repeated sampling will 

discover a larger proportion of lentiviral tags in the populations and thus increase the chance of 

detecting shared tags, but hundreds of sequencing runs would be needed to uncover the entire 

pool of lentiviral tags present in a highly complex population (Figure 5). This requirement is 

both technically and financially challenging to satisfy. 
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The issue of sampling has been well studied in the field of ecology, and has stimulated 

the development of various mark-recapture based statistical methods to address the “unseen 

species” problem. We chose to use one of these methods, the Chao2 estimator, to estimate the 

size of the sampling problem described above in our experiments. Whereas this estimator has 

been used previously in the context of viral tagging to estimate the number of tagged cells (Wang 

et al. 2010; Aiuti et al. 2013; Biffi et al. 2013), we go further by using these estimates to 

determine the degree of undersampling and calculate dataset-specific expectations. The Chao2 

estimator was chosen as it requires only presence/absence information for species in multiple 

samples taken from a population (Chao 1987) and is thus appropriate for use with sequencing of 

nrLAM-PCR based products. The Chao2 formula uses the frequency of observing rare tags 

detected only once (f1) or twice (f2) to estimate the number of unsequenced tags (Figure 6). We 

applied the Chao2 estimator to estimate the number of lentiviral tags in the parental population 

of the E, H and M lineages by repeatedly sampling DNA from the sorted lineages as well as 

from cells that could not be assigned to a lineage based on immunophenotype (“lineage 

negative”), which were also captured during FACS sorting. Estimates of the total tags in each 

hEMP transduction were subsequently used in our model to calculate expectations for tag 

sharing between the lineages (Figure 6).  

We first examined how important the consideration of sampling would be in a real 

experimental situation by genetically tagging a large population of hPSC, a cell population with 

known lineage potential (Figure 7A). In this experiment, the pluripotent hPSC clones were 

tagged before mesodermal commitment, and we therefore reasoned that they should individually 

be capable of producing cells of all three mesodermal lineages irrespective of whether the hEMP 

stage through which they differentiate is multipotent. Any inability to detect lentiviral tags 

92



shared between lineages in this experiment could therefore be attributed to technical limitations 

of the experimental system rather than an inherent restriction of lineage potential of the target 

cells.  

A pool of approximately 7 million hPSC was transduced and expanded briefly without 

selection (Figure 7A). The polyclonal pool of hPSC was then placed into mesoderm induction 

conditions from which hEMP were isolated at day 3.5, and then replated onto OP9 stroma for 

trilineage differentiation. After 14 days, hematopoietic (H), endothelial (E), mesenchymal (M) 

and lineage negative (CD45–CD31–CD73–) cells were isolated as separate populations by FACS, 

from which genomic DNA was isolated and subjected to nrLAM-PCR and HTS. Importantly, 

for each lineage, ten independent samples of the genomic DNA were taken for nrLAM-PCR, 

and each of these sequencing libraries incorporated a distinct sequencing index that allowed for 

post hoc determination of which lentiviral tags were detected in which samples. The estimated 

sample recovery after cell collection, lineage isolation by FACS, DNA isolation and nrLAM-

PCR library preparation was 2-9% of the initial input (Table 1), demonstrating the effect of 

compounded undersampling (as modeled in Figure 4).  

A total of 68,772 lentiviral tags were recovered from HTS of all samples from all three 

lineages. 142 of these were found in all three lineages, and 3,532 were found in only two lineages. 

The vast majority of tags (65,098) were found in only one lineage (Figure 7B). The Chao2 

estimator was applied to these data and the resulting “lower bound” for total lentiviral tags in the 

transduced hEMP population was used to calculate expected tag sharing between lineages 

(Figures 6, 7A, 8). We compared the observed number of shared lentiviral tags to these expected 

values and henceforth refer to these observed-to-expected ratios as “detection scores” (Figure 7A). 

The average detection score among all of the two- and three-lineage combinations was 0.7. The 
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detection scores for tags shared between endothelial-hematopoietic lineages (EH), endothelial-

mesenchymal lineages (EM) and hematopoietic-mesenchymal lineages (HM) were 0.5, 1.0 and 

0.5 respectively, and the detection score for tags shared among endothelial-hematopoietic-

mesenchymal lineages (EHM) was 0.7 (Figure 7C). These results from the transduction of 

polyclonal hPSC define the maximum expectation of the system and set a standard for 

comparison with datasets from our experiments with transduced mesoderm progenitors in which 

the existence of multipotent cells is unknown.  

 

Spurious tag sharing is rare with lentiviral tagging and FACS isolation strategy 

We next designed an assay to estimate the potential for erroneously identifying common 

lentiviral tags between two lineages that do not share a common origin. Such false positives 

could occur if the vector inserted into the same site in the genome in two or more independent 

events (Aiuti et al. 2013; Biffi et al. 2013), or if cells from one lineage contaminated cells of 

another lineage due to errors during FACS isolation. For example, if one hematopoietic cell 

contaminated the endothelial population, it would yield a shared lentiviral tag incorrectly 

indicating a bipotent hematopoietic-endothelial clone. 

To assess the magnitude of these two effects in our experimental system, three separate 

pools of hPSC were transduced, each with one of three lentiviral vectors expressing distinct 

fluorescent proteins (Figure 7D). Mesoderm progenitors were generated and isolated from each 

transduced pool and differentiated in parallel cultures into hematopoietic, endothelial and 

mesenchymal lineages. After 2 weeks, cells from the three differentiated cultures were mixed, 

and specific lineages were isolated by FACS with the added requirement that each lineage 

express a distinct fluorescent vector marker: mCitrine+CD31+CD73+CD144+CD45- 
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endothelial cells; mCerulean+CD73+CD31-CD45- mesenchymal cells; 

mStrawberry+CD45+CD31-CD73- hematopoietic cells. Because the hPSC that generated each 

lineage were transduced separately prior to differentiation and isolation, the differentiated 

lineages would not be expected to share any common tags. 

When the lentiviral tags were identified from each lineage, the numbers of shared tags 

between endothelial-hematopoietic (EH), endothelial-mesenchymal (EM) and hematopoietic-

mesenchymal (HM) lineages were 1, 6 and 23 out of a total of 5,464 tags sequenced, and no sites 

were shared between all three lineages (Figure 7E). These events produced an average detection 

score of 0.1 (Figure 7F). These negative control data demonstrate a clear distinction between 

false positive and true positive lentiviral tag sharing. False positives were predominantly seen in 

tags shared by the hematopoietic and mesenchymal lineages, with no false positive trilineage 

events (Figure 7EF). Hereafter, we use the detection scores from this experiment as a 

background cutoff/threshold for considering lentiviral tag sharing to be the result of biological 

events rather than technical artifacts. 

 

Lentiviral tagging reveals tripotent and bipotent progenitors within hEMP 

With the upper and lower limits of the experimental system defined, we applied the 

lentiviral tagging approach to interrogate the lineage potential of hEMP. hEMP were isolated at 

day 3.5 of mesoderm induction and then transduced with a single addition of lentiviral vector. 

After 12 hours, cells were washed and replated into trilineage differentiation conditions (Figure 

9A). Because lentiviral vectors continue to integrate into host DNA for at least 48 hours in 

culture (Butler et al. 2001; Brussel & Sonigo 2003; Munir et al. 2013) and because multipotent 

progenitors within the hEMP population might make fate decisions soon after transduction, we 
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chose to demarcate the window of lentiviral integration in our system. To this end, we performed 

experiments with or without the HIV-1 integrase inhibitor raltegravir added after 12 hours of 

transduction, the timing of which was established using the K562 erythroleukemia cell line 

(Figure 10).  

When lentiviral tags were sequenced from hematopoietic, endothelial and mesenchymal 

cells isolated from tagged and differentiated hEMPs (n=3 experiments), the detection scores 

were analyzed in comparison to the hPSC tagging experiments in Figure 4. Using an extreme 

value test, the negative control result (Figure 9C hollow dot) was found to deviate significantly 

from the detection scores from hEMP tagging (Figure 9C black dots). This indicates that tag 

sharing in the experimental samples was not detected by chance.  

Specifically, the detection scores of tag sharing in EHM, EH and EM in the negative 

control experiment were significantly lower than in the hEMP transduction experiments (p-

values 6x10-93, 3x10-6 and 0.04). Shared tags among all three lineages had an average detection 

score of 0.3 (n=3), compared with a detection score of 0.7 for hPSC. The detection scores 

between EH lineages and between EM lineages were 0.6 and 0.9, similar to the upper limits 

defined from tagged hPSC (0.5 and 1.0, Figure 9C yellow dots). This indicates that the hEMP 

differentiates through an EH and EM bipotent stage. On the other hand, the HM detection 

score in the negative control experiment was indistinguishable from the hEMP experiment 

scores (p=0.1), indicating that differentiation does not proceed through an HM intermediate 

stage. 

Addition of raltegravir to hEMP transduction decreased the total number of lentiviral 

tags but did not influence detection scores. By combining these methods of lentiviral tagging, 

HTS and quantitative analysis, we conclude that the day 3.5 hEMP population contains 

96



tripotent (EHM) progenitors that rapidly differentiate into bipotent EH and EM progenitors, 

and that strictly bipotent HM progenitors are not generated in this system (Figure 9D). 

 

Discussion 

Genetic labeling via heritable genetic barcodes, transposon insertions or retroviral 

integrations has long been informative in systems with low or moderate clonal diversity and 

extensive clonal amplification. Typically, these studies have been used to track long-term 

hematopoietic stem cell behavior after transplantation in either experimental models or clinical 

gene therapy trials (Brenner et al. 2006; Cartier et al. 2009; Gerrits et al. 2010; Candotti et al. 

2012; McCracken et al. 2013; Naik et al. 2013; Kim et al. 2014). The capacity of hematopoietic 

stem cells to self-renew in vivo after transplantation allows hematopoiesis to be sustained by 

relatively few clones, particularly after the initial burst of progenitor output has disappeared. 

Recent intriguing studies using transposon insertions and inducible genetic labeling to track 

endogenous murine hematopoiesis have revealed that a far greater clonal contribution during 

steady state is attributable to lineage-restricted progenitors than was inferred from 

transplantation models (Naik et al. 2014; Sun et al. 2014; Busch et al. 2015). The framework we 

have presented extends the capabilities of these approaches to cell populations that have much 

greater clonal complexity and/or little clonal amplification, due to either temporal or biological 

constraints. Unlike barcoding methods, the high complexity labeling strategy used here does not 

provide quantitative information on clone size (Gerrits et al. 2010; Lu et al. 2011; Naik et al. 

2013), but can nonetheless be used to interrogate a population of unknown multipotency.  

As a proof of concept, we examined a transient population of mesodermal progenitors 

derived from hPSC and demonstrated by lentiviral tagging that at least some of this population 

97



possess trilineage (hematopoietic, endothelial and mesenchymal) potential. The finding that 

trilineage detection scores from labeling of mesoderm progenitors were lower than those from 

labeling of pluripotent cells presumably reflects the shorter timeframe for clonal amplification 

from the progenitors and/or the possibility that tripotent progenitors are only a rare subset of the 

total progenitor population.  

Unlike genetic tagging of the pluripotent hESC, in which shared lentiviral tags were 

readily detected between any two given downstream lineages, genetic tagging of mesoderm 

progenitors revealed significant shared tags only between all three lineages (EHM) or between 

either endothelial and hematopoietic (EH), or endothelial and mesenchymal (EM) lineages. The 

level of lentiviral tag sharing between the hematopoietic and mesenchymal (HM) lineages was 

indistinguishable from the negative control (i.e. false positive events). This data lead us to 

conclude that hematopoietic and mesenchymal cells, while sharing a common tripotent 

progenitor with endothelial cells, do not branch off from a common bipotent (HM) progenitor 

but rather arise from mutually exclusive pathways downstream from the tripotent EHM.  

Studies based on dual-lineage colony formation assays from others independently confirm 

the lineage bifurcation pattern observed in our data. Modification of standard hematopoietic 

progenitor colony forming assays has led to identification of a common precursor for 

hematopoietic and endothelial cell (hemangioblast) (Choi et al. 1998; Huber et al. 2004; 

Kennedy et al. 2007) as well as for mesenchymal stem and endothelial cells 

(mesenchymangioblast) (Vodyanik et al. 2010). However, these reports did not identify the 

earlier tripotent stage of mesoderm because of the technical limitations of the clonal culture 

systems. 
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An additional insight from our findings is that endothelial specification occurs through 

two mutually exclusive pathways. It was recently shown that the hemogenic endothelium and the 

arterial vascular endothelium derived from hESC represent non-overlapping populations (Ditadi 

et al. 2015). However, the developmental origin of these two types of endothelium was not 

explored. Further studies will be needed to elucidate if endothelium from different clonal origins 

revealed in our system inherit distinct functional fates. 

We observed fewer shared lentiviral tags than initially expected from genetically tagged 

hPSC and found that this discrepancy can be explained by undersampling in this experimental 

system. Various mark-recapture approaches have been adopted in the gene therapy setting to 

estimate the size of the gene-corrected cell pool (Wang et al. 2010; Aiuti et al. 2013; Biffi et al. 

2013). We applied one of these methods, the Chao2 estimator, in a novel way not only to 

estimate the number of genetically tagged cells, but also to estimate and correct expectations for 

the magnitude of undersampling inherent in our HTS-based clonal tracking studies. Of note, 

even after use of the Chao2 method to estimate the number of undetected lentiviral tags within 

these large populations, the calculation of expected shared tags will most likely still be higher 

than observations. The Chao2 estimator for unseen species only guarantees a lower bound for the 

total number of species, meaning that the true number of species is always greater than or equal 

to the estimate. The lower bound of expected events also assumes a situation where species have 

a uniform abundance distribution, and in most experimental systems, clones amplify in a non-

uniform fashion. Furthermore, even though the nrLAM-PCR strategy used for HTS library 

preparation is less biased than previous methods, it still cannot amplify all lentiviral tags 

uniformly, and current technologies cannot sequence and map all lentiviral tags with uniform 

efficiency. The more different the species abundance distribution is from uniform, the lower the 
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Chao2 estimate will be relative to the true species count. In our model, underestimating the total 

number of species (N hat) leads to an over-estimation of our sampling (N2/N hat), which in turn 

yields a greater expected number of shared lentiviral tags (N hat1,2) in our calculations and a lower 

detection score.  

Additionally, our model assumes that clones proliferate sufficiently to populate all three 

lineages with their progeny. The number of cellular divisions that occur between genetic labeling 

and clonal fate decision is not known, and it is therefore possible that some clones do not 

populate all target lineages even though they have the biological potential to do so, or that a 

clone that initially populates a lineage is extinguished before the end of the experiment. Notably, 

this assumption is also problematic when analyzing the lineage output from of single cell cultures. 

A more thorough understanding of these technical and biological effects would extend the 

improvements in the interpretation of genetic labeling datasets made in the present study.  

As genetic labeling strategies and transplantation studies continue to become more 

efficient and sensitive, we anticipate that the consideration of sampling will become increasingly 

essential for the accurate interpretation of results. We believe that the quantitative framework 

presented here represents significant progress towards defining and addressing this need. 

Moreover, our strategy allows current clonal tracking methods to be extended to experimental 

systems in which only limited clonal amplification is possible, whether because of limited time 

for clonal expansion or because clones are actively transitioning and committing into different 

cellular fates at the time of genetic labeling. We propose that this approach also has potential 

applications beyond vector integration studies, for example in the tracking of subclones during 

the evolution of leukemia and other malignancies. 
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Figure 1. Generation of a human embryonic mesodermal progenitor population from hPSC with 
hematopoietic, endothelial and mesenchymal potential. (A) Flow cytometry analysis of EPCAM/CD326 
and NCAM/CD56 expression in undifferentiated hPSC and human embryonic mesoderm progenitors 
(hEMP) generated after 3.5 days of sequential morphogen induction with Activin A, BMP4, VEGF and 
bFGF. hEMP were FACS isolated as the CD326–CD56+ population. Further differentiation on the 
murine stromal line OP9 generated hematopoietic, endothelial and mesenchymal cells after 2 weeks. 
After exclusion of mCD29+ murine cells, the cell surface marker CD45 was used to define human 
hematopoietic cells. The endothelial lineage was isolated by the markers CD144+CD31+CD73+CD45-, a 
phenotype that defines non-hemogenic endothelium(Choi et al. 2012). The mesenchymal lineage was 
isolated by the markers CD73+CD31-CD45-CD144-. (B) Transcriptome comparison via RNA-Seq of 
hPSC and hEMP showed downregulation (blue) of pluripotency factors, upregulation (red) of mesoderm 
genes and changes in gene expression indicative of EMT. Both FDR < 0.01 and fold change > 2-fold 
were applied as filters. Color scale in the heatmap shows the relative expression for each gene using its 
min/max moderate expression estimates as reference. (C) Gene expression in hPSC (black) and hEMP 
(gray) showed marked upregulation of mesodermal genes enrichment in hEMP without ectoderm or 
endoderm gene expression. (D) Schematic of lentiviral tagging approach to interrogate lineage potential 
of hEMP. After mesodermal induction of hPSC, hEMP were isolated at day 3.5, and transduced with a 
lentiviral vector. For the purposes of illustration, three distinct lentiviral tags created by transduction are 
shown as “a,” “b” and “c.” These transduced hEMP were co-cultured on OP9 stroma with conditions 
supporting differentiation of hematopoietic, endothelial and mesenchymal cells; these lineages as well as 
lineage-negative cells were FACS isolated after two weeks (as in Figure 1A). Integration sites in each 
lineage (E, H and M) were identified by nrLAM-PCR followed by high throughput sequencing on an 
Illumina HiSeq. 
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Figure 2. nrLAM-PCR protocol used for HTS library preparation. Step 1: a biotinylated vector-specific 
primer is used to produce a short ssDNA containing the end of the vector with some flanking genomic 
sequence. Step 2: after 50 cycles of this linear amplification, biotinylated product is captured onto 
streptavidin-coated paramagnetic beads, and an ssDNA linker is ligated using an RNA ligase (CircLigase 
II). Step 3: a nested vector-specific primer is then used with a linker-specific primer containing a distinct 
index (barcode) for each sample to be sequenced in parallel. Products from multiple samples are then 
pooled, quantified via digital PCR, and sequenced on an Illumina HiSeq 2000. 
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Figure 3. Lentiviral tagging and HTS demonstrates trilineage mesoderm differentiation of monoclonal 
hPSC. (A) Schematic of monoclonal hPSC lineage tagging. A single transduced hPSC with 25 lentiviral 
tags was clonally expanded, induced to form embryonic mesoderm progenitors (hEMP) and differentiated 
into hematopoietic (H), endothelial (E), and mesenchymal (M) lineages, which were then isolated as 
separate populations by FACS and subjected to vector integration site analysis (VISA) by HTS. X is the 
set of all 25 lentiviral tags found in the initial hPSC clone. (B) Table listing all 25 lentiviral tags detected 
by HTS in the hPSC clone and the three lineages differentiated from hEMP generated from the hPSC 
clone, with chromosome, strand and position information. Checkmarks indicate that a particular tag was 
detected in the lineage indicated at the top of the column. Each row in schematic heatmap to the right 
represents a distinct lentiviral tag, equivalent to the rows of the table on left. A filled in box indicates the 
presence of that tag in the population, and the three populations (E, H and M) are annotated as green, 
red and blue colors respectively for clarity. Numbers in parentheses under each lineage label refer to the 
total number of tags found in each population, and numbers on the y-axis indicate the total number of 
tags found among all populations. All 25 lentiviral tags were detected as shared among the three lineages, 
as indicated in the table to the right of the heatmap. 
 

A

B

single hPSC
clone

hEMP

H

M

E

E+H+M

X = {1, 2, 3, . . . , 25}

XX

X
X

X

X

X

X

X

X
X

X

XX
X

X

X

X

X
expanded

E
(25)

H
(25)

M
(25)

EHM 25
EH 0
EM 0
HM 0

To
ta

l l
en

tiv
ira

l t
ag

s
(2

5)

Fig. 2

mesoderm

induction

differentiation

isolation

shared lentiviral
tags

104



 
  Fi

gu
re 

4. 
Th

eo
ret

ica
l e

ffe
ct 

of 
sam

pli
ng

 on
 sh

are
d l

en
tiv

ira
l ta

g d
ete

cti
on

. S
ch

em
ati

c h
eat

ma
ps

 ar
e s

ho
wn

 fo
r t

he
 th

eo
ret

ica
l s

cen
ari

o o
f a

 
po

pu
lat

ion
 in

 w
hic

h a
ll c

ell
s a

re 
mu

ltip
ote

nt 
an

d m
ark

ed
 by

 a 
tot

al 
of 

10
0 l

en
tiv

ira
l ta

gs.
 E

ach
 m

ult
ipo

ten
t c

ell
 go

es 
on

 to
 fo

rm
 en

do
the

lia
l (E

), 
he

ma
top

oie
tic

 (H
) a

nd
 m

ese
nc

hy
ma

l (M
) p

rog
en

y, 
an

d a
ll t

hr
ee 

lin
eag

es 
the

ref
ore

 co
nta

in 
all

 10
0 t

ag
s i

n t
he

 cu
ltu

re 
ves

sel
 (le

ft 
pa

ne
l). 

W
e s

ho
w 

ho
w 

the
 re

sul
ts 

of 
thi

s e
xp

eri
me

nt 
ap

pe
ar 

usi
ng

 a 
mo

de
l in

 w
hic

h o
nly

 25
% 

of 
tag

s a
re 

fou
nd

 fr
om

 ea
ch

 lin
eag

e b
eca

use
 of

 cu
mu

lat
ive

 
un

de
rsa

mp
lin

g d
uri

ng
 ce

ll a
nd

 D
NA

 pr
oc

ess
ing

. T
he

 ta
gs 

are
 un

sor
ted

 in
 th

e m
idd

le 
pa

ne
l to

 re
fle

ct 
the

 ra
nd

om
ne

ss 
of 

the
 sa

mp
lin

g; 
in 

the
 rig

ht 
pa

ne
l th

e s
am

e t
ag

s a
re 

sor
ted

 ac
co

rdi
ng

 to
 lin

eag
e t

o a
id 

vis
ua

liz
ati

on
. W

ith
 th

is 
de

gre
e o

f u
nd

ers
am

pli
ng

 (2
5%

), a
n a

ver
ag

e e
xp

eri
me

nt 
wi

ll o
nly

 
de

tec
t 5

8 o
f t

he
 10

0 l
en

tiv
ira

l ta
gs,

 on
ly 

15
 w

ill 
be

 sh
are

d b
y t

wo
 lin

eag
es,

 an
d m

ost
 im

po
rta

ntl
y, 

on
ly 

on
e t

ag
 w

ill 
be

 de
tec

ted
 as

 sh
are

d b
etw

een
 

the
 th

ree
 lin

eag
es.

 
 

 

E
(1

00
)

H
(1

00
)

M
(1

00
)

Total lentiviral tags
(100)

EH
M

10
0

EH
0

EM
0

H
M

0

D
N

A 
iso

la
tio

n
nr

LA
M

-P
CR

sa
m

pl
e 

25
%

E (2
5)

H (2
5)

M (2
5)

Total lentiviral tags
(58)

EH
M

1
EH

5
EM

5
H

M
5

E (2
5)

H (2
5)

M (2
5)

Total lentiviral tags
(58)

EH
M

1
EH

5
EM

5
H

M
5

Fi
g 

3.

sh
ar

ed
 le

nt
iv

ira
l

ta
gs

sh
ar

ed
 le

nt
iv

ira
l

ta
gs

sh
ar

ed
 le

nt
iv

ira
l

ta
gs

EH
M

EH
 

EM E H
M

H M

(1
)

(5
)

(5
)

(1
4) (5
)

(1
4)

(1
4)

un
so

rt
ed

 ta
gs

ta
gs

 so
rt

ed
 b

y 
lin

ea
ge

105



 
 
Figure 5. Rarefaction curve shows increased detection of shared lentiviral tags as sampling is increased. 
The rarefaction curve to detect shared lentiviral tags among 3 populations was modeled in silico. 
Assuming a multipotent progenitor population with 10,000 clones each marked by a single lentiviral tag, 
if only 5% of the total pool of progeny was sampled each time, approximately 100 samples would be 
needed to detect nearly all of the lentiviral tags shared by the three lineages. 
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The model we use for calculating expectations assumes that the sets of lentiviral tags in the 
lineages are all randomly and independently drawn from the set of tags in the hEMP population 
before differentiation. This random draw models chance fate decisions, cell sampling during 
sorting, genomic DNA sampling during isolation and library preparation, and sampling during 
sequencing. In the graphical example shown below, the size of the circle indicates the size of the 
set of lentiviral tags. Lineage a has more tags than lineage b, which has more tags than lineage c. 
All three sets are contained by the total set of tags in the hEMP population.  
 

 
 
We illustrate below how the expected numbers of shared lentiviral tags between lineages a and b 
(S hatab) would be calculated under this model using the Chao2 estimates N of the number of 
tags in the original tagged hEMP population : 
 

 
 
Figure 6. Graphical description of model used to calculate expected tag sharing. 
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Figure 7. Positive and negative control experiments to determine the maximal and minimal expectations 
for lentiviral tag sharing. (A-C) Positive control, and (D-F) negative control for clonal detection limits. 
(A) Schema of polyclonal hPSC tagging experiment performed to define upper boundary of detection. A 
pool of hPSC were transduced, expanded briefly without selection, and induced to become hEMP, which 
were then differentiated and analyzed via nrLAM-PCR and HTS. For each lineage, ten separate DNA 
samplings were taken for nrLAM-PCR and sequencing, with each sampling labeled by a unique barcode. 
These data were used for Chao2 estimation of total tag count in each lineage, and this information was 
used in our model to calculate a shared tag “detection score” (!= estimated total number of lentiviral tags, 
S=observed number of total tags, f1= number of tags observed only once, f2 = number of tags observed only 
twice). !1,2 = expected shared tags between population 1 and 2, N1,2 = observed shared tags between 
population 1 and 2 (see also Figures 6, 8 and Methods for Chao2 explanation and model). 
(B) Lentiviral tags identified in each lineage derived from a polyclonal pool of transduced hPSC. A total 
of 68,772 tags were detected in one or more lineage. Each horizontal line in the schematic heatmap 
represents a specific lentiviral tag and tags are clustered based on their presence in lineages; tags identified 
in two or more lineages are shown in the same horizontal position. The total number of tags sequenced 
from each lineage is listed in parentheses below the lineage label. 142 tags were shared among all three 
lineages. 2036, 502 and 994 shared tags were found between EH, EM and HM, respectively. The 
majority of tags (65,098) were detected in only one lineage, illustrating the compounded effect of 
sampling during cell harvest and sequencing preparation. (C) The numbers of expected shared tags were 
compared to the observed shared tags in the form of a detection score (observed/expected). The detection 
score for EHM, EH, EM, and HM were 0.7, 0.5, 1.0 and 0.5, respectively. Since hPSC are assumed to 
be pluripotent, the detection score between any set of lineages represents the maximum tag sharing one 
can detect in this experimental system. (D) Three separate pools of hPSCs were transduced with lentiviral 
vectors expressing distinct fluorescent markers and differentiated in parallel on OP9. The three pools of 
differentiated cells were combined, and each lineage was then isolated from this pool based on the sets of 
lineage markers (Figure 1A), each of which was paired with a distinct fluorescent marker (mStrawberry 
hematopoietic; mCitrine endothelium; mCerulean mesenchyme). This negative control served to 
determine the frequency of false clonal overlap by chance and sorting errors. (E) Only 1, 6 and 23 shared 
tags were found between EH, EM and HM, respectively and no tags were shared with all lineages 
(EHM). (F) The detection score for EHM, EH, EM, and HM were 0, 0.007, 0.3 and 0.1, respectively. 
These scores represent the false positive rate of tag sharing in this experimental system. 
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Figure 8. Example of how Chao2 formula is applied to estimate the “unseen” lentiviral tags. In a 
modeling experiment, four samplings (samples 1-4) are taken from a single DNA sample. Twenty 
lentiviral tags are detected among the four samplings, and tag detection in a particular sample is denoted 
by a filled-in cell in the table. Most tags are only detected in some samplings (only tag #8 is detected in all 
four samples). The Chao2 estimator equation only requires the total number of tags detected among all 
samplings (S=20), the number of tags detected in only one sampling (f1=12), and the number of tags 
detected in exactly two samplings (f2=3). In this example, the Chao2 method estimates that the total 
number of tags in the set (!) is at least 44, and therefore only 20 out of 44 or more tags were detected. 
  

total tags sequenced = 20

# tags present in exactly 1 sample = 12

# tags present in exactly 2 samples = 3

Supplementary Figure 3

111



 
  

hPSC hEMP

a

a

a

a

bb
b

b

cc
c

c

E+H+M

?

?

?

A

?

? ?

?

?

?

B

C

H

Experiment 1 Experiment 2 Experiment 3

E

M

E
(15308)

H
(6788)

M
(1019)

To
ta

l l
en

tiv
ira

l t
ag

s
(2

04
68

) EHM 34
EH 2234
EM 326
HM 19

E
(11565)

H
(5032)

M
(544)

To
ta

l l
en

tiv
ira

l t
ag

s
(1

50
76

) EHM 21
EH 1842
EM 152
HM 29

E
(6553)

H
(6351)

M
(4094)

To
ta

l l
en

tiv
ira

l t
ag

s
(1

66
51

) EHM 2
EH 99
EM 224
HM 20

Fig. 5

EHM

EH EM

H E E M

D

isolation

shared lentiviral
tags

shared lentiviral
tags

shared lentiviral
tags

EHM EH EM HM
0.0

0.5

1.0

1.5

Lineage Overlap

D
et

ec
tio

n 
Sc

or
e

hEMP
neg ctrl
pos ctrl

p=6e-93 p=3e-6 p=0.04 p=0.1

112



Figure 9. Lentiviral tagging of human embryonic mesodermal progenitors reveal subpopulations with 
bipotent and tripotent potential. (A) Experimental design to track clonal output of a pool of tagged 
mesoderm progenitors (hEMP) differentiated into hematopoietic (H), endothelial (E), and mesenchymal 
(M) lineages. (B) Data from three independent experiments showing number of lentiviral tags identified 
in each lineage. Experiment 1 was performed with the integrase inhibitor raltegravir added after 12 hour 
of transduction while experiments 2 and 3 were performed without raltegravir. The addition of raltegravir 
did not alter the detection score of shared lentiviral tags. (C) The detection scores from marking 
mesoderm progenitors are shown (black dots) as well as the maximum detection expectation (set by 
positive control, yellow dot) and the false positive rate (set by negative control, empty circle). The 
negative control detection scores for EHM, EH and EM tag sharing were significantly lower than the 
detection scores in the mesoderm progenitor tagging experiments (p-values 6x10-93, 3x10-6 and 0.04 
respectively for EHM, EH and EM). The HM detection scores were similar between the progenitor 
tagging experiments and the negative control (p-value=0.1). p-value calculation used an extreme value test 
performed using the cumulative distribution function of a normal distribution with mean and standard 
deviation calculated from progenitor experimental data. (D) Proposed model of the developmental 
potential of human mesodermal progenitor defined by unbiased lentiviral marking. During mesodermal 
differentiation from hPSC, a tripotent progenitor (EHM) with limited self-renewal ability rapidly 
generates either endothelial/hematopoietic progenitors (EH) or endothelial/mesenchyme progenitor 
(EM). The lentiviral tagging data do not support the existence of a bipotent HM progenitor. 
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Figure 10. Demarcating the lentiviral tagging window using an integrase inhibitor. The kinetics of 
lentiviral integration in the presence of raltegravir were tested in K562 cells. Raltegravir was added at 6, 
12, 24, 48 or 72h post transduction. Cells were then cultured for a total of 22 days to allow washout of 
unintegrated vector and then harvested for Vector Copy Number (VCN) analysis by qPCR (see methods). 
Raltegravir effectively blocked further insertion of viral DNA into the host genome when added from 6-
48 hours post transduction. Earlier addition of raltegravir led to progressively fewer vector copies in the 
transduced cells. 12 hours was chosen as the optimal time point as it created a brief window of lentiviral 
tagging while still allowing for integration of a significant number of tags. 
 
  

No RAL 6h 12h 24h 48h 72h
0

5

10

15

Time (post-transduction) of RAL addition

VC
N

VCN detected post RAL treatment
Supplementary Figure 5

114



 
 Fi

gu
re 

11
. T

he
 nu

mb
ers

 of
 se

qu
en

ce 
rea

ds
 ob

tai
ne

d f
or

 sa
mp

les
 an

aly
ze

d i
n t

he
 m

an
us

cri
pt.

 Fo
r e

ach
 sa

mp
le,

 th
ree

 or
 m

ore
 in

de
pe

nd
en

t 
nr

LA
M

-P
CR

s w
ere

 ge
ne

rat
ed

 an
d s

eq
ue

nc
ed

 by
 Il

lum
ina

 te
ch

no
log

ies
 to

 ob
tai

n >
1×

10
6  se

qu
en

ce 
rea

ds
. T

he
 se

qu
en

ce 
rea

ds
 w

ere
 th

en
 m

ap
pe

d t
o 

un
iqu

e c
hr

om
oso

ma
l lo

cat
ion

s w
ith

in 
the

 hu
ma

n g
en

om
e t

o p
rof

ile
 th

e l
en

tiv
ira

l ta
gs 

as 
de

tai
led

 in
 M

eth
od

s. (
En

do
: E

nd
oth

eli
al;

 H
em

: 
He

ma
top

oie
tic

, M
es:

 M
ese

nc
hy

ma
l; L

in 
ne

g: 
lin

eag
e n

eg
ati

ve 
cel

ls 
tha

t c
ou

ld 
no

t b
e a

ssi
gn

ed
 to

 E
nd

o, 
He

m 
or 

M
es 

ba
sed

 on
 im

mu
no

ph
en

oty
pe

)  
 

 

Su
pp

le
m

en
ta

ry
 F

ig
ur

e 
6

115



Supplemental Methods 

hPSC culture and mesoderm induction conditions 

The hPSC line H1 (WiCell, Madison, WI) was maintained and expanded on irradiated 

primary mouse embryonic fibroblasts (EMD Millipore, Billerica, MA). To induce mesoderm 

differentiation, hPSC colonies were cut into uniform-sized pieces using the StemProEZPassage 

tool (Invitrogen, Thermo Fisher Scientific, Waltham, MA), transferred into 6-well plates pre-

coated for 1 hour with Matrigel (growth factor reduced, no phenol red; BD Biosciences, San Jose, 

CA), and cultured initially in mTESR medium (Stem Cell Technologies, Vancouver, BC) until 

50–60% confluent (typically 3 days). To initiate differentiation, mTESR medium was replaced 

with basal induction medium X-Vivo 15 (Lonza, Walkersville, MD). Basal induction medium 

was supplemented with human growth factors activin A, BMP4, VEGF and bFGF for 3.5 days 

(all at 10 ng/mL; R&D Systems, Minneapolis, MN), with the inclusion of activin A only on day 

1 (“A-BVF” condition (Evseenko et al. 2010)). After mesoderm induction, CD326−CD56+ cells 

were isolated by fluorescence activated cell sorting (FACS) at day 3.5 (typically 5-10% of total 

population, Figure 1A) and placed onto OP9 stroma for further differentiation over the next 13 

days. 

 

Mesoderm progenitor differentiation in OP9 coculture 

To support simultaneous trilineage differentiation (hematopoietic, endothelial and 

mesenchymal), mesoderm progenitors (CD326−CD56+ cells) generated in the A-BVF 

mesodermal induction conditions were seeded at 25,000 cells/well into 6-well tissue culture 

plates, which had been pre-seeded with the murine bone marrow cell line OP9 (American Type 

Culture Collection, Manassas, VA) 1 day beforehand. Differentiation was carried out in EGM-2 
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complete medium (Lonza) with ALK 4/5/7 blocker SB-431542 (10µm, R&D Systems) during 

the first 7 days and then further supplemented with the following cytokines in the next 6 days: 

stem cell factor (SCF, 50 ng/mL); FMS-like tyrosine kinase-3 ligand (Flt-3, 5 ng/mL); 

thrombopoietin (TPO, 5 ng/mL); interleukin-3 (IL-3, 5 ng/mL) (PeproTech, Rocky Hill, NJ). 

During this 13-day differentiation period, half of the medium was changed every other day. At 

day 13, hematopoietic, endothelial and mesenchymal populations were isolated by FACS. 

 

Transduction of hPSC 

To transduce hPSC, cells were cultured in mTESR on Matrigel until 40-50% confluent. 

Vectors were diluted to 4x107 TU/mL in mTESR and 1 mL/well was added to the culture. 

Cultures were placed at 37 °C for 6 h. After 6 h, each well was further supplemented with 1.5 

mL of fresh mTESR. At 24h post transduction, mTESR containing vectors was fully replaced 

with fresh mTESR and maintained for two days before initiating the A-BVF mesodermal 

induction as described above. This vector dose yielded ∼50% transduction of hPSC based on 

FACS analysis of GFP expression in the derived hEMP cells (CD326–CD56+). 

 

Transduction of mesoderm progenitors (hEMP)  

CD326-CD56+ hEMP were FACS-isolated on day 3.5 of mesoderm induction and 

resuspended at a concentration of 3x105 cells/mL in EGM-2 complete medium supplemented 

with: 10 µM Rock inhibitor (Y27632 hydrochloride; R&D Systems), 10 µM SB-431542 (R&D 

Systems), 5 µg/mL fibronectin (BD Biosciences), 10 µg/mL gentamicin (Gibco, Thermo Fisher 

Scientific, Waltham, MA) and FUGW virus at 5x106 IU/mL; and transferred to 96 well U 
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bottom low cell binding plate (NUNC, Penfield, New York) at 50 µL/well (equivalent to 15,000 

cells/well). The plate was then centrifuged at 1,000 RPM for 5 min at 4°C. After centrifugation, 

cultures were placed at 37°C for 12 h and then aggregated cell colonies were carefully transferred 

onto OP9 for differentiation as described above. This vector dose yielded ∼80% transduction 

based on flow cytometry detection of GFP expression in cells after two week of hEMP 

differentiation. To limit further viral integration as hEMP began differentiation, integrase 

inhibitor (raltegravir, Merck & Co, White House Station, NJ) was added at 1 µM as soon as 

OP9 coculture was initiated and was supplemented throughout the 13 days of differentiation. 

 

K562 transduction  

K562 (American Type Culture Collection) cells were maintained in RPMI 1640 medium 

(Mediatech, Manassas, VA) supplemented with 10% heat-inactivated fetal bovine serum 

(Gemini Bio-Products, Sacramento, CA) and 1X Penicillin:Streptomycin solution (Gemini Bio-

Products). To determine how the timing of integrase inhibitor (raltegravir) addition affects 

integration number, K562 were transduced with FUGW at MOI 4 and raltegravir was added to 

the culture at 6 h, 12 h, 24 h, 2 d or 3 d post transduction. DMSO was used as a vehicle control. 

The transduced cells were cultured for three weeks and their genomic DNA was isolated to 

determine the vector copy number (VCN) per cell.  

 

Quantification of vector copy number (VCN) by droplet digital PCR 

Bio-Rad droplet digital PCR (ddPCR) was used for absolute quantitation of VCN in 

transduced cells without the requirement of copy number standards as in conventional qPCR. 
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Genomic DNA of transduced cells was isolated as described above and ddPCR was run using 

primers recognizing the vector packaging signal ψ (forward primer 

ACCTGAAAGCGAAAGGGAAAC, reverse primer CGCACCCATCTCTCTCCTTCT, 

and probe FAM-AGCTCTCTC-ZEN-GACGCAGGACTCGGC-Iowa Black FQ). VCN 

was normalized by the human syndecan 4 gene (SDC4) (forward primer 

CAGGGTCTGGGAGCCAAGT, reverse primer GCACAGTGCTGGACATTGACA, and 

probe HEX-CCCACCGAA-ZEN-CCCAAGAAACTAGAGGAGAAT-Iowa Black FQ) or 

uc378 (forward primer CGCCCCCTCCTCACCATTAT, reverse primer 

CATCACAACCATCGCTGCCT, and probe HEX-TTACCTTGC-ZEN-

TTGTCGGACCAAGGCA-Iowa Black FQ) 

ddPCR was carried out as described(Baldwin et al. 2015).  Briefly, 1.1µl of template gDNA was 

added to the ddPCR master mix containing ddPCR Supermix for Probes (Bio-Rad, Hercules, 

CA) and one unit of DraI enzyme (New England Biolabs, Ipswich, MA). Predigestion was 

carried out in the PCR reaction mixes for 1–2 h at 37°C before droplet generation with QX100 

Droplet Generator and thermal cycling on a T100 Thermal Cycler per manufacturer's 

instructions (Bio-Rad). The thermal cycling program conducted was: 95°C 10 m; 55 cycles of 

94°C 30 s, 60°C 1 min; 98°C 10 m. After the PCR was completed, the droplets were analyzed 

using a QX100 Droplet Reader (Bio-Rad). A no template negative control and a positive control 

genomic DNA with VCN 2 were used to assist gating. 

 

Flow cytometry and cell sorting 

Flow cytometry analysis was performed on LSRII or LSRFortessa and cell sorting on a 

FACSAria II (all from Becton Dickinson). Cultured cells were dissociated into single cell 
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suspension with Accutase (Innovative Cell Technologies, San Diego, CA) and 

immunofluorescence staining was performed with human- and mouse-specific monoclonal 

antibodies. Nonspecific binding was blocked with intravenous immunoglobulin (1%) (CSL 

Behring, King of Prussia, PA) before staining with fluorochrome-conjugated antibodies. The 

following antibodies were used for staining: CD45-PE-Cy7, CD73-PE, CD73-PE-Cy7, 

CD144-PerCP-Cy5.5 (all from BD Bioscience) and CD45-BV605, CD31-APC, CD326-

PerCP-Cy5.5, CD56-APC and mCD29-APC-Cy7 (all from BioLegend, San Diego, CA). 

Identification and isolation of lineages was performed using the following gating sequence: 

mCD29-APC-Cy7 was used to gate out murine cells. CD45-PE-Cy7 was used to gate the 

hematopoietic population (CD45+). From the non-hematopoietic compartment (CD45-), the 

CD31-APC and CD73-PE-Cy7 double positive population was first gated, and CD144-

PerCP-Cy5.5 positivity was then used to define the endothelial population (CD45–

CD31+CD73+CD144+). From the non-hematopoietic, non-endothelial compartment (CD45–

CD31–CD144–), the mesenchymal population was identified based on CD73-PE-Cy7 positivity 

(CD45–CD31–CD144–CD73+). Lineage negative cells were mCD29– cells that could not be 

assigned to a lineage based on immunophenotype (mCD29–CD45–CD31–CD73–). Unstained 

cells and fluorescence-minus-one (FMO) were used as controls for gating. Cell acquisition was 

performed using FACSDiva (Becton Dickinson) and the analysis was performed using FlowJo 

(Tree Star, Ashland, OR). Forward and side scatter (FSC/SSC) and 4',6-diamidino-2-

phenylindole (DAPI) (Invitrogen) were used to identify live cells. 
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RNA-Seq and analysis 

Total RNA from H1 cultured in mTESR medium (Stem Cell Technologies) and 

Matrigel (growth factor reduced, no phenol red; BD Biosciences) or mesoderm progenitors 

(CD326−CD56+ cells) generated in the A-BVF conditions was extracted with Trizol and 

purified using miRNeasy Mini Kit (Qiagen). 500ng-2ug of total RNA was input to generate 

cDNA using Nugen Ovation RNA-Seq System v2 and the sequencing libraries were generated 

using prepX DNA library enzyme kit (IntegenX Inc.) per manufacturer’s instructions. Paired-

end 100bp sequencing was performed on Illumina HiSeq 2000 with six samples multiplexed per 

lane. Raw sequence files were obtained using Illumina’s proprietary software and are available at 

NCBI’s Gene Expression Omnibus (accession number GSE69239). 

RNA-Seq reads were aligned using STAR v2.3.0 (Dobin et al. 2013). The GRCh37 assembly 

(hg19) of the human genome and the corresponding junction database from Ensemble’s gene 

annotation were used as reference for STAR. The count matrix for genes in the Ensembl 

genome annotation was generated with HTSeq-count v0.6.1p2 (Anders et al. 2015). DESeq 

v1.14.0 (Anders & Huber 2010) was used for normalization (using the geometric mean across 

samples), differential expression (to classify genes as differentially expressed, Benjamini-

Hochberg adjusted p-value < 0.01) and to compute moderate expression estimates by means of 

variance-stabilized data. Heatmaps were built with GENE-E 

(http://www.broadinstitute.org/cancer/software/GENE-E/) applying relative min/max 

normalization to moderate expression estimates.  
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nrLAM-PCR for lentiviral tag sequencing 

Genomic DNA was isolated from FACS-sorted cells using the PureLink Genomic DNA 

Mini kit (Invitrogen) or NucleoSpin Tissue XS kit (Clontech, Mountain View, CA), depending 

on starting cell number. 5µl of DNA (or a maximum of 75,000 lentiviral tags/reaction) was used 

as starting input for non-restrictive linear amplification-mediated PCR (nrLAM-PCR) 

(Paruzynski et al. 2010). For repeated sampling, four to ten independent nrLAM-PCR reactions 

were performed on the genomic DNA from each population. PCR primer sequences and 

conditions are found in Supplemental Methods Briefly, 50 cycles of linear amplification were 

performed using AccuPrime Taq (Life Technologies, Carlsbad, CA) with primer HIV3linear 

(biotin-AGTAGTGTGTGCCCGTCTGT). Linear amplification products were purified using 

1.5 volumes of AMPure XP beads (Beckman Genomics, Danvers, MA) and captured onto M-

280 streptavidin Dynabeads (Life Technologies). Captured single strand DNA was ligated to 

read 2 linker (5’Phos-AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3C 

spacer) using CircLigase II (Epicentre, Madison, WI) in a 10-µL reaction at 65° for 1 h. PCR 

was performed on these beads using primer HIVright PCR 

(AATGATACGGCGACCACCGAGATCTACACTGATCCCTCAGACCCTTTTAGT

C) and an appropriate indexed reverse primer (CAAGCAGAAGACGGCATACGAGAT-

index-GTGACTGGAGTTCAGACGTGT). 
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Key Points

• Delivery of ZFNs and donor
templates results in high levels
of gene correction in human
CD341 cells from multiple
sources, including SCD BM.

• Modified CD341 cells are
capable of engrafting
immunocompromised NSG
mice and produce cells from
multiple lineages.

Sickle cell disease (SCD) is characterized by a single pointmutation in the seventh codon

of theb-globingene. Site-specific correctionof the sicklemutation in hematopoietic stem

cells would allow for permanent production of normal red blood cells. Using zinc-finger

nucleases (ZFNs) designed to flank the sickle mutation, we demonstrate efficient

targeted cleavage at the b-globin locus with minimal off-target modification. By

codelivering a homologous donor template (either an integrase-defective lentiviral

vector or a DNA oligonucleotide), high levels of gene modification were achieved in

CD341 hematopoietic stem and progenitor cells. Modified cellsmaintained their ability to

engraft NOD/SCID/IL2rgnull mice and to produce cells from multiple lineages, although

with a reduction in the modification levels relative to the in vitro samples. Importantly, ZFN-

driven gene correction in CD341 cells from the bone marrow of patients with SCD resulted

in the production of wild-type hemoglobin tetramers. (Blood. 2015;125(17):2597-2604)

Introduction

Sickle cell disease (SCD) is one of the most common monogenic
diseases in the world, with.250 000 new patients each year.1 Caused
by a single point mutation in the seventh codon of the b-globin
gene, the disease is characterized by anemia and severe acute
painful crises with frequent hospitalizations, limiting the average
lifespan to just 36 to 40 years of age.2,3 The only currently available
cure for SCD is an allogeneic hematopoietic stem cell transplant;
however, very few patients have a fully matched donor available,
and those receivingmismatched transplantsmay suffer from immune
complications such as graft rejection or graft-versus-host disease.
Patients with SCD are candidates for autologous gene therapy:
correction of the patient’s own hematopoietic stem cells (HSCs),
followed by reinfusion of thosemodified cells with the goal of having
the treated patient produce functioning erythrocytes throughout life.
Several groups have performed nontargeted gene therapy for he-
moglobinopathies using lentiviral vectors, and although these ap-
proaches show promise, they carry risks of insertional oncogenesis
from semirandom vector integration.4-6 An ideal approach to gene
therapy for SCD would be to correct the canonical sickle mutation
in the DNA of a patient’s hematopoietic stem cells such that those

cells differentiate into erythroid cells that permanently produce wild-
type (WT) adult b-globin under the regulation of the endogenous
transcriptional control elements.

Zinc-finger nucleases (ZFNs) offer the ability to target genemodifi-
cation to specific genomic sites in cells. These chimeric endonucleases
are able, on dimerization, to create a double-strand break (DSB) in the
DNA. Two major cellular DNA repair mechanisms correct DSBs:
nonhomologous end joining (NHEJ) and homology-directed repair
(HDR). NHEJ repair can lead to the introduction of errors at the break
site, knocking out gene function (as is the goal with therapies for HIV
which target chemokine receptor type 5 [CCR5]).7,8 However, in the
presence of a homologous donor template, cells may perform HDR
using the donor template (typically the sister chromatid) to repair the
break.9,10 In this article, we refer to errant repair via NHEJ as “indels”
and DNA repair via HDR as “gene correction” (when the result is the
correction of the sickle mutation) or “gene modification” (when the
result is a change to the gene other than correction of the sicklemutation
to the WT base). In the case of gene correction for SCD, this would
involve codelivery of a normal segment of the b-globin gene spanning
the sickle mutation site in conjunction with the targeted nuclease,
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leading to HDR-mediated incorporation of theWT base in place of the
sickle mutation, thereby permanently correcting the cell’s genome.
Several groups have investigated the use of targeted nucleases for gene
correction or targeted insertion at theb-globin locus in cell lines, aswell
as induced pluripotent stem cells.11-15 However, to date, none of these
targeted nuclease-based approaches for SCD have been successful in
a clinically relevant cell source of hematopoietic stem and progenitor
cells (HSPCs).

Here, we show that engineered ZFNs can specifically target the
b-globin gene and induce high levels of DNA cleavage in CD341

HSPCs.When theZFNswere delivered alongwith either an integrase-
defective lentiviral vector (IDLV) or an oligonucleotide (oligo) donor,
they efficiently effectedgene correction at theb-globin locus inHSPCs.
Genome-wide evaluation of ZFN specificity revealed off-target
cleavage only in the highly homologous and functionally dispens-
able d-globin gene. We demonstrate that ZFN and donor-modified
CD341 cells are able to differentiate into erythroid, myeloid, and
lymphoid cell types, both in vitro and in vivo, when engrafted into
immune-deficient NOD.Cg-PrkdSCIDIl2rgtm1Wjil/SzJ (NSG) mice.
Finally, we achieved targeted gene correction of the sicklemutation
in bone marrow (BM) CD341 cells from SCD patients leading to
the production of WT hemoglobin (HbA). This work demonstrates
site-specific gene correction usingZFNs inHSPCs and provides the
groundwork for a potential therapy to treat SCD.

Materials and methods

All human BM samples from volunteer donors with SCD have been used
followingUniversity of California–LosAngeles (UCLA) institutional review
board protocol 10-001399with written informed consent, in accordance with
the Declaration of Helsinki. Use of umbilical cord blood collected at normal
births was deemed exempt from Institutional ReviewBoard review because it
was anonymousmedical waste. All workwithmicewas done under protocols
approved by theUCLAAnimal Care Committee. See supplementalMaterials
available on the BloodWeb site for additional methods.

Electroporation and transduction

CD341 cells were thawed at 37°C, washed in Iscove’s modifiedDulbecco’s
medium (Life Technologies) supplemented with 20% fetal bovine serum
(Gemini Bio-products) and 13 glutamine, penicillin, and streptomycin
(Gemini Bio-products) and prestimulated for 48 hours in X-VIVO15medium
(Lonza) containing glutamine, penicillin, streptomycin, 50 ng/mL stem cell
factor, 50 ng/mL fms-related tyrosine kinase 3 ligand (Flt3-L), and 50 ng/mL
thrombopoietin (Peprotech). For electroporation, 200 000 cells per reaction
were spun at 90g for 15 minutes, resuspended in 100 mL of BTXpress buffer
(Harvard Apparatus), mixed with indicated amounts of ZFN mRNA and/or
oligonucleotide as applicable, and pulsed once at 250 V for 5 milliseconds in
the BTX ECM 830 Square Wave Electroporator (Harvard Apparatus). Fol-
lowing electroporation, cells rested for 10 minutes at room temperature be-
fore the addition of culturemedium and transfer to plates in a total of 500mL.
The donor IDLV was present in the final culture medium following electro-
poration at the concentrations described for appropriate samples and washed
out the following day.

Gene modification and Surveyor Nuclease assay

The Surveyor Nuclease assay (Cel-1) was used to determine ZFN-induced site-
specific allelic disruption.A410-bp region surrounding theZFNbinding sitewas
polymerase chain reaction (PCR) amplified from 200 ng of genomic DNAusing
Cel1Fwd (59-gacaggtacggctgtcatca-39) and Cel1Rev (59-cagcctaagggtgggaaaat-
39) using Accuprime Taq Hi-Fi (Life Technologies). Denaturation, reannealing,
digestion, and electrophoretic and densitometry analysis were completed as
previously described.16

Site-specific gene modification was detected by restriction fragment length
polymorphism (RFLP). A 1.1-kb region outside of the homologous donor
template region was PCR amplified (primers described in supplemental
Materials andMethods). Toquantify genemodification atHhaI, a quantitative
PCR-based assaywas used. A set of 2 PCR reactionswas performed using the
1.1-kb PCR product described above as a template. The unpurified PCR
template was diluted 1:5000, of which 1mLwas used in each of the following
25-mL reactions. The first PCRwas performed to amplify modified genomes,
using primers HhaIFwd (59- gaagtctgccgttactgcg-39) and HhaIRev (59-ccc
agtttctattggtctcc-39). The second PCR was performed to normalize the input
template using primers ExonIIFwd (59-ctcggtgcctttagtgatgg-39) and ExonIIRev
(59-gactcaccctgaagttctc-39). Both of these PCRsweremade quantitative using
Power SYBR Green PCR Master Mix (Life Technologies) and acquired on
ViiA7 (Life Technologies). Frequency of gene modification was determined
using the Ct (cycles to threshold) difference between the 2 reactions and a
plasmid standard curve.

Globin paralogs were PCR amplified and deep-sequenced on an Illumina
MiSeq machine. The primers used for PCR are as follows: HBB, 59-acacgac
gctcttccgatctnnnngggctgggcataaaagtcag-39 and 59-gacgtgtgctcttccgatcttccaca
tgcccagtttctatt-39; HBD, 59-acacgacgctcttccgatctnnnntaaaaggcagggcagagtcga-
39 and 59-gacgtgtgctcttccgatctacatgcccagtttccatttgc-39; HBE1, 59-acacgacgctc
ttccgatctnnnnctgcttccgacacagctgcaa-39 and 59-gacgtgtgctcttccgatcttcacccttcatt
cccatgcat-39; HBG1 and HBG2, 59-acacgacgctcttccgatctnnnnggaacgtctgagg
ttatcaat-39 and 59-gacgtgtgctcttcc gatcttccttccctcccttgtcc-39. HBG1 and HBG2
were coamplified, and sequence reads were assigned to eitherHBG1 orHBG2
using locus-specific single nucleotide polymorphisms within the amplicon.
Mixed bases within the forward primers allow for cluster deconvolution during
sequencing.

Transplantation of cord blood and mobilized peripheral blood

CD341 cells into NSG mice

To evaluate the IDLV donor approach, fresh cord blood (CB) CD341 cells
from multiple healthy individuals were prestimulated for 2 days before
being electroporated with ZFN mRNA and transduced with donor IDLV
(23 107 TU/mL; multiplicity of infection [MOI]5 50). The prestimulation
medium consisted of X-VIVO15 media (Lonza) containing glutamine,
penicillin, streptomycin, 50 ng/mL stem cell factor, 50 ng/mL Flt-3L, and
50 ng/mLTPO (Peprotech). Following1 dayof recovery, 13106 viable cells
in PBS (Corning) with 0.1% bovine serum albumin (Sigma) were trans-
planted by tail-vein injection into 6- to 8-week-old NSG mice (The Jackson
Laboratory) after 250-cGy total body irradiation. Control samples consisted
of CD341 cells that were cultured in parallel but not exposed to mRNA,
electroporation, or IDLV (mock-treated). Small aliquots were cultured in vitro
for multiple analyses. Mobilized peripheral blood (mPB) samples were frozen
1 day following electroporation, thawed at a later date, and allowed 1 day of
recovery before transplantation as above by tail-vein injection into 6- to
8-week-old NSGmice. The number of mice transplanted for each experiment
was determined based on available source material (cells in each arm) at time
of injection. Final tissue analysis for genemodification rates (high-throughput
sequencing) was completed in a blinded manner.

Results

ZFNs efficiently cleave the b-globin locus

ZFNsweredesigned to target the sicklemutationof thehumanb-globin
locus (Figure 1A; supplemental Table 1). Electroporation of in vitro
transcribedmRNAencoding the ZFNs intoCD341HSPCs isolated
from both human umbilical CB and mPB resulted in effective cleav-
age of the target locus, as determined by the SurveyorNuclease assay
(Figure 1B). The ZFNs were able to induce 35% to 65% allelic dis-
ruption at the b-globin locus depending on the cell type (supple-
mental Table 2).
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ZFNs drive high levels of gene modification at the

b-globin locus

Following successful cleavage at the targeted b-globin locus, we
sought to determine whether correction of the sickle base at this site
was possible using a homologous donor template. To this end, 2 types
of gene correction templates were designed and tested in parallel:
a short DNA oligo and an IDLV. The 1.1-kb human b-globin gene
fragment donor template cloned into the IDLV was designed to in-
clude the corrective change at the sickle mutation, as well as a silent
RFLP to create a HhaI restriction site for surrogate analysis of ho-
mologous recombination (Figure 1C). The donor template was de-
livered by IDLV, allowing for efficient transduction of CD341

HSPCs with minimal cytotoxicity, transiently producing high tem-
plate copy numbers with minimal genomic integration17 (supplemen-
tal Figure 1). Genemodification levels in theCD341 cells treatedwith
the ZFN plus the IDLV donor were initially determined by the HhaI
RFLP digestion (Figure 1D) and a quantitative PCR-based (qPCR)
assay in an average of 18.0 6 2.2% of alleles (Figure 1E). Optimi-
zations of ZFN mRNA and IDLV donor concentrations were
performed (supplemental Figures 2 and 3) and demonstrated the
importance of titrating the ZFN reagents in the cell type of interest
to achieve high-level modification while maintaining cell numbers
and viability.

Useof anoligonucleotide as agenemodification/correction template
would have advantages of speed, cost, reproducibility, and ease of
experimentation.18 Initial experiments using an oligonucelotide
donor template in HSPCs from mPB introduced a 3-bp sequence
designed to create an AvrII RFLP in the b-globin gene (HBB) and
yielded 15% gene modification (Figure 2A-B). To refine the use of

oligo donors, a panel of oligonucleotides was tested (supplemental
Table 3) corresponding to one or the other strand and of symmet-
rically increasing length centered on the ZFN cleavage site. Use
of longer reverse-strand oligonucleotides gave the highest level of
gene modification (supplemental Figure 4). Because gene modi-
fication or correction at the SCD mutation site will not change the
sequence or spacing of the ZFN binding sites, silent mutations were
designed into the donor template and cointroduced into the chro-
mosome to prevent or reduce ZFN binding and recleavage of
modified alleles. Use of reverse-strand donors is compatible with
introduction of silentmutations at the 39ZFNbinding site (Figure 2C).
Various combinations of silent mutations were introduced into the
donor oligo, and the frequency of gene modification was assayed.
The combination of silent mutation sites (SMSs) 1 and 2 (SMS12)
yielded the highest level of gene modification and was used in all
subsequent experiments (Figure 2D). The inverse relationship be-
tween gene-modified alleles and modified-then-recleaved alleles
suggests that the SMSdonors indeed serve to blockZFN recleavage
(Figure 2E). Examination ofHBB transcripts in HSPC pools and in
burst-forming unit, erythroid colonies found no evidence for alter-
ation of splicing of mRNA from any SMS allele (data not shown).
Comprehensive analysis of molecular outcomes at b-globin after
treatment with ZFNs and the SMS124 donor revealed only minor
levels of unexpected DNA repair events such as those from a com-
bination of homology-directed and NHEJ-based gene modification
(1.5%) or from NHEJ-based capture of the oligonucleotide (0.4%;
Table 1). Finally, the overabundance of partial homology-directed
gene modification events (SMS12 vs SMS24) lends strong support
to the idea that new DNA synthesis during oligonucleotide-templated

Figure 1. Cleavage and correction at the b-globin locus in CD341 cells using an IDLV donor. (A) A portion of exon I of b-globin showing the ZFN target site (underlined)
atop the start codon (bold) and the location of the sickle mutation (bold, italic). (B) Representative gel showing targeted cleavage at the b-globin locus in CB CD341 cells. Cells
were analyzed 3 days after electroporation with in vitro transcribed mRNA encoding the ZFNs. Mock represents untreated CD341 cells. Arrows indicate cut bands following

PCR amplification and digestion with Surveyor Nuclease. (C) Schematic of site-specific gene correction at the sickle mutation. Details of the donor construct and resulting
genomic DNA on cleavage by ZFNs and repair by HDR. Location of sickle mutation and HhaI RFLP (asterisk) is indicated. Translated regions of exons to scale, introns, and

59 untranslated region not to scale. (D) Representative RFLP gel for targeted gene modification of b-globin. CB CD341 cells were electroporated with in vitro transcribed ZFN
mRNA and transduced with donor IDLV. Cells were harvested 4 days after treatment, PCR amplified from outside the donor region, digested with HhaI enzyme, and resolved
on an agarose gel. Arrow shows cleaved product, indicating incorporation of the RFLP into the genome at the target site. (E) Gene modification percentages in CD341 cells.

CB CD341 cells were electroporated with in vitro transcribed ZFN mRNA (10 mg/mL) and transduced with donor IDLV (2 3 107 TU/mL). Cells were harvested 3 days after
treatment and PCR amplified from outside the donor region, and qPCR was completed with primers designed to specifically detect the incorporation of the silent base change
generating the HhaI RFLP and normalized to primers binding in exon II of the b-globin locus in the amplicon (n 5 4 for all conditions). Error bars, mean 6 standard deviation.
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genemodification occurs using the left-hand 39 single-stranded end
of the resected DSB (supplemental Figure 5A-B).19 Optimal com-
binations of ZFNs, oligonucleotide, and HSPC donor allowed gene
modification of 30% to 40% of alleles (Figure 2F).

Thus, ZFNs are able to induce both high levels of targeted DSBs as
well as high levels of site-specific genemodification in primaryHSPCs
when delivered alongside a homologous donor template.

Comprehensive ZFN specificity assessment

Becauseb-globin has highhomology to other globin genes (d-, e-,Ag-,
Gg-, and pseudo-b-globin), the ZFNs were designed to avoid cleavage
in these regions (supplemental Figure 6A). Cleavage rates at homol-
ogous globin genes were assayed using the Surveyor Nuclease assay
and by high-throughput DNA sequencing. Analysis of each of these
regions revealed off-target modification at only the highly homologous
d-globin gene in mPB, CB, and SCD BM CD341 cells (supplemental
Figure 6B-C; supplemental Table 2).

Wecomplemented these direct tests of off-targetZFNcleavagewith
a more comprehensive, unbiased genome-wide approach to identify

off-target sites.Thisassay isbasedonthepropensityofanonhomologous
IDLV to be captured at the sites of DSBs and uses downstream
clustered integration site analysis (CLIS) of the integrations in
K562 cells, selected for their permissiveness to IDLV capture.20

As predicted, the CLIS analysis revealed trapping at b-globin and
d-globin (supplemental Figure 7; supplemental Table 4). No other
putative off-target sites in the CLIS analysis that had significant
homology to the ZFN binding sites were found. These results dem-
onstrate the high level of specificity of this pair of ZFNs to their in-
tended target site on a genome-wide scale.

Figure 2. Correction at the b-globin locus in CD341 cells using an oligonucleotide donor. (A) Schematic of oligonucleotide-directed gene modification. The top

sequence is the genomic DNA of the b-globin locus with the site of the sickle mutation in bold and italicized. The sequence of the modified locus is shown on the bottom with
the inserted bases shown in italics. (B) Gene modification in mPB CD341 cells with an oligonucleotide donor. PAGE of an AvrII-digested PCR amplicon of the b-globin locus.

The fragment contains a native AvrII site, cleavage of which serves as an internal control for AvrII digestion (the lower band on the gel). Arrows indicate AvrII cleavage
products. (C) Six possible sites of silent mutation in the SBS 33501 ZFN binding site. Sickle mutation italicized in bold, and all possible silent mutation sites are in bold
(including those not discussed). (D) Silent mutations increase gene modification at b-globin. mPB CD341 cells were transfected with ZFNs (30 mg/mL) and the indicated donor

oligonucleotide (3 mM). Introduction of the relevant silent mutation was assayed via high-throughput sequencing. White bars indicate gene modification; gray bars indicate
indels. (E) Silent mutations block ZFN recleavage. Alleles with indels were examined for evidence of homology-mediated modification. Shown are the percentages of alleles
with gene modification that also have evidence of NEHJ-driven indels. (F) Optimization of ZFN concentration and donor type. NHEJ-driven indels (gray bars) and gene

modification (white bars) were assayed by high-throughput DNA sequencing. Given the depth of high-throughput DNA sequencing, measurement error is expected to be very low.

Table 1. Molecular outcomes from treatment of HSPCs with ZFNs
and an oligonucleotide donor

Outcome Frequency (%)

No change 46.1

NHEJ-mediated deletions 30.5

Oligonucleotide-templated gene modification 18.8

NHEJ-mediated insertions 2.8

Half gene modification, half NHEJ 1.5

Capture of the donor oligonucleotide 0.4
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In vitro differentiation of modified HSCs

To ensure that gene-modified HSPCs were capable of a normal broad
spectrum of erythroid and myeloid differentiation, treated cells were
assayed both as single cells and in bulk culture. Single cells were mon-
itored for colony-formingpotential inmethylcellulosemediumcontain-
ing cytokines that promote HSPC differentiation. HSPCs treated with
either ZFNs alone or treated with ZFNs and an oligonucleotide donor
generated similar numbers and patterns of erythroid and myeloid
clones (supplemental Figure 8). Genotyping of individual erythroid
colonies confirmed the presence of the intended modifications at the
expected frequency (data not shown). In addition, HSPCs were
induced to differentiate to red blood cells in bulk culture.21 Cells
were sampled throughout red blood cell differentiation, and the
frequency of modified cells was measured by high-throughput DNA
sequencing. Consistent with the single cell analysis of erythroid
colonies grown in methylcellulose, essentially no change in the
frequency of modified cells was found during differentiation to red
blood cells in bulk culture regardless of the starting level of gene
modification in the pool (supplemental Figure 9A). In a parallel
experiment, we converted 14% of b-globin alleles to the sickle
form (HbS) and assayed the globin chains present after 18 days of
erythroid differentiation by high-performance liquid chromatog-
raphy (HPLC). Approximately 18% of the hemoglobin produced
by these cells was HbS, demonstrating the impact of the gene mod-
ification event at the protein level (supplemental Figure 9B).

Engraftment in NSG mice

To determine whether the ZFN-modified cells maintain their hemato-
poietic repopulating capacity, ZFN- and IDLV donor-treated or mock-

treated HSPCs were xenografted into immune-deficient NSGmice. As
with the in vitro studies described thus far,WT cells are modified using
donor templates containing the sickle mutation as a reverse model to
allow for tracking of modified cells. Parallel culture of the cells in vitro
showed that gene modification rates ranged from 5% to 20% by qPCR
RFLP analysis, with a mean value of 14.56 6.4% (Figure 3A). High-
throughput sequencing revealed 10.5 6 4.0% of alleles contained the
exchanged base at the sickle location with insertions or deletions
(indels) seen in32.069.9%(Figure 3B). In addition, the hematopoietic
potential of these cells was evaluated in an in vitro colony-forming
assay; the cellsmaintained their broad spectrum colony-forming ability
relative to untreated mock samples in all analyzable lineages (supple-
mental Figure 10A).

To evaluate HSPCs modified with the oligonucleotide donor
(SMS12s as in supplemental Table 3), mPB CD341 cells were
electroporated with mRNA encoding the ZFNs and the donor tem-
plate oligonucleotide. Control samples consisted of cells treated only
with oligonucleotide or only with ZFNs. Analyses of samples cul-
tured in vitro revealed 17% genemodification and 20% indels before
transplant (Figure 3C); parallel samples plated in methylcellulose
medium demonstrated that cells treated with both ZFNs and a donor
oligonucleotide maintained their colony-forming potential (supple-
mental Figure 10B).

At 5 and 8 weeks after injection, the transplanted mice were eval-
uated for engraftment of human HSPCs measured as the percentage of
human CD451 cells of total CD451 cells, both human and murine.
Engraftment levels of ZFN and IDLV-treated HSPCs were compa-
rable to those of untreated controls with an average of 14.86 11.4%
at week 5 and increased to 45% at week 8 (Figure 3D). Lineage
analysis (CD3 for T cells, CD33 for myeloid cells, CD34 for HSPCs,

Figure 3. Transplantation of ZFN and donor-treated

cells into NSG mice. (A) Gene modification rates of
bulk transplanted cells treated with ZFN1IDLV and
cultured in vitro as determined by qPCR for the RFLP

at 7 days after electroporation. Mock cells are un-
treated (n 5 3 independent experiments). (B) Modifi-
cation at the sickle base evaluated by high-throughput

sequencing for ZFN1IDLV-modified CD341 cells.
Results of sequencing of the b-globin locus showing

percentage of total aligned reads containing the
changed wild-type to sickle base (T), as well as
insertions and deletions (indels) at the cut site. Same

samples as in A. Changed base, white; indels, gray.
(C) CD341 cells were electroporated with Oligo, ZFN,
or ZFN1Oligo and cultured in vitro before trans-

plantation into NSG mice. Modification rates at the
sickle base and indels are shows as in B (n 5 1

experiment). (D) Engraftment in the peripheral blood of
transplanted mice at 5 and 8 weeks after transplant.
Human engraftment determined as a percentage of

hCD451 cells out of the total hCD451 and mCD451

cells by flow cytometry of cells from mice receiving
either mock- or ZFN1IDLV-treated cells. Mock, open

diamonds; ZFN1IDLV, closed diamonds. (n 5 3
independent experiments; mock, n 5 5; ZFN1IDLV,
n 5 12; unpaired t test). (E) Engraftment in the periph-

eral blood as in D of cells from mice receiving either
Oligo-, ZFN-, or ZFN1Oligo-treated cells. Oligo, circles;

ZFN, triangles; ZFN1Oligo, diamonds (Oligo, n 5 8;
ZFN, n 5 7; ZFN1Oligo, n 5 9); 1-way analysis of
variance. n.s., not significant. *P , .05, **P , .01. Error

bars, mean 6 standard deviation.
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CD19 for B cells, and CD56 for natural killer cells) of the peripheral
blood of the mice was as expected in this model22 (supplemental
Figure 11A). Analysis of the human cells in mice receiving cells
treated with both ZFN and an oligonucleotide donor revealed an
HSPC differentiation spectrum similar to that of the ZFN and IDLV-
treated HSPCs, although with lower engraftment levels in mice
receiving cells treated with the oligonucleotide or ZFN and oligonu-
cleotide (Figure 3E; supplemental Figure 11B).

Mice were euthanized at 16 weeks after transplant to allow for
evaluation of human cell engraftment and genemodification levels. For
the mice receiving ZFN- and IDLV-treated cells, evaluation of the PB
revealed high levels of engraftment and expected lineage distribution
(supplemental Figure 12A-B). Analysis of the BM compartment was
similar (supplemental Figure 13A-B). Likewise, in mice that re-
ceived cells treated with both ZFNs and oligonucleotide, engraft-
ment levels and lineage distribution were similar to those seen in the
cohort of mice receiving ZFN and IDLV-treated HSPCs in the PB
and BM (supplemental Figures 12C-D and 13C-D).

To determine whether the human cells present in the mice were
modified by the ZFN reagents, genomic DNA was isolated from BM
and spleen tissues of each mouse, and the human b-globin gene was
interrogated. Sequence analysis of the tissues of mice receiving ZFN-
and IDLV-treated cells revealed the presence of gene modification
in these mice, although at a lower frequency (0.21 6 0.39% and
0.27 6 0.31% for BM and spleen, respectively) than the 10.5%
genemodification levels observed for input cells (Figure 4A). Analysis
of the indels caused byNHEJ revealed higher levels of changes than by
HDR,with 4.86 7.8%of all sequence reads from theBM-containing
indels and 3.86 3.7% from the spleens (Figure 4B).

Genomic analysis of the BM and spleens of mice receiving ZFN-
and oligonucleotide-treated cells bearing 17.3% gene modification
at the sickle base and 19.8% indels in the bulk population prior to
administration also demonstrated maintenance of gene modification.
DNA from these tissueswas subjected to high-throughput sequencing,
revealing 0.856 0.81% and 2.116 1.19% targeted genemodification

in the BM and spleen, respectively (Figure 4C). Assessment of the
indels in these tissues showed levels of 3.346 2.65% in the BM and
5.86 6 2.30% in the spleen (Figure 4D). These results demonstrate
that CD341 cells that have undergone site-specific DNA cleavage by
ZFNs and homology-directed gene modification are capable of en-
grafting and undergoing multilineage differentiation.

Gene correction in sickle BM

Because patients with SCD are not candidates for stem cell mobiliza-
tion with granulocyte colony-stimulating factor,23 we obtained CD341

HSPCs from BM aspirates of these patients. Site-specific gene correc-
tionwas performed usingZFNmRNAand the IDLVdonor. Cellswere
placed in an erythroid expansion medium and subsequently differen-
tiated using an established method24,25 (supplemental Figure 14A). In
addition, a portion of the cells were evaluated for their colony-forming
potential. The cells treatedwithZFNand IDLVshowedmodestly lower
(35%) colony-forming ability comparedwith mock, nonelectroporated
control samples (supplemental Figure 14B-C).

Following the initial erythroid expansion (but before enucle-
ation), cells were harvested for genomic analysis. Deep sequencing
showed correction of the SCD mutation in 18.46 6.7% of the reads
(Figure 5A). Additionally, sequencing confirmed that most alleles
containing the correction of the SCD mutation also contained a base
change at the HhaI location, indicating that the majority of HDR-
driven events encompass at least the 22-bp distance between those
2 bases. Following the conclusion of the erythroid culture, samples
were collected for analysis of the globin tetramers by HPLC
(Figure 5B). The presence of anHbApeak in erythroid cells derived
from the ZFN- and IDLV-treated samples demonstrates that the
gene correction led to functional conversion of thebS allele to abA
allele. No such peak was seen in erythrocytes derived from mock-
treated cells. The HbF peak showed a relative increase due to the
decrease in the HbS peak (as a result of ZFN-mediated allelic
disruption) in ZFN-treated samples. The relative induction of HbA

Figure 4. Gene-modified cells persist in NSG mice. (A) Gene modification rates in the bone marrow and spleen of transplanted mice at 16 weeks in cells from mice
receiving either mock- or ZFN1IDLV-treated cells. High-throughput sequencing of the b-globin locus showing percentage of total aligned reads containing the modified base

at the sickle mutation. Mock, open diamonds; ZFN1IDLV, closed diamonds; unpaired t test. (B) Sequencing of the b-globin locus showing insertions and deletions (indels) at
the cut site as a percentage of total aligned reads. Mock, open diamonds; ZFN1IDLV, closed diamonds (n 5 3 independent experiments; mock, n 5 5; ZFN1IDLV, n 5 12);
unpaired t test. (C) Modification at the sickle base in cells from mice receiving either Oligo-, ZFN-, or ZFN1Oligo-treated cells as described in A. (D) Sequencing results for

indels of cells from mice receiving either Oligo-, ZFN-, or ZFN1Oligo-treated cells as in B. Oligo, circles; ZFN, triangles; ZFN1Oligo, diamonds (Oligo, n 5 8; ZFN, n 5 7;
ZFN1Oligo, n5 9); 1-way analysis of variance. n.s., not significant; asterisk indicates significance: *P, .05, **P, .01. Error bars, mean6 standard deviation. Values of zero
cannot be plotted on a log scale but were used to calculate the error bars.
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in ZFN and IDLV-treated samples averaged 5.3 6 0.02%, with
protein correction levels up to 10.0% (Figure 5C). These results
demonstrate the ability of the ZFNs in combination with an IDLV
donor to functionally correct CD341 cells from the BM of patients
with SCD.

Discussion

The results shown here demonstrate high levels of gene correction
of the SCD mutation in human HSPCs using ZFNs in vitro. In the
present study, we designed a pair of ZFNs to cleave the b-globin
locus. In combination with a homologous donor template (delivered
as either an oligonucleotide or via an integrase-defective lentiviral
vector), these ZFNs are able to induce HDR at high levels in pro-
genitor cells.

Analysis of the ZFN cleavage sites revealed that the large majority
of nuclease activity took place at theb-globin locus target site, with
a smaller fraction of cleavage at the homologous d-globin gene. The
impact of the cleavage of d-globin in a therapeutic setting has yet to
be determined. Due to the low level of d-globin expression in adult
erythroid cells (,3.5% of all globin), its loss in a subset of cells is
unlikely to be detrimental. An unbiased, genome-wide evaluation of
ZFN off-target cleavage sites in K562 cells using IDLV end capture
demonstrated the high specificity of this ZFN pair, with only back-
ground integration into naturally fragile sites seen. Although no un-
biased, comprehensivegenome-wide technique to capture the complete
repertoire of DSBs induced by targeted nucleases exists, these end
capture experiments provide one of the most thorough analyses
available.

When theZFN- anddonor-treated cellswere transplanted intomice,
engraftment and the lineage distribution of the cells were equivalent
betweenmock-treated and ZFN- and donor-treated samples. However,
despite average levels of gene modification of 10% to 20% in the in
vitro samples before transplantation, the gene correction levels in
the human cells in the spleens and BM of the mice after 16 weeks of
engraftmentweremarkedly lower. Thesefindings are consistentwith
recently published work in the field26 and imply that more mature

progenitor cells are corrected more efficiently than the earlier, more
primitive, HSCs, which are the ultimate target required to achieve
sustained clinical benefit.

The reduction in the efficiency of homology-directed gene correc-
tion in more primitive HSCs stands in contrast to strategies using only
site-specific gene disruption (CCR5).7 The processof gene correction is
fundamentally different from and more complex than gene disruption,
as a donor template containing the corrective basesmust be codelivered
and cellular DNAdamage repair pathwaysmust resolve theDSB using
HDR rather than NHEJ. As NHEJ is favored in quiescent, primitive
HSCs,27 a bias in repair pathway choice might limit gene correction
in primitive HSCs. Thus, it is possible that the ZFNs are acting with
similar efficiency in the mature and primitive cell populations, but the
active repair pathway in each cell type differs such that HDR is more
active in more mature cells and less so in the primitive HSCs. This
hypothesis is supported by the fact that the cells transplanted into mice
maintained their input levels of indels to a greater extent than they did
for genemodification (7.4- and4.3-fold change in indels comparedwith
43.9- and 11.7-fold change in gene modification for IDLV and oligo
experiments, respectively).

Experiments in the BM CD341 cells from patients with SCD pro-
vide promise for clinical translation. Levels of correction of the
canonical sickle mutation (at least in erythroid progenitor cells)
averaged 18% for these experiments, and, following differentia-
tion, these cells produced corrected WT hemoglobin (HbA). Based
on data from allogeneic HSC transplants for SCD, donor chimerism
of 10% to 30% can result in significant clinical improvement as a
result of the selective advantage the normal donor-derived red blood
cells.28,29 In addition, heterozygotes for the SCD mutation normally
do not experience symptoms of the disease.30 Thus, correcting only 1
allele in each HSCmay prove sufficient to alleviate a large portion of
the symptoms associated with SCD.

Despite recent advances in lentiviral-based gene therapy for hemo-
globinopathies, and specifically SCD,24,31 potential complications
remain due to the need for long-lasting and appropriately regulated
expression of the therapeutic transgene. Site-specific correction using
targeted nucleases of the canonical A to T disease-causing sickle
transversion inHSCs offers the unique ability tomaintain expression
ofb-globin under its endogenous promoter and locus control region.

Figure 5. Functional correction of sickle bone

marrow CD341 cells. Bone marrow CD341 cells from
patients with SCD were electroporated with in vitro-
transcribed ZFN mRNA and transduced with donor

IDLV carrying the WT base at the sickle location and
grown under erythroid conditions. (A) Correction at the
sickle mutation evaluated by high-throughput sequenc-

ing. Results of sequencing of the b-globin locus show-
ing percentage of total aligned reads containing the

corrected WT base (A) at the sickle mutation, as well
as insertions and deletions (indels) at the cut site.
Corrected base, white; indels, gray. (B) HPLC of differ-

entiated erythroid cells at the termination of culture.
Cells were pelleted and lysed, and supernatant was
analyzed by HPLC. (Left) SCD mock sample. (Right)

SCD ZFN1IDLV sample. Shading indicates HbA:WT
adult hemoglobin peak. (C) Quantification of the percent

of HbA out of the total area under the curve represented
by the main peaks. HbA, WT adult hemoglobin; HbF,
fetal hemoglobin; HbS, sickle hemoglobin; n.s., not sig-

nificant (n 5 2 independent experiments; mock, n 5 3;
ZFN only, n 5 4; IDLV only, n 5 3; ZFN1IDLV, n 5 6).
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Further, the genome correction reagents only require a 1-time, tran-
sient ex vivo treatment of the cells to result in permanent correction.
Together these data support the continued development of genome
correction in HSPCs as a potential treatment of SCD.

Acknowledgments

The authors thank Rebecca Chan for processing the CB units and
Kismet Baldwin for technical assistance with the murine work. The
UCLA Eli & Edythe Broad Center for Regenerative Medicine &
StemCell Research cores for FlowCytometry and DNASequencing
were essential to the studies.

Thisworkwas supported bygrants from theHinaPatel Foundation,
the National Institutes of Health (NIH) Heart, Lung, and Blood In-
stitute (2P01 HL073104), the Interdisciplinary Training In Virology
and Gene Therapy award (5 T32 AI060567 to M.D.H.), the Ruth
L. Kirschstein National Research Service Award (GM007185 to
A.R.C.), the Initiative to Maximize Student Diversity (NIH, National
Institute of General Medical Sciences GM55052 to D.L.), the Doris
Duke Charitable Foundation (Innovations in Clinical Research),

and the California Institute for Regenerative Medicine (CIRM
TR4-06823).

Authorship

Contribution:M.D.H. andG.J.C. designed, performed, and analyzed
experiments and wrote the manuscript; M.C.M. and Z.R. designed,
performed, and analyzed experiments; M.L.K., M.H., D.L., D.G.,
G.R.L., F.U., S.S., A.Z., P.-Q.L., and A.R. designed and performed
experiments; A.V.J., A.R.C., and A.W. designed experiments and
analyzed data; D.E.P., L.Z., and E.J.R. designed the ZFNs and ex-
periments; X.W. performed all statistical analyses; and M.C.H.,
P.D.G., R.P.H., and D.B.K. advised the project.

Conflict-of-interest disclosure: The following authors are full-
time employees of Sangamo BioSciences and might own Sangamo
stock or derivatives: G.J.C., M.C.M., A.Z., P.-Q.L., D.E.P., L.Z.,
E.J.R., A.R., M.C.H., and P.D.G. All other authors declare no com-
peting financial interests.

Correspondence: Donald B. Kohn, 3163 Terasaki Life Sciences
Bldg, 610 Charles E. Young Dr East, Los Angeles, CA 90095; e-mail:
dkohn1@mednet.ucla.edu.

References

1. Modell B, Darlison M. Global Epidemiology of
Haemoglobin Disorders and Derived Service
Indicators. Bull World Health Organ. 2008;86(6):
480-487.

2. Powars DR, Chan LS, Hiti A, Ramicone E,
Johnson C. Outcome of sickle cell anemia:
a 4-decade observational study of 1056 patients.
Medicine (Baltimore). 2005;84(6):363-376.

3. Delea TE, Hagiwara M, Thomas SK, Baladi JF,
Phatak PD, Coates TD. Outcomes, utilization, and
costs among thalassemia and sickle cell disease
patients receiving deferoxamine therapy in the
United States. Am J Hematol. 2008;83(4):
263-270.

4. Cavazzana-Calvo M, Payen E, Negre O, et al.
Transfusion independence and HMGA2 activation
after gene therapy of human b-thalassaemia.
Nature. 2010;467(7313):318-322.

5. Cavazza A, Moiani A, Mavilio F. Mechanisms of
retroviral integration and mutagenesis. Hum Gene
Ther. 2013;24(2):119-131.

6. Boulad F, Wang X, Qu J, et al. Safe mobilization
of CD341 cells in adults with b-thalassemia and
validation of effective globin gene transfer for
clinical investigation. Blood. 2014;123(10):
1483-1486.

7. Holt N, Wang J, Kim K, et al. Human
hematopoietic stem/progenitor cells modified by
zinc-finger nucleases targeted to CCR5 control
HIV-1 in vivo. Nat Biotechnol. 2010;28(8):
839-847.

8. Tebas P, Stein D, Tang WW, et al. Gene editing of
CCR5 in autologous CD4 T cells of persons
infected with HIV. N Engl J Med. 2014;370(10):
901-910.

9. Rouet P, Smih F, Jasin M. Introduction of double-
strand breaks into the genome of mouse cells by
expression of a rare-cutting endonuclease. Mol
Cell Biol. 1994;14(12):8096-8106.

10. Urnov FD, Miller JC, Lee YL, et al. Highly efficient
endogenous human gene correction using
designed zinc-finger nucleases. Nature. 2005;
435(7042):646-651.

11. Sun N, Zhao H. Seamless correction of the sickle
cell disease mutation of the HBB gene in human
induced pluripotent stem cells using TALENs.
Biotechnol Bioeng. 2014;111(5):1048-1053.

12. Voit RA, Hendel A, Pruett-Miller SM, Porteus MH.
Nuclease-mediated gene editing by homologous
recombination of the human globin locus. Nucleic
Acids Res. 2014;42(2):1365-1378.

13. Goncz KK, Prokopishyn NL, Abdolmohammadi A,
et al. Small fragment homologous replacement-
mediated modification of genomic beta-globin
sequences in human hematopoietic stem/
progenitor cells. Oligonucleotides. 2006;16(3):
213-224.

14. Sebastiano V, Maeder ML, Angstman JF, et al. In
situ genetic correction of the sickle cell anemia
mutation in human induced pluripotent stem cells
using engineered zinc finger nucleases. Stem
Cells. 2011;29(11):1717-1726.

15. Zou J, Mali P, Huang X, Dowey SN, Cheng L.
Site-specific gene correction of a point mutation
in human iPS cells derived from an adult patient
with sickle cell disease. Blood. 2011;118(17):
4599-4608.

16. Joglekar AV, Hollis RP, Kuftinec G, Senadheera
S, Chan R, Kohn DB. Integrase-defective lentiviral
vectors as a delivery platform for targeted
modification of adenosine deaminase locus. Mol
Ther. 2013;21(9):1705-1717.

17. Nightingale SJ, Hollis RP, Pepper KA, et al.
Transient gene expression by nonintegrating
lentiviral vectors. Mol Ther. 2006;13(6):
1121-1132.

18. Chen F, Pruett-Miller SM, Huang Y, et al.
High-frequency genome editing using ssDNA
oligonucleotides with zinc-finger nucleases. Nat
Methods. 2011;8(9):753-755.

19. Storici F, Durham CL, Gordenin DA, Resnick MA.
Chromosomal site-specific double-strand
breaks are efficiently targeted for repair by
oligonucleotides in yeast. Proc Natl Acad Sci
USA. 2003;100(25):14994-14999.

20. Gabriel R, Lombardo A, Arens A, et al. An
unbiased genome-wide analysis of zinc-finger

nuclease specificity. Nat Biotechnol. 2011;29(9):
816-823.

21. Giarratana MC, Rouard H, Dumont A, et al. Proof
of principle for transfusion of in vitro-generated
red blood cells. Blood. 2011;118(19):5071-5079.

22. Pearson T, Greiner DL, Shultz LD. Creation of
“humanized” mice to study human immunity. Curr
Protoc Immunol. 2008;81:15.21.1-15.21.21.

23. Blau CA. Adverse effects of G-CSF in sickle cell
syndromes. Blood. 2001;97(12):3682-3682.

24. Romero Z, Urbinati F, Geiger S, et al. b-globin
gene transfer to human bone marrow for sickle
cell disease. J Clin Invest. 2013;123(8):
3317-3330.

25. Giarratana MC, Kobari L, Lapillonne H, et al.
Ex vivo generation of fully mature human red
blood cells from hematopoietic stem cells.
Nat Biotechnol. 2005;23(1):69-74.

26. Genovese P, Schiroli G, Escobar G, et al.
Targeted genome editing in human repopulating
haematopoietic stem cells. Nature. 2014;
510(7504):235-240.

27. Mohrin M, Bourke E, Alexander D, et al.
Hematopoietic stem cell quiescence promotes
error-prone DNA repair and mutagenesis. Cell
Stem Cell. 2010;7(2):174-185.

28. Andreani M, Hsieh MM, Testi M, et al. In mixed
hematopoietic chimerism, the donor red cells win.
Haematologica. 2010;96(1):13-15.

29. Walters MC, Patience M, Leisenring W, et al;
Multicenter Investigation of Bone Marrow
Transplantation for Sickle Cell Disease. Stable
mixed hematopoietic chimerism after bone
marrow transplantation for sickle cell anemia. Biol
Blood Marrow Transplant. 2001;7(12):665-673.

30. Serjeant GR. The natural history of sickle cell
disease. Cold Spring Harb Perspect Med. 2013;
3(10):a011783-a011783.

31. Chandrakasan S, Malik P. Gene therapy for
hemoglobinopathies: the state of the field and the
future. Hematol Oncol Clin North Am. 2014;28(2):
199-216.

2604 HOBAN et al BLOOD, 23 APRIL 2015 x VOLUME 125, NUMBER 17

For personal use only.on January 23, 2016. by guest  www.bloodjournal.orgFrom 

136



HOBAN et al  CORRECTION OF THE  
  SICKLE MUTATION IN HSPCs 
 
Supplemental materials and methods 
 
Primary human CD34+ Cell Processing 
All cord blood specimens were obtained according to guidelines approved by the University of 

California, and deemed anonymous medical waste exempt from IRB review. Cells were 

processed within 48hrs of collection. Bone marrow aspirates from volunteer donors with SCD 

were obtained with informed consent under UCLA IRB protocol #10-001399.  Mononuclear cells 

(MNC) were isolated from BM and CB using Ficoll Hypaque (Stem Cell Technologies) density 

centrifugation. Immunomagnetic column separation was then used to enrich for CD34+ cells by 

incubating the MNCs with anti-CD34 microbeads (Miltenyi Biotec Inc.) at 4°C for 30 min.  Cells 

were then sent through the magnetic column and CD34+ cells collected and placed in cryovials 

with freezing medium (10% Dimethyl sulfoxide (Sigma Aldrich), 90% FBS) and cryopreserved in 

liquid nitrogen. mPB CD34+ cells were purchased from Allcells. 

 
Donor template construction 
The human beta-globin gene donor template for the IDLV consists of a 1094bp region of the 

beta-globin gene. The template was amplified from genomic DNA using primers 5’-

atgcttagaaccgaggtagagttttcatcc-3’ and 5’-gcaatcattcgtctgtttcccattctaaa-3’. The nearly 1.1kb 

region of beta-globin was cloned into a previously established lentiviral backbone1 in reverse 

orientation to avoid splicing during packaging of the virus. Lentiviral vectors were packaged as 

IDLVs using the p8.2(Int-) packaging plasmid and concentrated and titered as described.2 Two 

donors were created: one for use in cells from healthy donors (lacking the sickle mutation) 

containing the SCD mutation, and the second containing the wild-type base for use in sickle-cell 

disease patient samples. The HhaI RFLP, 22 bases downstream from the sickle mutation, was 

introduced into both donor templates using site-directed mutagenesis. Oligonucleotide donor 

templates were purchased from Eurofins Operon MWG and were twice HPLC purified 

(Supplemental Table 3). 

 
mRNA production 
Plasmids encoding the ZFNs were linearized with SpeI (New England Biolabs) and purified by 

phenol:cholorform before use as a template for in vitro transcription. The mMessage mMachine 

T7 ULTRA Transcription kit (Life Technologies) was used according to the manufacturer’s 
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protocol to produce in vitro transcribed mRNA and cleaned up with the RNeasy MinElute 

Cleanup Kit (Qiagen).  

 
Electrophoresis for Gene Modification to Detect the HhaI RFLP 
Site-specific gene modification was detected by Restriction Fragment Length Polymorphism 

(RFLP). A 1.1kb region outside of the homologous donor template region was PCR amplified 

using primers BgloOuterFwd (5’- atgcttagaaccgaggtagagttt-3’) and BgloOuterRev (5’- 

cctgagacttccacactgatg-3’) and Accuprime Taq Hi-Fi (Life Technologies). The PCR product was 

purified using PCR cleanup kit (Life Technologies) and digested using 10 units of HhaI (New 

England Biolabs) for 3.5 hours at 37°C. The digestion products were separated on 1.0% TBE-

Agarose gel pre-stained with GelGreen (Biotium) and imaged on a Typhoon FLA 9000 

Biomolecular Imager (GE Healthcare).  

 
Off-Target Analyses 
Beta-globin gene cluster sites were PCR-amplified with the following primers: HBD: 5’–

ggttcatttttcattctcaca-3’ and 5’- gtaatctgagggtaggaaaac-3’; HBBP1: 5’-cacccttgaccaatagattc-3’ 

and 5’- gagactgtgggatagtcata-3’; HBE1: 5’-cattatcacaaacttagtgtcc-3’ and 5’-

agtctatgaaatgacaccatat-3’; HBG1: 5’- gcaaaggctataaaaaaaattagc-3’ and 5’-

gagatcatccaggtgctttg-3’; HBG2: 5’-ggcaaaggctataaaaaaaattaagca-3’ and 5’-

gagatcatccaggtgcttta-3’ and analyzed by Surveyor Nuclease. 

 

K562 cells were electroporated with 15 ug/mL of ZFN mRNA and transduced with 2E+08 TU/mL 

(MOI=250) of an IDLV containing a GFP transgene driven by the MND promoter3 and lacking 

any homology to the beta-globin locus to ensure that integration at double stranded breaks was 

due to NHEJ-mediated capture. Four individual biological replicates of ZFN+IDLV were 

completed to maintain high sensitivity to potential genome-wide off-target sites while two 

controls were completed to determine the level of background integration. Control cells were 

electroporated and received the GFP IDLV, but no ZFN mRNA to detect sites of naturally 

occurring DSBs that capture the IDLV without the action of ZFNs. The K562 cells were cultured 

in RPMI1640 (Cellgro) with 10% fetal bovine serum (Gemini Bio-products) and Penicillin/ 

Streptomycin/ L-glutamine (Gemini Bio-products) for 60 days. During this period, flow cytometric 

analyses for GFP positivity were regularly performed to ensure any non-integrated IDLV was 

diluted out of the samples. On day 60, the samples were sorted by fluorescence-activated cell 

sorting (FACS) to isolate the GFP+ cells, expanded for 5 days, genomic DNA was extracted, 
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and samples were prepared for sequencing of vector integration sites by nonrestrictive Linear 

Amplification Mediated-PCR.4 Clustered integration site (CLIS) analysis was performed as 

outlined previously5 with a CLIS window of 500bp to reveal sites of ZFN cleavage. All CLIS were 

analyzed to determine the level of homology of each site to the ZFN pair sequences. 

Percentage of homology was defined as the number of matching base pairs at the site to all 

iterations of ZFN binding (homodimers and heterodimers) with spacer lengths of up to 20nt. The 

highest percentage homology for each CLIS is reported in Supplemental Table 4.  

 
In vitro erythroid differentiation culture 
The in vitro erythroid differentiation technique for SCD BM samples was adapted from 

Giarratana et al. and described in Romero and Urbinati et al.6,7 One day after electroporation, 

cells were placed in erythroid culture as described.7 In order to obtain high numbers of cells for 

downstream analyses, cells were placed in co-culture on day 12 of the protocol as opposed to 

day 8 to allow for increased erythroid expansion. Cells were harvested on day 22 of the 

experiment, pelleted, and subjected to HPLC analysis. For mPB samples, assay of HBB splicing 

(Supplementary Fig. 10a) was performed by RT-PCR using 5'-acatttgcttctgacacaac-3' (exon 1) 

and 5'-gaaattggacagcaagaaagc-3' (exon 3). Assay of HBB expression (Supplementary Fig. 
10b) was performed by qRT-PCR a primer and probe set from Life Technologies (Catalog # 

4331182). 

 
CFU progenitor assay in methylcellulose 
One day post electroporation, 100 and 300 viable cells were plated per 35mm cell culture dish 

in duplicate in MethoCult Optimum methylcellulose-based media (Stem Cell Technologies). For 

experiments with oligonucleotide donors, cells were plated five days post-electroporation. 

Following two weeks in culture at 5% CO2, 37°C and humidified atmosphere, the different types 

of colonies were characterized and enumerated based on their morphology. 

 
Engraftment analysis 
Engraftment of human cells was evaluated by flow cytometry at weeks 5 post-transplant using 

V450-conjugated anti-human CD45 vs APC-conjugated anti-murine CD45. After incubation with 

the antibodies, red blood cells were lysed with BD FACS-Lysing Solution (BD Biosciences). The 

percentage of engraftment was defined as %huCD45+/(%huCD45+ + %muCD45+). 

Engraftment and lineage distribution in the peripheral blood and BM were evaluated by flow 

cytometry at 8 weeks and 16 weeks post-transplant using V450-conjugated anti-human CD45 
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(Clone HI30), V500-conjugated anti-murine CD45 (Clone 30-FII), FITC-conjugated anti-human 

CD33 (Clone HIM3-4), PerCP-conjugated anti-human CD3 (Clone SK7), PE-conjugated anti-

human CD56 (Clone NCAM 16.2), PE-Cy7-conjugated anti-human CD19 (SJ25CI), and APC-

conjugated anti-human CD34 (Clone 581) (all antibodies BD Biosciences). 

 
High performance liquid chromatography (HPLC) analysis  
For SCD BM samples, HPLC of hemoglobin (Hb) species produced by terminal stage erythroid 

cells was performed as described8 with slight modification. Erythroid cells (1-2E+07) were 

harvested at the conclusion of the erythroid culture (day 22), pelleted, and stored frozen at -

80oC until lysis. Upon thawing, cells were resuspended in 25uL of hemolysate reagent (Helena 

Laboratories) and refrigerated overnight before centrifuging at 20,800 x g for 10 minutes at 4°C 

to remove cellular debris. The cleared supernatant was used for characterization of Hb 

production by HPLC using a cation-exchange column (Ultra2 Variant Resolution Analyzer; 

Primus Diagnostics) and calibrated samples for human hemoglobins. Peaks corresponding to 

Hb species were identified based on retention time with software accompanying the HPLC 

instrument. The relative percentage of HbA produced for each sample was calculated based on 

the sum total of areas under the curve for each of the primary hemoglobin peaks which included 

acetylated fetal hemoglobin, HbFAc; fetal hemoglobin, HbF; wild-type hemoglobin, HbA; and 

sickle hemoglobin, HbS. 

 

For mPB samples, erythroid cells were harvested at day 18 of the erythroid culture. Cells were 

pelleted and lysed in water for 10 min at RT. After centrifugation at 20,000g for 5 minutes to 

remove cellular debris, cell lysates were stored frozen at -80°C. Upon thawing, cell lysates were 

diluted 1:10 in mobile phase A and characterized by HPLC (Infinity 1260, Agilent) using a weak 

cation-exchange column (PolyCAT ATM, PolyLCINC.). FASC Reference Material (Trinity Biotech) 

was used to define the elution time of common hemoglobins (HbF, HbA, HbS, HbC). Analysis 

and peak integration was performed using OpenLAB CDS Chemstation software. The relative 

percentage of HbA produced for each sample was calculated based on the sum total of areas 

under the curve for each of the hemoglobin peaks which included acetylated fetal hemoglobin, 

HbFAc; fetal hemoglobin, HbF; wild-type hemoglobin, HbA; and sickle hemoglobin,HbS. 

 
Statistical analyses 
Descriptive statistics including mean and standard deviation for outcome variables were both 

reported and presented graphically. For quantitative outcomes related to gene modification 

140



HOBAN et al  CORRECTION OF THE  
  SICKLE MUTATION IN HSPCs 
 
levels, engraftments and lineages, pairwise comparison was performed by either unpaired t-test 

or within the framework of one-way ANOVA9 if there were more than two groups. Dose-

response analysis was performed to evaluate ZFN and donor ratio optimization. Specifically, we 

used a linear mixed model10 approach but treated dose as continuous and fixed effect and 

experiment as random effect. Fold expansion of SCD patient BM cells over time was assessed 

by repeated measure ANOVA11. In our statistical investigation, hypothesis testing was two-

sided, and a significance threshold 0.05 for p-value was used. All statistical analyses were 

carried out using SAS version 9.3 (SAS Institute Inc. 2012).   
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Supplemental Figure 7: Genome-wide analysis of ZFN specificity: K562 
erythroleukemia cells were electroporated with in vitro transcribed mRNA and 
transduced with an IDLV vector expressing GFP. Cells were cultured for 60 days to 
dilute out all non-trapped GFP after which GFP positive cells were sorted using 
fluorescence-activated cell sorting (FACS). nrLAM-PCR was performed on the samples 
and vector integration site analysis completed. Overview of the most common 
integration sites at beta-globin and delta-globin as determined using cluster analysis. (1 
experiment, GFP IDLV Only n=2, ZFN+GFP IDLV n=4 biological replicates). HBB: wt 
human hemoglobin beta; HBD: human hemoglobin delta 
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Gene transfer into autologous hematopoietic stem 
cells by γ-retroviral vectors (gRV) is an effective treat-
ment for adenosine deaminase (ADA)–deficient severe 
combined immunodeficiency (SCID). However, cur-
rent gRV have significant potential for insertional 
mutagenesis as reported in clinical trials for other 
primary immunodeficiencies. To improve the efficacy 
and safety of ADA-SCID gene therapy (GT), we gen-
erated a self-inactivating lentiviral vector (LV) with a 
codon-optimized human cADA gene under the control 
of the short form elongation factor-1α promoter (LV 
EFS ADA). In ADA−/− mice, LV EFS ADA displayed high-
efficiency gene transfer and sufficient ADA expression 
to rescue ADA−/− mice from their lethal phenotype with 
good thymic and peripheral T- and B-cell reconstitu-
tion. Human ADA-deficient CD34+ cells transduced 
with 1–5 × 107 TU/ml had 1–3 vector copies/cell and 
expressed 1–2x of normal endogenous levels of ADA, 
as assayed in vitro and by transplantation into immune-
deficient mice. Importantly, in vitro immortalization 
assays demonstrated that LV EFS ADA had significantly 
less transformation potential compared to gRV vectors, 
and vector integration-site analysis by nrLAM-PCR of 
transduced human cells grown in immune-deficient 
mice showed no evidence of clonal skewing. These 
data demonstrated that the LV EFS ADA vector can 
effectively transfer the human ADA cDNA and promote 
immune and metabolic recovery, while reducing the 
potential for vector-mediated insertional mutagenesis.

Received 11 October 2013; accepted 11 November 2013; advance online  
publication 21 January 2014. doi:10.1038/mt.2013.265

INTRODUCTION
Adenosine deaminase–deficient severe combined immunode-
ficiency (ADA-SCID) is a severe primary immunodeficiency 
characterized by impaired T-, B-, and NK-cell development and 
accounts for 10–15% of all cases of SCID.1 ADA catalyzes the 
deamination of deoxyadenosine and adenosine to deoxyinosine 
and inosine respectively, and the lack of ADA leads to increased 
intracellular conversion of deoxyadenosine to deoxyadenosine 
triphosphate (dATP) thus expanding the dATP pool. High levels 
of dATP affect lymphocyte development, viability, and function 
causing the immune defects seen in this condition.2 Clinically, 
patients present with failure to thrive, recurrent and opportunistic 
infections and death in the first year of life if left untreated.3,4 A 
murine model recapitulates the human disease with similar meta-
bolic and immunological abnormalities and untreated mice die 
after 3 weeks from pulmonary insufficiency, which results from 
the metabolic consequences of the disease.5

Treatment options for ADA SCID are limited and the main-
stay of treatment is allogeneic hematopoietic stem cell transplant 
(HSCT) which offers good survival outcome when well-matched 
family donors are available. Survival following HSCT from 
matched unrelated donors (67%), mismatched unrelated donors 
(29%), or parental donors (43%) are less good.6 Enzyme replace-
ment therapy (ERT) with pegylated bovine ADA (PEG-ADA) 
results in effective metabolic detoxification, but long-term 
immune recovery is suboptimal and very poor in some cases.7 
Thus, there is a clear need for effective and sustained alternative 
treatment options.

ADA-SCID has long been held as a model disorder for gene 
therapy (GT) and was the first genetic disorder for which GT was 
attempted. Early trials of GT using γ-retroviral vectors (gRVs) 
targeting correction of peripheral blood (PB) lymphocytes or 
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autologous hematopoietic stem cells (HSCs) or a combination of 
the two showed limited success, and immune recovery could not 
be attributed to GT alone, since ERT was continued after the GT 
procedure.8 Subsequent trials also using gRVs but with the use 
of nonmyeloablative conditioning and withdrawal of ERT have 
shown improved outcomes with recovery of immune and meta-
bolic parameters.9,10 In the three studies so far undertaken, 31 
of 42 patients (73.8%) have remained off ERT following GT, but 
immune reconstitution remains suboptimal with T-cell numbers 
at the lower limit of the normal range and approximately half of 
the patients remaining on immunoglobulin replacement therapy 
due to incomplete B-cell reconstitution.11–13

More importantly, despite the absence of any adverse events in 
ADA-SCID patients, the ongoing use of gRVs has raised concerns. 
In clinical trials of gRV-mediated autologous HSC GT for SCID-X1, 
X-CGD, and Wiskott–Aldrich syndrome, there has been a high 
incidence of gRV-mediated insertional mutagenesis.14–19 Upon vec-
tor integration, the strong enhancer elements that reside in the long 
terminal repeat (LTR) promoter elements of gRVs can transactivate 
adjacent genes to initiate the transformation process. In ADA gRV 
studies, vector insertions near known oncogenes have also been 
reported, although there have been no clinical clonal outgrowths.20 
A number of regulatory agencies have recommended a move away 
from the continued use of gRVs and the development of safer vector 
designs. Self-inactivating (SIN) vectors, based on the HIV-1 lenti-
viral vector (LV), in which the HIV LTR is deleted and transgene 
expression placed under the control of an internal promoter with 
minimal or no enhancer activity have received considerable atten-
tion.21–23 The advantages of a SIN LV include the improved ability 
of LV to transduce long-term engrafting HSC which may allow 
improved immune recovery but also the significantly decreased 
potential for insertional mutagenesis, which has been demonstrated 
in a number of in vitro24,25 and in vivo studies.26,27

For these reasons, we investigated the use of a SIN LV the for 
treatment of ADA-SCID. Following in vitro comparative stud-
ies using LVs expressing human ADA under the transcriptional 
control of either the phosphoglycerate kinase promoter, the MND 
retroviral vector LTR, or the short form of the elongation factor 
1α promoter (EFS), the LV EFS ADA vector configuration was 
selected for further preclinical assessment in relevant models of 
ADA deficiency.28 We demonstrate that the LV EFS ADA is capable 
of effective and consistent ADA gene transfer and expression that 
is equivalent or greater than the currently used gRV, while having 
a significantly lower capacity for inducing clonal outgrowth. The 
results obtained from this study provide compelling evidence for 
the translation of this vector to clinical application.

RESULTS
LV EFS ADA can efficiently transduce murine and 
human HSC
We have previously cloned the LV EFS ADA vector with a third gen-
eration SIN LV design under the transcriptional control of the short 
version EFS promoter (Figure 1a,b).28 The transduction efficiency 
and transgene expression of the LV vector was confirmed in mul-
tiple cell lines in vitro (data not shown). We then compared trans-
duction efficiency and transgene expression of the LV EFS ADA 
with the gRVSFada/W vector used in a clinical trial for ADA-SCID 

GT in primary cells.13 Lineage depleted bone marrow cells (Lin-) 
isolated from ADA−/− mice (ADA−/− HSC) were isolated and trans-
duced with viral vectors at a multiplicity of infection (MOI) of 20 
under optimized protocols. Normalized enzymatic activity (ADA 
activity/vector copy) showed that LV EFS ADA had similar efficacy 
of transgene expression in murine ADA−/− HSCs compared with 
gRVSFada/W (Figure 1c). Similar levels of ADA protein expression 
were detected in ADA−/− HSC by western blot analysis (Figure 1d) 
and demonstrated that LV EFS ADA mediates efficient transduc-
tion and transgene expression in ADA−/− HSCs.

LV EFS ADA was also compared to another gRV used previously 
in a clinical trial, gRV MND-ADA,12 and an LV in which the MND 
LTR U3 enhancer/promoter controls ADA expression (LV MND-
ADA). Human cord blood CD34+ cells (CB HSC) were transduced 
with LV EFS ADA over a range of LV concentrations (106–108 TU/
ml; MOI = 10–1,000) and with gRVMND-ADA (generated from a 
stable PG13 cell clone) at 1.8 × 105 TU/ml. After short-term myeloid 
culture for 2 weeks, there was a significant dose-dependent trend 
between LV concentration during transduction and both the resul-
tant vector copy number (VCN) (P = 0.002) and ADA gene expres-
sion as measured by the ADA enzyme activity over background 
activity (P = 0.003) (Figure 1e,f). Transduction of CB HSC with 
each of the LVs at 1 × 107 TU/ml resulted in 1–3 vector copies per 
cell, and gRV MND-ADA, applied at a 100-fold lower dose, resulted 
in only ~0.2–0.8 copies per cell, but when normalized for VCN, 
activity was similar for LV EFS ADA and gRV MND-ADA (~1–2 
ADA U/VC) (Figure 1g). Although, ADA activity/VC was higher 
with LV MND-ADA (P = 0.03), it is not a preferred choice for clini-
cal HSC GT, as it harbors a strong gRV LTR enhancer/promoter 
which has increased mutagenic potential.29

Transplantation of LV EFS ADA transduced ADA−/− 
Lin- cells rescues lethality in ADA−/− mice
ADA−/− mice normally die within 3 weeks following withdrawal 
of PEG-ADA.5 We transplanted young adult ADA−/− mice with 
ADA−/− Lin- cells that had been transduced with either LV EFS 
ADA or SFada/W or with ADA+/+ Lin- cells (WT Lin-group). For 
all groups, PEG-ADA treatment was carried over for 4 weeks after 
transplantation to promote engraftment30 before complete with-
drawal. The survival rate was 100% in the LV EFS ADA group and 
the WT group, which was significantly higher than ADA−/− SFada/W 
group in which the survival rate was 40% (P = 0.02) (Figure 2a).

To evaluate integration of the viral vector and engraftment of 
donor cells in vivo, we performed quantitative polymerase chain 
reaction (qPCR) to evaluate VCN and male donor Y chromo-
some mononuclear cell (MNC) engraftment in PB at 13 weeks 
after transplantation. Similar levels of donor cells were present 
in the PB of the gRVSFada/W group (45.3 ± 0.4%) and WT Lin- 
(44 ± 21.7%) groups, while the level of donor cells was twofold less 
in the LV EFS ADA group (20.1 ± 2.5%) (Figure 2b). However, in 
the latter, VCN was 0.85 ± 0.16 copy/cell compared with 0.42 ± 0.2 
copy/cell in the gRVSFada/W group (Figure 2c).

Comparison of immune recovery after LV- and  
gRV-mediated gene delivery in ADA−/− mice
We then analyzed the total numbers of PB mononuclear cells 
(PBMC) and the percentages of lineage specific populations 
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within the mononuclear cell population (% of MNCs). Compared 
to all other groups, untreated ADA−/− mice had reduced num-
bers of total PBMCs and less than 10% of the MNCs were CD3+ 
(Figure 2d). In the LV EFS ADA or gRVSFada/W groups, more 

than 69% of the MNCs were CD3+, which included elevated levels 
of both single positive CD4+ and CD8+ cells which were similar 
to the levels observed in mice transplanted with WT HSCs (WT 
Lin- group) or age-matched mice under PEG-ADA treatment 

Figure 1 Viral constructs and transgene expression in murine lineage depleted bone marrow and human cord blood CD34+ cells. 
(a,b) Schematic representation of viral vectors. (a) Retroviral vectors (gRV): the γ-retroviral vector, MND-MFG-ADA (gRV MND ADA) contains the 
MND retroviral LTRs flanking the wild-type human adenosine deaminase cDNA (hADA) with the Moloney murine leukemia virus packaging region 
(Ψ) and env splice acceptor fragment (env SA). The gRVSFada/W vector contains hADA driven by SFFV LTR. (b) Lentiviral vectors (LV): All lentiviral 
vectors contain the enhancer-deleted “SIN” LTR (indicated by the X in the U3 region), the primer binding site (θ), the HIV-1 packaging signal (Ψ), 
the central polypurine tract (cPPT), the rev-responsive element (RRE). LV MND ADA contains the MND LTR U3 region enhancer/promoter (MND) 
driving expression of the hADA cDNA. LV EFS ADA contains the human elongation factor-α gene “short” promoter (EFS) driving expression of the 
codon-optimized human ADA cDNA (co-hADA) and a Woodchuck Hepatitis Virus posttranscriptional regulatory element (wPRE). The LV EFS GFP 
vector contains the EFS promoter and green fluorescent protein (GFP). (c,d) Murine ADA−/− bone marrow lineage negative (Lin-) progenitors were 
transduced for 24 hours with lentiviral or retroviral vectors at a multiplicity of infection (MOI) of 20 after 24 or 72 hours preactivation, respectively 
(Mean ± SD). ADA expression was analyzed 72 hours after transduction by (c) enzymatic activity assay and (d) Western Blot with whole cell lysates. 
Mean and standard deviation of ADA activities were calculated from experiments performed with cells obtained from three different ADA−/− donors. 
(e–g) Human cord blood CD34+ cells were transduced with the vectors at the indicated vector concentration, grown for 2 weeks in myeloid differ-
entiation culture, and assayed for (e) vector copy number (VCN) by quantitative polymerase chain reaction (qPCR) and for (f) ADA enzyme activity 
by colorimetric assay. (g) The ADA enzyme activity present per VC was calculated. Horizontal bars indicate Mean ± SEM.
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(ERT group). Although no significant improvement was detected 
in the percentage of B220+ cells with any treatment, taking into 
account the total cell numbers, the absolute number of B220+ cells 
in all transplants was much improved in comparison to untreated 
ADA−/− mice. In addition, GR-1+ myeloid cells and NK1.1+ cell 
numbers were corrected to relatively normal levels (data not 
shown).

To evaluate the development of the immune system upon 
ADA restoration, lymphoid organs including thymus and 
spleen were isolated from untreated and treated ADA−/− mice 
and lymphoid subpopulations were analyzed by flow cytometry. 

Overall, untreated ADA−/− mice had the lowest total cell numbers 
(Figure 2e), as well as the lowest CD3+ and B220+ percentages of 
total mononuclear cells, in the thymus and spleen (Figure 2f,g). In 
the thymus, the early CD4−CD8− population was twofold higher 
in untreated mice, highlighting the block in thymocyte develop-
ment found in ADA deficiency31 (Figure 2f, lower panel). In trans-
plants with LV- or gRV-transduced HSCs, we found significantly 
increased MNCs in all spleens (P < 0.05), and to a lesser extent, 
in thymi (P < 0.05) (Figure 2e). Among thymocytes, the CD3+ 
proportion was significantly elevated (P < 0.05). More impor-
tantly, the average percentage of CD4−CD8− double negative 

Figure 2 Survival rate, peripheral blood (PB) analysis, and immunophenotype of ADA−/− recipients. (a) Survival: Kaplan–Meier curves of ADA−/− 
recipients were transplanted with transduced ADA−/− BM Lin- cells (LV EFS ADA, n = 6) and gRVSFada/W (SFada/W, n = 5), respectively, at a multiplic-
ity of infection (MOI) of 20. Control mice were injected with untransduced BM Lin- cells from ADA+/+ donors (WT Lin-, n = 5). All LV EFS ADA and 
WT mice were alive at 13 weeks compared to gRVSFada/W group, where two mice died at 7 weeks and one died at 12 weeks with the remaining 
two alive at 13 weeks (P = 0.02). All surviving mice were euthanized for analysis unless otherwise indicated. (b) Percentage of donor cells in total PB 
mononuclear cells (PBMCs) by quantitative PCR (qPCR). (c) Vector copy number (VCN) in PBMCs of transplanted ADA−/− mice. Percentage of DNA 
with Y chromosome were evaluated in sex-mismatched transplants indicated in 1a (Mean ± SD). (d) FACS analysis of circulating mature T and B cells 
in peripheral blood of ADA−/− transplants. Untreated ADA−/− mice (untreated, 18 days old, n = 2) and 4–5 months old PEG-ADA treated ADA−/− mice 
(ERT, n = 2) were analyzed as controls. Data are displayed as percentage of CD3+, CD4+, CD8+, and B220+ cells in PBMCs. Horizontal bars indicate 
the average values. (e) Total mononucleated cell counts in thymi and spleens (*P < 0.001; **P < 0.05). Results are given as Mean ± SD. (f) FACS analy-
sis of thymocytes of ADA−/− recipients and control mice. Data are presented as percentage of total CD3+ and CD4−CD8− cells in mononucleated cells. 
Horizontal bars indicate the average values. (g) FACS analysis of splenocytes in ADA−/− recipients and control mice. Data are presented as percentage 
of CD3+ and B220+ cells in total mononucleated cells. Horizontal bars indicate the average values.
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thymocytes was reduced from 12% in untreated ADA−/− mice to 
only 4.6% in GT groups. This result demonstrates that the block 
in thymocyte development was overcome with restored ADA 
expression. In spleens of mice receiving transduced cells, there 
was an elevated percentage of CD3+ cells compared to untreated 
controls (P < 0.05) that was similar to WT transplants and mice 
treated with ERT alone (Figure 2g). B-cell percentages were simi-
lar to those in untreated mice but in relation to total cell number, 
there was a significant increase in absolute number of both CD3+ 
and B220+ cells in LV and gRV groups with no significant differ-
ence between these two groups (Figure 2e,g). These results sug-
gest that the proliferation and differentiation of both T and B cells 
has been restored in the GT groups at levels that were similar to 
the levels in the WT transplant and ERT groups.

Systemic detoxification following LV- and  
gRV-mediated gene delivery
In recipients with LV-transduced cells, we detected a twofold 
increase in VCN in thymus (0.2 ± 0.15), spleen (1.1 ± 0.34), mar-
row (0.44 ± 0.32) compared to those with gRV-transduced cells 
(Figure 3a). Donor cell engraftment was determined in mis-
matched sex transplants by qPCR for sequences on the Y chro-
mosome. The level of Y chromosome detected in the spleens of 
mice in the LV EFS ADA group was twofold lower (19.6 ± 2.0%) 
compared to the gRVSFada/W group. Likewise, the level of donor 
engraftment or level of Y chromosome in thymi from mice in 
the LV EFS ADA group were also twofold lower than those with 
gRVSFada/W, and ten fold lower than engraftment in the WT 
Lin- group (Figure 3b). Although donor engraftment appears to 

Figure 3 Engraftment of transduced cells, immune reconstitution, and systemic detoxification in ADA−/− recipients. (a) Vector copy number 
analysis of thymus, spleen, and bone marrow in ADA−/− recipients. (Mean ± SD). (b) Percentage of donor cells in thymus, spleen, and bone marrow by 
quantitative PCR (qPCR). Percentage of DNA with Y chromosome were evaluated in sex-mismatched transplants indicated in 1a (Mean ± SD). (c) ADA 
activity and (d) SAHH activity in red blood cells, BM cells, thymocytes, and lung tissue of ADA−/− transplants and control mice were measured by enzy-
matic activity assay as indicated (Mean ± SD). (e) Histopathologic analysis of lung sections from ADA−/− transplanted with ADA−/− Lin- gRVSFada/W or 
ADA−/− Lin- LV EFS ADA or ADA+/+ WT Lin- cells compared to lung sections from 18-day-old untreated ADA−/− and ADA−/− mice under ERT (ADA−/− ERT) 
mice. All sections have been stained with hematoxylin and eosin.
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be lower with transduced (LV or gRV) cells, this may represent 
dilution of the transplanted donor cells with the host cells that 
are crosscorrected by the overexpression of ADA from the vec-
tor in the primary lymphoid organs. This dilution effect has been 
described previously and is specific to ADA-SCID because there is 
crosscorrection of uncorrected ADA-deficient cells with adequate 
ADA activity provided by ERT, HSCT, or GT.30

ADA−/− mice have undetectable ADA enzyme activity and 
decreased SAHH activity in most tissues and organs.5 To confirm the 
expression of functional ADA by LV EFS ADA and gRVSFada/W in 
vivo, we analyzed ADA and SAHH activities in multiple systems 
including nonlymphoid organs such as the lung (Figure 3c,d). In 
PB and lymphoid organs including spleen and thymus, ADA activi-
ties in the LV EFS ADA and gRVSFada/W groups were comparable 
to activities in WT Lin- transplantation group in (Figure 3c), which 
is noteworthy given the engraftment of transduced ADA−/− donor 
cells in the thymus was measured to be ten fold lower compared to 
ADA+/+ WT Lin- donor cells (Figure 3b).

In a nonimmune organ, such as the lung, ADA enzymatic 
activity was also equivalent in all GT treated mice in comparison 
to WT transplants and undetectable in untreated mice (P < 0.05). 
Similar ADA activities were also found in livers of the transplants 
(data not shown). Inhibition of S-adenosyl homocysteine hydro-
lase (SAHH) activity is secondary to the accumulation of dATP 
in ADA-deficient mice.5 In all transplants, untreated mice showed 
absent or low levels of SAHH activity in RBC, thymus, spleen, 
BM, and lung, whereas LV GT treated mice showed increased 
SAHH activity to levels similar to the WT Lin-–treated mice (P < 
0.05) (Figure 3d). These results demonstrate that LV EFS ADA–
mediated gene transfer can lead to efficient metabolic correction 
in the ADA-deficient mouse that is comparable to correction with 
gRVSFada/W and WT Lin- HSCT.

We also studied other organ pathologies in untreated and 
treated mice. Nonlymphoid organs including lung, liver, heart, 
and kidney were harvested and examined histologically. The 
dominant pathologic improvements were observed in the lungs of 
treated mice (Figure 3e). Untreated ADA−/− mice show occlusion 
of the airways and thickening of airway epithelium with accumu-
lation in the airspaces of proteinaceous material and infiltration 
of alveolar macrophages. There was a striking improvement in 
all treatment groups, including LV EFS ADA and gRVSFada/W 
groups, with clearance of interstitial fluid and absence of inflam-
matory cells with lung histology similar to that seen in ADA−/− WT 
Lin- mice. There were no predominant findings in the structure or 
organization of other organs in untreated and treated mice (data 
not shown).

LV EFS ADA transduction and expression is dose-
dependent in human HSC
Human CD34+ cells were isolated from multiple samples of nor-
mal ADA-replete human CB (CB HSC) (n = 5) and BM (BM 
HSC) (n = 4), and BM from infants with ADA-deficient SCID 
(ADA-SCID HSC) (3-month-old (n = 2) and 9-month-old (n = 1) 
donors). The prestimulated CD34+ cells were either transduced 
with LV EFS ADA over a range of vector concentrations (1 × 106 
to 1 × 108 TU/ml), corresponding to a range of MOI of 10–1,000, 
or mock transduced, and analyzed after 14-day culture. There was 
a significant dose-dependent relationship between the LV EFS 
ADA concentration during transduction and the resultant VCN 
in CB HSC (P = 0.012) and ADA-SCID HSC (P = 0.004), but not 
in BM HSC (Supplementary Figure S1a). Similarly, there were 
significant dose-dependent correlations between the LV EFS ADA 
vector concentration during transduction and the resultant ADA 
expression (ADA activity over background) in CB HSC (P = 0.03) 
and infant ADA-SCID HSC (P = 0.002), but not in adult BM HSC 
(Supplementary Figure S1b).

The endogenous ADA enzyme activity measured in mock-
transduced ADA-deficient BM cells from the several experiments 
was 10- to 30-fold lower (Mean ± SEM: 0.05 ± 0.02 U) than in 
mock-transduced normal CB cells (Mean ± SEM: 0.54 ± 0.07 U) 
(P = 0.029) or mock-transduced normal BM cells (Mean ± SEM: 
1.6 ± 0.82 U) (P < 0.0001) (Supplementary Figure S1c). Across all 
vector concentrations and MOIs used for transduction by LV EFS 
ADA, the expression of ADA enzyme activity normalized to sin-
gle vector copy was 1.69 ± 0.15 U/VC in the normal CB samples; 
1.67 ± 0.33 U/VC in the normal BM samples; and 1.2 ± 0.10 U/VC 
in the ADA-deficient BM samples (Supplementary Figure S1d). 
The ADA activity in the LV EFS ADA–transduced ADA-deficient 
SCID BM cells was 24-fold higher than endogenous levels in 
the mock-transduced samples; ADA activity in LV EFS ADA–
transduced normal donor CB and BM HSC was one- to threefold 
over endogenous levels in mock-transduced ADA-replete donor 
samples (Table 1).

LV EFS ADA lentiviral transduction and engraftment 
of human CB HSC and the role of IL-3
To further evaluate LV EFS ADA and to gain insight into the 
effects of IL-3 on LV transduction of human HSC, we compared 
transduction and long-term engraftment of the CB CD34+ cells, 
with and without IL-3 included in the prestimulation and trans-
duction media. CB HSC (n = 2) were thawed, plated (500,000 cell/
ml), and prestimulated for 20 hours in medium containing human 
stem cell factor, human FLT3-L and human TPO (S/F/T), with or 

Table 1 ADA enzyme activity after 2-week in vitro myeloid culture: endogenous in human hematopoietic cells and expressed by EFS-ADA after 
CD34+ cell transduction

Human CD34+ cell source

ADA enzyme activity

Mock transduced ADA 
activity (U) mean ± SEM

EFS-ADA transduced ADA 
activity/VC (U/VC) mean ± SEM

EFS-ADA (U/VC)/
endogenous (U)

Normal cord blood 0.54 ± 0.05 (n = 6) 1.69 ± 0.15 (n = 16) 3.12

Normal bone marrow 1.63 ± 0.63 (n = 5) 1.35 ± 0.22 (n = 17) 0.82

ADA SCID bone marrow 0.05 ± 0.02 (n = 7) 1.21 ± 0.10 (n = 30) 24.2
ADA, adenosine deaminase; SCID, severe combined immunodeficiency.
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without IL-3 (20 ng/ml). The prestimulated cells were transduced 
with LV EFS ADA (3.0 × 107 TU/ml) or mock transduced. To test 
the effects of IL-3 exposure on the engraftment of more primitive 
stem/progenitor cells, LV EFS ADA–transduced or mock-trans-
duced CD34+ cells were xenotransplanted into Nod/SCID/γ C 
(NSG) primary and secondary mouse recipients.

The VCN measured after 14-day short-term culture was 
twofold higher with IL-3 (2.5 ± 0.8) compared to without IL-3 
(1.2 ± 0.4), but this difference was not significant (Figure 4a). 
Likewise, there were no significant differences in the total num-
bers of colony-forming units (CFUs) produced per 1,000 plated 
CD34+ cells in the LV-transduced group (no IL-3: 87/1,000 = 
8.7%, with IL-3: 109/1,000 = 10.9%) compared to the mocktrans-
duced (no IL-3: 109/1,000 = 10.9%, with IL-3: 83/1,000 = 8.3), nor 
in the different types of colonies formed (Figure 4b,c). Although 
inclusion or exclusion of IL-3 did not make a significant difference 

in the percentage of CFU colonies containing LV sequences 
(39.3% with IL-3 versus 31.1% without IL-3), the mean VCN in 
DNA from individual CFU was 3.1-fold higher when IL-3 was 
included (15.1 ± 2.1) than when it was not (4.9 ± 10) (P = 0.001) 
including, a subset of CFU with an average VCN > 10 only when 
exposed to IL-3 (Figure 4d,e).

Between postnatal day 1 and 3, sublethally irradiated (150cGy) 
NSG neonates were transplanted with 100,000 CB CD34+ cells 
(IV), either mock-transduced with IL-3 (n = 5) or without (n = 5), 
or transduced with LV EFS ADA with IL-3 (n = 13) and without 
IL-3 (n = 14). Engraftment was not different in tissues isolated 
from mice transplanted with LV EFS ADA transduced or mock-
transduced human CD34+ cells, with or without IL-3 (Figure 4f). 
VCN was measured in bone marrow, thymus, and spleen and cor-
rected for the level of engraftment (FACs for huCD45) and was not 
different in tissues isolated from mice transplanted with LV EFS 

Figure 4 The role of IL-3 in EFS-ADA lentiviral transduction of human cord blood CD34+ cells and engraftment in NSG mice. Human cord 
blood CD34+ cells were transduced with LV EFS-ADA (3 × 107 TU/ml) in medium with recombinant human cytokines SCF/ckit ligand, flt-3 ligand, and 
thrombopoietin (TPO), with or without interleukin-3 (IL-3). (a-d) In vitro: (a) transduced cells cultured for 14 days in vitro under myeloid differentia-
tion conditions and analyzed for VCN (14d VCN) (N.S, not significant). (b,c) Transduced CD34+ cells were grown in colony-forming unit (CFU) assay 
in methylcellulose and assayed after 2 weeks. Colony (b) enumeration and (c) types formed by CD34+ cells in CFU assay. (d,e) CFU were harvested 
and DNA analyzed by qPCR for VCN (d) Transduction efficiency was measured by the percentage of colonies positive for vector sequence by PCR 
for the human ADA cDNA (%PCR (+) CFU). (e) VCN was quantified in DNA extracted from individual CFU by qPCR (*P value = 0.001). (f-h) In Vivo: 
other portions of the transduced CD34+ cells were transplanted into NSG mice and analyzed after 4 months for engraftment of human cells based 
on FACS analysis of huCD45 expression and for VCN by qPCR. Engraftment of human cells in (f) bone marrow, thymus (when present) and spleen 
by FACS of tissue cell suspensions immunostained with anti-human CD45 (%hCD45+). (g) EFS-ADA VCN in bone marrow, thymus (when enough 
cells were available for analysis; total n = 3),and spleen. (h) Immunophenotypic analysis of human CD45+ cells in NSG bone marrow (CD34+ and 
CD33+), thymus (CD4−/CD8− double-negative (DN), CD4+/CD8+ double-positive (DP), CD4+ single-positive (SP-4) and CD8+ single-positive (SP-8)) 
and spleen (CD19+ and CD3+).
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ADA transduced with or without IL-3 (Figure 4g). There were 
no significant differences in the lineages of the engrafted human 
cells in the BM (CD34 and CD33), spleen (CD19 and CD3), and 
thymus (DN, DP, SP-4, SP-8) in any of the groups (Figure 4h). 
Unfortunately, only 1 out of a total of 35 secondary adult recipient 
mice from two separate experiments had human cell engraftment, 
and therefore, we were unable to determine any effects of IL-3 on 
HSC transduction at the most primitive stem cell level.

LV EFS ADA transduction of human ADA-deficient 
SCID BM HSC
We further evaluated LV EFS ADA for transduction efficacy, 
engraftment, and differentiation in human ADA-deficient SCID 
BM CD34+ cells (ADA-SCID HSC). ADA-SCID HSC were freshly 
isolated and transduced with LV EFS ADA at 3.3 × 107 TU/ml or 

mock transduced (n = 3) and analyzed in parallel by in vitro assays 
and in vivo by transplantation into NSG neonates. CFU assays in 
methylcellulose were enumerated and characterized by their mor-
phology for lineage type after 12 days. The LV- and mock-trans-
duced cells grew similar numbers and types of colonies: LV EFS 
ADA 289 colonies/14,000 cells plated (2.1%); mock transduced 
50 colonies/2,000 cells plated (2.5%) (Figure 5a,b). Colonies that 
grew from the LV EFS ADA–transduced cells (n = 2) were 95% 
positive for the LV vector sequence (Figure 5c). After short-term 
in vitro myeloid culture, LV EFS ADA–transduced cells had a 
mean ADA activity of 4.6 ± 1.4 U, which was >92-fold higher than 
the background ADA activity of mock-transduced ADA-deficient 
cells (0.05 ± 0.02 U; one-sided P = 0.03) (Figure 5d). The LV 
EFS ADA–transduced cells had a mean VCN of 2.92 ± 0.75 and 
expressed 1.55 ± 0.22 ADA U/VC.

Figure 5 EFS-ADA transduction of normal and ADA-deficient human cord blood and bone marrow CD34+ cells analyzed in vitro and in vivo. 
ADA-deficient severe combined immunodeficiency (SCID) bone marrow CD34+ cells from two donors in three separate experiments were isolated 
and transduced with the EFS-ADA vector at 3 × 107 TU/ml or mock-transduced, cultured in short-term myeloid culture for 2 weeks and then harvested 
and analyzed. (a–c). In vitro: CFU progenitor assays. (a) Enumeration of lineage committed progenitors (b) the frequency of colonies of different 
lineages. (c) Transduction efficiency determined by the presence of vector sequence in DNA from isolated colonies. (d) In vitro ADA activity (U) 
measured in mock-transduced and in EFS-ADA transduced bone marrow CD34+ cells and the VCN and expressed ADA activity (U)/VC measured in 
the EFS-ADA transduced cultures. (e–i) In Vivo: NSG humanized mice. (e) Engraftment of human (%hCD45+) cells in the bone marrow, thymus, and 
spleen of NSG mice 4 months after transplantation with mock-transduced or EFS-ADA-transduced human ADA-deficient SCID bone marrow CD34+ 
cells. (f) Human CD45+ leukocyte populations by immunophenotype in bone marrow, thymus, and spleens from NSG mice (g) ADA enzyme activity 
(U) (h) EFS-ADA VCN and (I) ADA activity (U)/VC) in cells isolated from the bone marrow (huCD45-selected), thymus (total thymocytes), and spleen 
(huCD45-selected).
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Four months after HSCT of ADA-SCID HSC into NSG mice, 
engraftment of human cells varied considerably among recipients 
(2–90%) but was not different with LV EFS ADA compared to 
mock-transduced cells in bone marrow (mock 31.2%; LV 28.7%), 
spleen (mock 28.9%; LV 34.7%), or thymus (mock 95.9%; LV 
90.0%) (Figure 5e). Notably, transduction by the LV EFS ADA 
vector did not impair differentiation of the ADA-SCID HSC. In 
the bone marrow of mice transplanted with mock-transduced 
cells, 9.5% (±1.2) of the human CD45+ cells expressed the hema-
topoietic stem/progenitor cell marker CD34 compared to 8.5% 
(±1.3) in mice transplanted with LV EFS ADA–transduced cells. 
Similarly, myeloid markers CD14 and CD11b were expressed on 
7.3% (±4.5) and 10.4% (±4.4) of the human CD45+ cells from 
mice transplanted with mock-transduced and LV EFS ADA–
transduced cells, respectively (Figure 5f).

Thymocytes isolated from recipients of LV EFS ADA–
transduced ADA-SCID HSC had typical proportions of CD4/CD8 
double-negative (10.7%), CD4/CD8 double-positive (54.6%), 
CD4 single-positive (10.1%), and CD8 single-positive cells 
(24.6%) (Figure 5f). In contrast, thymocytes isolated from recipi-
ents of mock-transduced ADA-deficient CD34+ cells had typical 
proportions of only CD4/CD8 double-negatives (12.4%) and CD4 
single-positive cells (11.7%), but had significantly more CD8 sin-
gle-positive cells, (64.7%; P = 0.020) and significantly less double-
positive cells (11.2%; P = 0.028) compared to mock transduced, 
suggesting abnormal thymopoiesis without ADA gene correction. 
In mature lymphocyte populations, there was no difference in the 
percentages of splenic CD3+ human T cells produced from the 
LV-transduced cells (13.2%) or mock-transduced cells (18.7%), 
but there was a higher percentage of splenic CD19+ human B cells 
produced from the LV-transduced cells (68.8%) compared to the 
mock-transduced cells (51.6%) (P = 0.047).

ADA enzyme activity was analyzed in enriched populations of 
human CD45+ cells isolated from the bone marrow and spleen, 
and from total thymocytes of the NSG mice. The mean ADA 
activity in thymocytes was 0.05 ± 0.01 U from mice transplanted 
with mock-transduced cells and was 0.52 ± 0.30 U from mice 
transplanted with LV EFS ADA–transduced cells (Figure 5g). The 
relatively high ADA activity detected in mock transduced BM and 
spleen most likely derive from the murine cells, which are replete 
for ADA expression, contaminating the human CD45-enriched 
populations. VCN consistently averaged between 3.7 and 5.2 VC 
per cell in the three organs analyzed, with 1.3–1.8 U/VC ADA 
enzyme expression (Figure 5h,i).

LV EFS ADA shows significantly decreased 
transformation potential in comparison to gRV 
vectors
A major concern regarding the continued clinical use of gRV is 
the risk of insertional mutagenesis. The in vitro immortalization 
(IVIM) assay has demonstrated the capability to detect transfor-
mation of virally transduced cells under myeloid differentiation 
conditions.25 In two independent studies, performed in the United 
Kingdom and in the United States, we adopted this approach and 
compared the LV EFS ADA to the gRVSFada/W and gRV MND-
ADA vectors. A second vector using the promoter/enhancer ele-
ment of spleen focus-forming virus driving the green fluorescent 

protein reporter gene (gRVSF91GFP) was also used as a positive 
control in both studies. In the UK study, another positive control 
was included using a SIN LV design but with an internal SFFV 
promoter (LV SF GFP). In both studies, cells were also subject to 
mock transduction in similar culture conditions to monitor back-
ground activity.

In the UK study, the gRV SF91 GFP vector induced positive 
replating clones in all experiments and the LV SF GFP vector 
did so in two out of four experiments. Most notably, the clinical 
gRVSFada/W vector also displayed positive replating activity in 
all experiments, suggesting that this vector has strong transforma-
tion ability. The LV EFS ADA–transduced cells did not produce 
clones with higher proliferative capacity than mock-transduced 
cells in any of the four independent experiments (Figure 6a). The 
replating index (replating frequency/VCN) was calculated and, 
both gRVSF91GFP and gRVSFada/W vectors had high replating 
indices. The LV SF GFP vector harboring internal SFFV promoter 
displayed a relative lower replating index than gRVs. Importantly, 
the LV EFS ADA vector generated no detectable mutants result-
ing in a negative replating index. In a modification of previously 
described IVIM assays,28 cell proliferation was detected using 
the WST-1 assay method (IVIM-WST1 assay), in which viable 
cell numbers were determined by the measurement of products 
generated from cleavage of WST-1 by mitochondrial dehydroge-
nases thereby allowing a quantitative assessment of the growth of 
replating clones. Four independent experiments were conducted 
and the highest reading from mock-transduced clones was set as 
the threshold, values above which were regarded as positive clones 
(Supplementary Figure S2).

In the US study, four independent experiments (13 assays) 
were conducted. The gRVSF91.GFP and gRVMND-ADA retrovi-
ral vectors produced abundant immortalized clones, with replat-
ing frequencies/VCN of 3.36 × 10−3 (or 1 in 306) and 3.68 × 10−4 
(or 1 in 2,717), respectively. No colonies were formed by the 
mock-transduced or the LV EFS ADA–transduced cells across 
all 13 assays performed. The frequency of replating by LV EFS 
ADA was significantly lower when compared to gRV SF91.GFP, 
(P < 0.001) and when compared to gRVMND-ADA (P < 0.001; by 
two sample nonparametric Wilcoxon rank sum test) (Figure 6b; 
Supplementary Table S1).

The distribution of unique vector integration sites was deter-
mined in LV EFS ADA–transduced human BM and CB CD34+ 
cells prior to transplant (in vitro) and in cells from the BM of 
NSG mice 4 months after transplantation (in vivo). LV EFS ADA 
integration patterns seen in the human cells after the short-term 
culture and in the cells after xenografting in vivo were essentially 
identical, with no in vivo clonal skewing toward a higher frequency 
of vector integrants in cancer-associated genes (Figure 6c), and 
no dominant clones observed and also no increase of integrants 
near the 5′ transcriptional start sites of genes (Figure 6d).

DISCUSSION
While past clinical studies using gRV for GT of ADA-deficient 
SCID have provided clear clinical benefit, the level of immune 
recovery has, in general been, suboptimal; with T-cell numbers at 
the lower end of the normal range and less than 50% of patients 
being able to stop immunoglobulin replacement.12,13 Furthermore, 
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although success has been achieved with no transformation 
events using gRVs, the potential concern regarding vector-medi-
ated leukemogenesis has remained. Thus, improvement of clini-
cal outcomes and increased safety concerns has necessitated the 
development of more efficacious and safer vector designs. Ideally, 
a new vector for future clinical trials for the treatment of ADA-
SCID should achieve the following: efficient ADA gene transfer 
to HSC, high and consistent ADA enzyme activity with low VCN, 
reduced probability of acute cytotoxicity or genotoxicity, and 
improved immune reconstitution. In an attempt to fulfill these 
requirements, we developed and compared the LV EFS ADA vec-
tor, in which the codon-optimized hADA cDNA is driven by an 
internal mammalian EFS promoter in a SIN-configuration back-
ground (LV EFS ADA), to the gRV ADA vectors that have been 
used successfully in ADA GT clinical trials. In our studies, LV 
EFS ADA led to efficient transduction of HSCs with shortened 
ex vivo culture time, delivered therapeutic levels of ADA trans-
gene expression via progenitor cells into multiple differentiated 

lineages, rescued ADA−/− mice from lethality and corrected 
immune system and metabolic abnormalities. Most importantly, 
the LV EFS ADA vector showed a significant reduction in trans-
formation potential.

The level of ADA expression is likely to be important in allow-
ing full correction of the disease. In the LV EFS ADA vector, we 
used a codon-optimized version of the human ADA cDNA to 
maximize expression and biological activity of transgene, in com-
bination with the internal intron-deleted EFS promoter. Because 
this shortened version of the human elongation factor 1-α pro-
moter lacks its strong enhancer, expression may be reduced com-
pared to the viral SFFV enhancer/promoter. Nevertheless, LV EFS 
ADA achieved high ADA expression and activity with low VCN 
in LV EFS ADA transduced human HSC in vitro and in murine 
lineage depleted progenitors at levels comparable to those trans-
duced with the gRVs containing viral enhancers. Vectors with this 
EFS promoter have been shown to have a significantly decreased 
risk of insertional mutagenesis in both in vitro and in vivo models 

Figure 6 Assessments of genotoxicity of EFS-ADA lentiviral vector. In vitro immortalization (IVIM) Assay. Murine Lin- cells transduced by the 
indicated vectors were expanded as mass cultures for 2 weeks. An aliquot was taken for qPCR for VCN measurement. On day 15, cells were 
plated into 96-well plates at a density of 100 cells/well or 1,000 cells/well in 100 µl medium. Two weeks later, the wells showing abundant cell 
growth were counted as positive, and the frequency of replating cells was calculated based on Poisson statistics using L-Calc Software (Stemcell 
Technologies, Vancouver, Canada). Horizontal bars indicate mean values. (a) Replating frequency corrected for VCN group by investigators at GOSH, 
UK. (b) Replating frequency corrected for VCN group by investigators at University of California, Los Angeles, USA (c,d) Vector integration site analy-
sis in human ADA-deficient bone marrow in vitro and in vivo. (c) The percentages of unique integration sites in human cells (isolated from primary 
NSG mouse recipient bone marrow) near cancer-related genes were determined in vitro (n = 9,822 unique sites) or in vivo (n = 3,141 unique sites). 
Integration sites in genes or within 300 kb of gene TSS were considered “near” and cancer-related genes were defined as in Higgins et al. 40.(d) The 
EFS-ADA vector integration sites were mapped relative to transcriptional start sites (TSS) in vitro (n = 1,610 unique sites) and in vivo (n = 517), and 
compared to a published data set for MLV1 (n = 828). Grey line represents the theoretical random distribution (n = 12,837).
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of transformation.32,33 Clinical trials of GT for SCID-X1 using this 
promoter are currently ongoing with no evidence of clonal domi-
nance thus far (Thrasher, personal communication).

Since studies in vitro demonstrated that LV EFS ADA had 
ADA activity/VCN comparable to that from the gRVSFada/W 
and the gRV MND-ADA vector, we progressed to test the vec-
tor in comparative studies in in vivo models of ADA deficiency. 
The murine ADA−/− model is a highly representative model of the 
human disease, as untreated mice display severe lymphopenia 
before dying in the first 3 weeks of life from pulmonary insuf-
ficiency, which arises from the metabolic consequences of the 
disease.5 Correction of the murine disease phenotype by ADA 
delivery through a variety of GT or ERT approaches has previ-
ously been demonstrated and thus this is an appropriate model to 
test and compare the efficacy of the LV EFS ADA vector.30,34

In ADA−/− murine transplant experiments, ERT was contin-
ued for 4 weeks prior to complete withdrawal. Previous studies 
have demonstrated that ongoing use of PEG-ADA does not inhibit 
gene-modified cell engraftment and improves thymic reconstitu-
tion.30 Although we did not perform comparative studies with 
cohorts where ERT had been withdrawn prior to GT, the levels 
of engraftment and immune reconstitution in our GT treated 
mice cohorts were similar to those achieved in the WT transplant 
cohort and demonstrate that the short-term use of PEG-ADA 
post-GT was not detrimental to gene-modified cell engraftment.

After PEG-ADA withdrawal, we only observed deaths in the 
gRV group, while none were seen in the groups transplanted with 
LV-transduced or WT cells, indicating that sufficient intracellular 
ADA production was achieved through gene transfer to correct 
the pulmonary insufficiency, which is the primary cause of death 
in deficient animals. Histological analysis of the lungs showed 
clearance of inflammatory cells and interstitial material and bio-
chemical analysis of lung tissue showed restoration of ADA and 
SAHH activity. Similar less severe noninfectious pulmonary man-
ifestations have been observed in ADA-deficient patients35, and 
thus these data are encouraging in demonstrating the effect of GT 
to correct this nonimmunological manifestation of the disease. 
All surviving mice also had engraftment of donor gene modified 
(LV and gRV) cells with comparable VCN in all tissues analyzed 
and showed evidence of metabolic correction with increased 
ADA activity and SAHH activity, which indirectly reflects low-
ered dATP levels in reconstituted mice. The death of mice in the 
gRV group is likely to be due to the lower engraftment of gene-
modified cells in these mice. Animals that died before analysis had 
lower VCN (<0.1 copy/cell) than the survivors (0.2–0.6 copy/cell). 
Histopathological examination of deceased mice demonstrated 
evidence of airway thickening and obstructions in lung.

All cohorts including GT treated, WT treated, and ERT treated 
ADA−/− mice displayed equivalent levels of immune recovery as 
reflected by the numbers of total lymphocyte counts and specific 
subpopulations. Overall, the performance of the LV EFS ADA 
vector in reconstituting the ADA−/− mouse was comparable to that 
of gRVSFada/W and gRV MND-ADA and given that these vec-
tors have been used successfully in promoting long-term immune 
recovery and metabolic correction in human subjects,11–13 these 
findings generate confidence that the LV EFS ADA vector will 
also be able to promote similar recovery in the clinical setting. 

However, this hypothesis is difficult to test in animal models and 
can only be determined in the context of clinical trials.

LV EFS ADA was characterized further by transducing pri-
mary human CD34+ cells from normal CB, normal donor BM 
and, most relevantly, from BM samples from ADA-deficient SCID 
infants. Efficient vector dose-related transduction of CD34+ cells 
was achieved, with VCN ranging from 0.1 to 10, using concentra-
tions of LV EFS ADA between 1 × 106 and 1 × 108 TU/ml. Vector 
concentrations of 1–5 × 107 TU/ml led to 1–3 VCN when analyzed 
by in vitro assay or in vivo in the NSG mice, which would be an 
ideal VCN in the clinical setting to achieve the maximal percent-
age of gene-corrected HSC without reaching excessive burdens of 
integrated vectors.

ADA expression by the LV EFS ADA was quite consistent 
across all studies performed, producing 1–3 times of normal 
ADA activity per single vector copy in the cells from short-term 
myeloid culture and in human CD45+ leukocytes, including thy-
mic T cells, produced in vivo by engraftment of transduced ADA 
SCID HSC in NSG mice. Expression by LV EFS ADA was main-
tained essentially unchanged after in vivo growth. This level of 
ADA enzyme expression at low VCN indicates that the LV EFS 
ADA should have therapeutic effect, as a relatively broad range 
of ADA activity is tolerated and supports immune reconstitution.

In further evaluating LV EFS ADA, we also assessed the role 
of IL-3 in supporting HSC transduction, as the benefits of includ-
ing IL-3 in the cytokine cocktail has been of uncertain value.36,37 
The addition of IL-3 to the relatively standard combination of 
cytokines (S/F/T) increased the average VCN in CD34+ cells 
when analyzed after short-term myeloid culture and in CFUs. 
However, there were no long-term effects of IL-3 on human HSC 
engraftment, differentiation or vector transduction using the NSG 
xenograft model, suggesting that the increased VCN measured 
in short-term bulk cultures and CFUs was primarily the result 
of a subset of the progenitors receiving increased copies of the 
vector, rather than significant transduction of additional cells. 
Alternatively, high VCN could be toxic in the long term, leading 
to loss of the highly transduced clones in vivo.

The lack of effects of IL-3 on HSC is consistent with the 
absence of its receptor (IL3Ra) on primitive human HSC.38 Thus, 
IL-3 seems to exert its effects on the transduction of committed 
clonogenic progenitors, which are read-out in short-term assays 
but has no apparent effect on long-term repopulating cells. In the 
clinical setting, there may be some advantage to higher transduc-
tion of short-term progenitors to provide early expansion of cells 
expressing ADA during the several months required for long-term 
HSC to produce lymphocytes de novo.30 Of the many (>40) ADA 
SCID patients treated previously in clinical trials, some received 
cells that were transduced in the presence of IL-311,13 and others 
did not,12 yet the majority realized long-term effective immune 
recovery without any evidence of lymphoproliferation or other 
adverse events. The results presented in this manuscript do not 
make any strong argument for removing IL-3 from the transduc-
tion protocol, and therefore to avoid multiple protocol changes, 
the forthcoming trial with LV EFS ADA will also use IL-3 as part 
of the transduction cytokine cocktail.

Although there have been no insertional oncogenic events 
using gRV for GT of ADA-deficient SCID in more than 40 treated 
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subjects, there have been several oncogenic events in other tri-
als using HSC-directed GT to treat immunodeficiencies.14,15,17,19 
Furthermore, the safety issue related to the gRVSFada/W has been 
a concern particularly after common insertion sites have been 
identified in the MDS1/Evi1 locus in two ADA SCID patients after 
GT although no malignancies have developed so far (data not 
shown). To address these concerns, we used a SIN LV designed 
to reduce the risk of insertional mutagenesis, as this configuration 
has already been shown to be safer in other studies.24,25,39

To test this specific LV EFS ADA vector, we have used the in 
vitro platform established by Modlich et al.,25 to assess the in vitro 
insertional mutagenesis potential of the vectors. The dramatically 
reduced incidence of transformants in LV EFS ADA transduced 
cells (no clonal outgrowth observed across multiple assays), in two 
independent studies, strongly indicates that this LV has signifi-
cantly reduced genotoxicity compared to the gRVSFada/W or gRV 
MND-ADA used in prior trials at least in this assay. The improved 
safety property of LV EFS ADA can be attributed to the SIN design 
and use of internal mammalian EFS promoter, which reduces the 
risk of enhancer-mediated neighboring gene transactivation. The 
integration profile of the LV EFS ADA is also more frequent into 
active transcribed genes but is not concentrated on promoter-prox-
imal areas.40–42 Indeed, the lack of skewing of LV EFS ADA integra-
tion sites during in vivo growth of transduced human CD34+ cells 
in NGS mice is consistent with other reports of undetectable geno-
toxicity from similar LVs in in vitro assays. Clinical trials using SIN 
LVS are already underway for a number of monogenic diseases of 
the bone marrow including immunodeficiencies and metabolic 
diseases, and the data thus far show a polyclonal pattern of vector 
integration with no evidence of clonal dominance.26,43,44

Taken together, these studies demonstrate that LV EFS ADA 
has the potential fulfill the requirements deemed essential to pro-
vide increased safety and clinical benefit for ADA SCID patients. 
Based on these data presented here, two clinical trials using autol-
ogous BM or PBSCs HSC transduced with LV EFS ADA, have 
recently been initiated, one in the United Kingdom (University 
College London, London) following approval by GT Advisory 
Committee (GTAC) and Medicines and Healthcare Products 
Regulatory Agency (MHRA) (EudraCT No: 2010-024253-36) and 
one in the United States. (University of California, Los Angeles, 
Los Angeles and the National Institutes of Health, Bethesda) fol-
lowing approval by the US Food and Drug Administration (FDA; 
IND #BB15440; ClinicalTrials.gov NCT#01852071). These studies 
will allow us to determine the efficacy and safety of LV EFS ADA 
in the clinical setting and to see if LV EFS ADA can provide more 
effective HSC transduction and engraftment than that observed in 
gRV studies, and result in more rapid and robust immune recon-
stitution without genotoxicity.

MATERIALS AND METHODS
Experimental animals. All animals were handled in laminar flow hoods 
and housed in microinsulator cages in pathogen-free colonies. Animal 
procedures and housing were in accordance with Home Office animal 
welfare legislation at University College London (UCL) in the United 
Kingdom, and in accordance with the Animal Research Committee and 
Division of Laboratory Animal Medicine and the National Institutes of 
Health guidelines at University of California, Los Angeles (UCLA) in the 
United States.

ADA mice. The ADA colony, maintained at UCL (FVB; 129-Adatm1Mw 
Tg(PLADA)4118Rkmb/J) was purchased from the Jackson Laboratory 
(Bar Harbor, ME) and was described previously.5 ADA+/+ and ADA−/− 
mice were generated by intercrossing ADA+/− females with ADA+/− males. 
Progeny were genotyped by polymerase chain reaction (PCR) assay (http://
jaxmice.jax.org). ADA−/− mice were maintained by weekly intraperitoneal 
injection (i.p.) of PEG-ADA (kind gift from Sigma-Tau Pharmaceuticals) 
at a dose of 1,000 units/kg until transplanted and then remained on ERT 
for 1 month after transplant.30

NSG mice : The NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ strain (NSG) was 
purchased from the Jackson Laboratory (Bar Harbor, MA) in UCLA and 
were bred as mutant pairs.45

C57BL/6 mice. For IVIM assays at UCL and UCLA, 7-week-old C57BL/6 
inbred mice were purchased from Harlan Laboratories (UK) and from 
Jackson Laboratory.

Viral vector construction. The LV EFS ADA vector was constructed 
as described before28 at UCL. Briefly, a codon-optimized human ADA 
cDNA sequence linked with an EFS fragment was inserted into ClaI/
SalI sites in the pCCLsincpptW1.6hWasp-WPRE backbone. The LV 
MND-ADA was constructed by inserted a blunted Hind III human ADA 
cDNA fragment into the SmaI site of pCCLc-MNDU3-X2 backbone, 
which contains the retroviral MND LTR U3 region driving expression 
of human ADAcDNA.

The SFada/W vector was described in Gaspar et al.,46 with a wild-type 
human ADA cDNA controlled by the gRV SFFV LTR. The gRV MND-
ADA was constructed as described in Candotti et al.,12 and contains the 
human ADA cDNA under the control of the MND LTR. The LV EFS 
GFP vector was cloned with a HincII/BamHI fragment containing EFS 
promoter into the P’HR-cppt-SEW (LV SF GFP) vector.47 The gRV SF91 
GFP vector was a kind gift from Professor Christopher Baum.48

Viral vector production and titer determination
LV. The LVs were packaged in HEK293 T cells by triple transfection of 
the packaging plasmids pMD.G2 (VSV-G envelope) and pCMVΔ8.91 
(gag-pol plasmid) with the corresponding viral construct, using polyeth-
ylenimine (Sigma-Aldrich), with sodium butyrate stimulation for the first 
24 hours (Sigma Aldrich). Virus supernatant was collected 48–72 hours 
after transfection, and viral particles were concentrated by ultracentrifu-
gation or tangential flow.49 Evaluation of LV EFS ADA in the NSG mice 
was performed with vector produced in two batches produced under 
Good Manufacturing Practice at the Indiana University Vector Production 
Facility.50 The LV vector DNA titer was determined on murine SC-1 fibro-
blasts and human HT29 colon carcinoma cells which were harvested at 72 
hours after transduction and DNA was extracted with DNeasy Blood and 
Tissue kit (Qiagen, UK) following the manufacturer’s instructions. qPCRs 
were performed with primers and probe to detect the HIV psi region 
specific for the packaging region of LVs (sense primer 5′-acctgaaagc-
gaaagggaaac-3′, antisense primer 5′-cgcacccatctctctccttct-3′, and probe 
FAM-agctctctcgacgcaggactcggc-TAMRA).

gRV. The gRVSFada/W and gRV SF91 GFP vectors were packaged 
in HEK293T cells by triple transfection of the packaging plasmids pEco 
(murine ecotropic envelope; Clontech, Europe) and M13 (MuLV gag/
pol expression plasmid, kind gift from Professor Christopher Baum) 
with corresponding construct using Calcium Phosphate Transfection Kit 
(CAPHOS, Sigma) under manufacturer’s instructions. Supernatants were 
collected 48–72 hours after transfection and filtered through a 0.45 μm 
filter. The vector titer was determined on murine SC-1 fibroblasts by spin-
oculation with serial dilutions of supernatant for 40 minutes at 1,000 xg, 4 
°C in the presence of 8 μg/ml polybrene. Viral transduced cells were har-
vested after 72 hours and DNA extracted with DNeasy Blood and Tissue kit 
(Qiagen) following the manufacturer’s instructions. qPCR were performed 
with primers and probe to detect a common region in wPRE fragment 
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in the gRV GFP vectors28 or viral integrations, Titin for murine cells or 
b-actin for human cells as DNA-loading control. The gRV SF91 GFP vector 
was also packaged from a stable clone of the GP+E86 ecotropic packag-
ing cell line as a positive control for the in vitro insertional mutagenesis 
(IVIM) assay at UCLA. Titer was determined on HT29 cells and DNA was 
extracted with DNeasy Blood and Tissue kit (Qiagen) following the manu-
facturer’s instructions. qPCR were performed with primers and probe to 
detect GFP (sense primer is 5′-ctgctgcccgacaacca-3′, antisense primer is 
5′-gaactccagcaggaccatgtg-3′, and probe 5′-FAM - ccctgagcaaagaccccaac-
gaga-Tamra-3′). The gRV-MND-ADA vector supernatant was produced 
from a stable clone of the PG13 GALV-packaging line as described.12

All experiments were performed with thawed vector stocks of known 
titers (LV: 0.6–10 × 109 transducing units (TU)/ml; gRVSFada/W and gRV 
SF91 GFP: 1–10 × 106 TU/ml); gRV MND-ADA: 1.8 × 105 TU/ml).

Enrichment, transduction, and transplantation of murine ADA−/− BM 
Lin- HSCs
Enrichment and transduction of ADA−/− HSC. The BM cells were har-
vested by flushing tibias, femora, and pelvis of age-matched male donor 
ADA+/+ or ADA−/− mice. BM lineage negative (Lin-) cells were enriched 
with the BDIMag Mouse Hematopoietic Progenitor Cell Enrichment Set 
(BD Biosciences, San Jose, CA) and preactivated in Stemspan serum-free 
expansion medium (SFEM) (StemCell Technologies, UK) in the presence 
of 100 ng/ml of murine stem cell factor, human Flt3 ligand (Flt3-L), murine 
thrombopoietin (mTPO), and 20 ng/ml of murine interleukin-3 (IL-3). 
After 24-hour preactivation, the LV EFS ADA or LV EFS GFP vectors were 
directly added to cells at a MOI of 20 and incubated for 16–24 hours. For 
SFada/W gRV vector, the cells were preactivated for 72 hours and then 
underwent a two-round transduction protocol with a 6-hour gap. In each 
round, viral particles corresponding to a MOI of 20 were spinoculated for 
40 minutes at 1,000 g, 4 °C onto a retronectin-coated plate. The cells were 
added into virus-coated plates after removal of supernatant. After 24 hours 
after transduction, all cells were injected via the tail vein into 4–12 weeks 
old sublethally irradiated (5 Gy, split dose) female ADA−/− recipients at a 
dose of 5 × 105 cells/mouse. In ADA−/− WT group, isolated ADA+/+ BM 
Lin- cells were injected instead. All transplants were maintained on ERT 
with weekly i.p. injection of PEG-ADA at 1,000 units/kg for 4 weeks post-
transplantation. A group of age-matched ADA−/− mice under continuous 
PEG-ADA injection were used as a positive control. The negative control 
group of untreated ADA−/− mice were euthanized at day 18-20 after birth.

Isolation, transduction, and transplantation of human HSC
Isolation. Human CD34+ cells (HSC) were isolated from anonymous waste 
normal human cord blood and bone marrow, which has been deemed 
exempt from IRB review as not constituting human subjects research, and 
from ADA-deficient SCID bone marrow, under approved UCLA IRB #10-
001399 with informed consent provided by parents of the subjects. Normal 
human adult bone marrow samples (100 ml/donor) were also purchased 
from AllCells, LLC (Emeryville, CA). Human CD34+ cell isolation was 
performed as described.51 Briefly, human cord blood or human bone mar-
row was diluted 1:2 with Dulbecco’s phosphate-buffered saline and distrib-
uted into 50 ml conical tubes containing 15 ml of Ficoll-Paque PLUS (GE 
HealthCare Life Sciences, Piscataway, NJ) and centrifuged (no brake) at 
400 xg for 30 minutes at room temperature. The mononuclear cells (the 
buffy coat) were harvested and CD34+ cells were isolated by immuno-
magnetic separation with the Miltenyi MACS CD34+ Cell Isolation Kit 
(Miltenyi Biotech, Auburn, CA). Cells were counted and either transduced 
as freshly isolated CD34+ cells or cryopreserved (freezing medium: 90% 
serum and 10% DMSO) and then transduced after thawing.

Transduction. Human CD34+ cells (100,000 or 500,000 cell/ml), were 
plated on Retronectin coated six-well plates (20 µg/ml; Takara/Clontech, 
Mountain View, CA) and prestimulated for 24 hours in X-Vivo 15 serum-
free medium (Biowhittaker/Lonza, Walkersville, MD) supplemented with 
L-glutamine (2 mmol/l), human TPO (100 ng/ml), human stem cell factor 

(300 ng/ml), human Flt3 ligand (Flt3-L; 300 ng/ml), and with or without 
IL-3 (20 ng/ml) (all cytokines from BioLegend, San Diego, CA). The cells 
were transduced with the EFS-ADA LV at a concentration of 3.0 × 107 TU/
ml (except where indicated otherwise) for 18–20 hours at 37 °C with 5% 
CO2. gRV transductions were done following 2 days of prestimulation, as 
above, by adding unconcentrated gRV-MND-ADA vector supernatant to 
cells daily × 3 days.12

Transplantation. Irradiated (150 cGy) neonatal NSG mice were 
transplanted with 50,000 to 100,000 transduced (LV EFS ADA) or non-
transduced (mock) human CD34+ cells by intravenous injection into the 
superficial temporal (facial) vein between postnatal day 1 and 3. The mice 
were euthanized 4 months after transplant, and the thymus, spleen, and 
bone marrow were harvested and analyzed for the presence of human 
cells (engraftment) and vector (VCN and expression). Bone marrow cells 
were isolated from each primary recipient, red blood cells were lysed, and 
1 × 10e7 nucleated cells were serially transplanted into a conditioned sec-
ondary recipient (250cGy).

Analysis in vitro of transduced human HSC
Myeloid culture. Immediately following the transduction period, the 
LV-transduced and mock-transduced cultures were maintained in Iscove’s 
modified Dulbecco’s medium supplemented with 20% fetal calf serum 
(Omega Scientific, Tarzana, CA), 0.5% human serum albumin (AlbuRx 
25; CSL Behring LLC, Kankakee, IL), L-glutamine (2 mmol/l), penicillin/
streptomycin (100 U/ml), human IL-3 (5 ng/ml), IL-6 (10 ng/ml), and stem 
cell factor (25 ng/ml) (all cytokines from BioLegend). On day 7, one half 
of the medium was exchanged for fresh medium with freshly diluted cyto-
kines. On day 14 of posttransduction culture, 1 × 106 cells were harvested 
for DNA extraction and 0.5 × 106 cells were harvested for ADA enzyme 
activity assay. DNA was purified using the DNAeasy kit (Qiagen, Valencia, 
CA) and ADA enzyme activity was determined with the ADA enzyme 
assay by Diazyme (San Diego, CA).

Colony assays. Samples of the transduced CD34+ cells were also 
plated for progenitor assays (CFU) (two to three dilutions in duplicate) in 
semisolid methylcellulose medium supplemented with cytokines (Stem 
Cell Technologies, Vancouver, BC, Canada). Between days 11 and 14, 
colonies were counted and characterized by progenitor type. Single colo-
nies were aspirated from the methylcellulose and placed into a microcen-
trifuge tube containing 1 ml of Dulbecco’s phosphate-buffered saline for 
1 hour at 37 °C. The tubes were centrifuged for 10 minutes at 400 xg and 
cell pellets stored at −20 °C for later DNA extraction and VCN analysis. 
Colony DNA was purified with a single phenol/chloroform extraction, 
precipitated in the presence of glycogen (20 mg/ml, Roche Diagnostics, 
Mannheim, Germany; Invitrogen, Carlsbad, CA) and resuspended in 25 
µl of Tris-EDTA (pH 7.4). To determine CFU VCN, 5 µl of the extracted 
DNA were analyzed by Multiplex qPCR using primers/probe for the 
human ADA cDNA and the human SDC4 gene (to normalize for DNA 
concentration) and compared to the EFS-ADA copy number standard 
described above.

Flow cytometry analysis for immunophenotype and engraftment
ADA mice. The percentage of T cells (CD3+, CD4+, and CD8+), B cells 
(B220+), myeloid cells (GR-1+), and natural killer (NK1.1+) cells were ana-
lyzed in the PB, thymus, spleen, or bone marrow of ADA mice. For flow 
cytometry, 2 × 105 cells from red cell lysed PB, lymphoid organs, or bone 
marrow were preincubated for 15 minutes at room temperature with murine 
serum followed by staining for 30 minutes at 4 °C with anti-mouse antibod-
ies all from BD Pharmingen including: PE-CD3, PE Cy7-CD4, APC-CD8a, 
APC-B220, APC-GR-1, and APC-NK1.1. After washing, cells were analyzed 
using CyAn ADP Analyzer (Beckman Coulter) and Summit software.

NSG mice. In transplanted NSG mice, the level of engraftment and the 
immunophenotype of human cells were determined by flow cytometry 
(FACS) immunostaining with anti-human antibodies from BD Biosciences 
and flow cytometry on a BD LSRII instrument with DIVA (BD Biosciences) 
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Software. Percent engraftment was determined on bone marrow cell sus-
pensions (flushed from femur and tibia bones) immunostained with anti-
human CD45 (PerCp or APC). The percentage of engrafted human cell 
lineages was determined on tissue cell suspensions immunostained as fol-
lows: thymus-anti-human CD4-PE, anti-human CD8-APC; spleen-anti-
human CD3-PE, anti-human CD19-APC; and bone marrow anti-human 
CD11b-APC, anti-human gran-1-PE.

Quantification by qPCR for VCN and donor cell engraftment. All 
amplification reactions were performed in the 7,500 Fast Real-Time PCR 
System (Applied Biosystems/Life Technologies (LT) UK and USA) under 
default conditions and analyzed using Manufacturer’s software.

ADA mice. Genomic DNA was extracted from murine tissues and PB 
by DNeasy Blood & Tissue Kit (Qiagen). VCN in total cells from differ-
ent organs was detected by qPCR using primers amplifying sequences in 
wPRE or Titin.28 Known copies of wPRE from LV-transduced MEL cells 
serially diluted into irrelevant genomic DNA was used to set up a standard 
curve. The frequency of male donor cells was determined by qPCR for the 
Y chromosome using primers described previously.34 These data were cal-
culated using a standard curve of serially diluted male cells into female 
cells from ADA mice.

NSG mice. Genomic DNA was extracted from murine spleen and bone 
marrow with DNeasy Blood & Tissue Kit (Qiagen). From smaller thymic 
tissue samples (0.5–1 × 105 cells), DNA was extracted with phenol chloro-
form extraction as described previously.12 The human ADA gene in both 
gRV (not codon optimized) and LV vectors (codon optimized) was ampli-
fied using primers and probe that span exon 6 and 7 of the human ADA 
gene (sense primer 5′-ggtccatcctgtgctgcat-3′, anti-sense primer 5′-cggtct-
gctgctggtacttctt-3′, and probe 5′-FAM-ccagcccaactggtcccccaag-tamra-3′). 
VCN was normalized by qPCR of the human syndecan 4 gene (SDC4) 
(sense primer 5′-cagggtctgggagccaagt-3′, anti-sense primer 5′-gcacagt-
gctggacattgaca-3′, and probe 5-HEX-cccaccgaacccaagaaactagaggagaat-
Iowa Black FQ. DNA extracted from a cellular clone containing four copies 
of integrated LV EFS ADA vector was serially diluted into equally concen-
trated DNA from nontransduced cells to make the standard curve used to 
quantify the VCN per cell.

ADA and SAHH activity assay
ADA mice. ADA activity assay was performed with cell lysates from 
transplanted ADA−/− and controls prepared in 200–500 μl of H2O per 
sample. 12.5 μl of the lysate was incubated with the reaction mix con-
taining 50 μl of phosphate-buffered saline (Invitrogen/Life technologies), 
37.5 μl of 10 mmol/l adenosine (Sigma-Aldrich) for 0 or 20 minutes in 37 
°C water bath. Then, the reaction was stopped by 12.5 μl of 40% trichlo-
roacetic acid (Sigma-Aldrich). The precipitations were spun down, and 
trichloroacetic acid in the supernatant was extracted by H2O-saturated 
diethyl ether.

ADA mice. For SAHH activity assay, 100 μl of master mix (50 μl of 
62.5 mmol/l KH2PO4, 5 μl of 20 mmol/l DTT, 10 μl of 10 mmol/l EDTA, 
20 μl of 37.5 mmol/l homocysteine, and 15 μl of H2O) was added into each 
tube with 10 μl of 150 μmol/l deoxycoformycin (Pentostatin; TOCRIS 
Bioscience, UK) and 25 μl of lysate. The tubes were preincubated in a 37 °C 
water bath for 5 minutes. To start the reaction, 10 μl of 6.5 mmol/l adenos-
ine was added into the mixture and incubated for 0 or 60 minutes at 37 
°C until stopped by adding in 25 μl of 40% trichloroacetic acid. The pre-
cipitations were spun down and trichloroacetic acid in the supernatant was 
extracted by H2O-saturated diethyl ether. The level of substrates in ADA 
or SAHH activity assays was measured on anion-pair HPLC Waters 2795 
system with PDA detection (Waters, Milford, MA). The final ADA activity 
was normalized with protein concentration or hemoglobin concentration.

NSG mice. ADA enzyme activity was measured in human cells iso-
lated from total tissue cell suspensions of spleen and bone marrow using 
the anti-human CD45 Miltenyi MACs Cell Separation System (Miltenyi 
Biotech, Auburn, CA). Mice transplanted with mock-transduced cells were 
also used to determine a baseline of ADA activity in the engrafted human 

cells, as the CD34+ cells from ADA replete cord blood or bone marrow will 
have background ADA expression. A colorimetric ADA enzyme assay kit 
(Diazyme Laboratories, Poway, CA) was used to determine the amount of 
ADA enzyme activity in the primary human CD34+ cells from in vitro cul-
ture and from human cells isolated from NSG mice. Cells (0.5 × 106 cells) 
were centrifuged at 400 × g for 5 minutes and a dry pellet was frozen at −80 
°C for batch assays. The kit uses a calibrator that is serially diluted to make a 
standard curve for quantification. The catalytic conversion of adenosine by 
ADA enzyme is ultimately read-out by the conversion of hypoxanthine to 
uric acid and hydrogen peroxide that reacts with N-Ethyl-N-(2-hydroxy-
3-sulfopropyl)-3-methylaniline and 4-aminoantipyrine in the presence of 
peroxidase to generate quinone dye, which is detected spectrophotometri-
cally at 550 nm.

Western blot. The cell lysate was prepared with 1 × 106 cells in RIPA lysis 
buffer by standard method and subjected to sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis. The proteins were transferred to nitrocel-
lulose membrane (Sigma-Aldrich). Anti-ADA antibody was a kind gift 
from Dr. M. Hershfield (Duke University, Durham, NC). Anti-GAPDH 
monoclonal antibody was obtained from Santa Cruz Biotechnology (Santa 
Cruz, Germany).

Histological analysis. Tissues and organs of ADA mice including lung, liver, 
heart, and kidney were harvested and examined histologically. Tissues and 
organs were rinsed in phosphate-buffered saline and then fixed in 10% 
formalin for more than 24 hours at 4 °C. Then, tissues were dehydrated, 
cleared, and embedded in paraffin following routine procedures. Sections 
of 4 µm in size were cut and stained with hematoxylin and eosin and 
mounted using standard protocols for histopathological analysis under an 
optical microscope (Olympus BX50).

IVIM-WST1 assay. In vitro immortalization assay was adopted from 
Modlich et al.25 Briefly, BM Lin- cells of C57BL6 mice were isolated with 
the BDIMag Mouse Hematopoietic Progenitor Cell Enrichment Set (BD 
Biosciences, 558451) and preactivated in Stemspan serum-free expan-
sion medium (StemCell Technologies) containing 50 ng/ml murine stem 
cell factor, 100 ng/ml hFlt-3 ligand, 100 ng/ml hIL-11, and 10 ng/ml mIL-3 
(PeproTech, UK) at a density of 5 × 105 cells/ml. 1 × 105 cells were trans-
duced on day 4 and 5 at an MOI of 20 for each viral vector. LVs were 
directly added to cells. gRVs were preloaded on retronectin-coated plate 
(TaKaRa, Japan) by spinoculation for 40 minutes at 4 °C and then incu-
bated with cells for 16–24 hours.

After two-round transductions, cells were expanded as bulk 
populations for 2 weeks in Iscove’s modified Dulbecco’s medium 
containing the same cytokine cocktail as above with 10% fetal calf serum. 
DNA samples were taken at day 9 for vector copy analyses by qPCR. 
Two weeks later, cells were plated into 96-well plates at a density of 100 
cells per well and incubated at 37 °C for another 14 days. Subsequently, 
half of cells from each well were incubated with 10 μl of WST-1 (Roche, 
Europe) for 4 hours at 37 °C. The absorbance was measured at 450 nm 
in a FLUOstar Optima luminometer (BMG Labtech, Ortenberg, 
Germany). The highest absorbance from mock-transduced clones was 
set as the baseline above which all clones were counted as positive ones. 
The frequency of replating cells was calculated using L-Calc software 
(Stem Cell Technologies) and normalized with VCN. Selected clones 
were expanded for further characterization.

Statistical analysis. Descriptive statistics of continuous outcome variables, 
such as the means and standard error by experimental groups, are pre-
sented in figures and data tables. For continuous outcome measurements, 
group differences were assessed by unpaired t-test (for two experimental 
groups) or one-way/two-way analysis of variance with interaction (for 
more than two groups)52 followed by pairwise comparisons. Linear mixed 
models53 were used for dose-dependent analysis. Concentration and MOI 
were modeled as the fixed effects, while experiments or donors were 
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modeled as random effects to account for the random variations in the 
data. Wilcoxon rank sum test was used for IVIM assay analysis. For all 
statistical investigations, tests for significance were two-tailed unless oth-
erwise specified. A P value less than the 0.05 significance level was consid-
ered to be statistically significant (*). All statistical analyses were carried 
out using SAS version 9.3.54

SUPPLEMENTARY MATERIAL
Figure S1. Transduction and expression by EFS-ADA in human 
CD34+ cells.
Figure S2. The LV EFS ADA vector shows significantly decreased 
transformation potential than the SFada/W vector.
Table S1. In vitro immortalization assay cell replating frequency.
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for sickle cell disease
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Autologous hematopoietic stem cell gene therapy is an approach to treating sickle cell disease (SCD) patients 
that may result in lower morbidity than allogeneic transplantation. We examined the potential of a lenti-
viral vector (LV) (CCL-βAS3-FB) encoding a human hemoglobin (HBB) gene engineered to impede sickle 
hemoglobin polymerization (HBBAS3) to transduce human BM CD34+ cells from SCD donors and prevent 
sickling of red blood cells produced by in vitro differentiation. The CCL-βAS3-FB LV transduced BM CD34+ 
cells from either healthy or SCD donors at similar levels, based on quantitative PCR and colony-forming unit 
progenitor analysis. Consistent expression of HBBAS3 mRNA and HbAS3 protein compromised a fourth of 
the total β-globin–like transcripts and hemoglobin (Hb) tetramers. Upon deoxygenation, a lower percent-
age of HBBAS3-transduced red blood cells exhibited sickling compared with mock-transduced cells from 
sickle donors. Transduced BM CD34+ cells were transplanted into immunodeficient mice, and the human 
cells recovered after 2–3 months were cultured for erythroid differentiation, which showed levels of HBBAS3 
mRNA similar to those seen in the CD34+ cells that were directly differentiated in vitro. These results dem-
onstrate that the CCL-βAS3-FB LV is capable of efficient transfer and consistent expression of an effective 
anti-sickling β-globin gene in human SCD BM CD34+ progenitor cells, improving physiologic parameters of 
the resulting red blood cells.

Introduction
Sickle cell disease (SCD) is one of the most common monogenic 
disorders worldwide and is a major cause of morbidity and early 
mortality (1). Although SCD is well characterized, there is still no 
ideal long-term treatment. Current therapies are based on induc-
tion of fetal hemoglobin (HbF) to inhibit polymerization of sickle 
hemoglobin (HbS) (2) and cell dehydration (3) or reduction of 
the percentage of HbS by transfusions (4). Allogeneic HSC trans-
plantation (HSCT) from BM or umbilical cord blood (UCB) is a 
potentially curative therapy, although only a small percentage 
of patients have undergone this procedure, mostly children with 
severe symptoms who had HLA-matched sibling donors (5–7). 
Transplantation of allogeneic cells carries the risk of graft-versus-
host disease (GvHD), which can be a cause of extensive morbidity. 
HSCT using UCB from matched unrelated donors holds reduced 
risk of acute or chronic GvHD compared with using BM; however, 
there is a higher probability of engraftment failure using UCB as 
a result of its lower cell dose and immunologic immaturity (8, 9).

Gene therapy with autologous HSCs is an alternative to alloge-
neic HSCT, since it avoids the limitations of finding a matched 

donor and the risks of GvHD and graft rejection. For gene therapy 
application in SCD patients, the safest source for autologous HSC 
would be BM, due to the complications previously described when 
G-CSF was used to collect autologous peripheral blood stem cells 
(PBSCs) in SCD patients (10–12). Although general anesthesia 
imposes a risk for SCD patients as well, current best medical prac-
tices can minimize these (13).

The development of integrating vectors for β-globin gene transfer 
has been challenging due to the complex regulatory elements needed 
for high-level, erythroid-specific expression (14). γ-Retroviral vectors 
were unable to transfer these β-globin expression cassettes intact (15, 
16); in contrast, lentiviral vectors (LV) can transfer β-globin cassettes 
intact with relatively high efficiency, although the titers of these 
vectors are reduced compared with those of vectors bearing simpler 
cassettes (17, 18). In the last decade, many groups have developed 
different β-globin LV for targeting β-hemoglobinopathies, with 
successful therapeutic results following transplantation of ex vivo–
modified HSC in mouse models (17–23).

Sickle patients with hereditary persistence of HbF (HPFH) 
have improved survival and amelioration of clinical symptoms, 
with maximal clinical benefits observed when the HbF is elevated 
above threshold values (e.g., 8%–15% of the total cellular Hb) (2, 
24). Therefore, some gene therapy strategies have employed viral 
vectors carrying the human γ-globin gene (HBG1/2). However, 
these constructs expressed HbF poorly in adult erythroid cells, 
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since fetal-specific transcription factors are required for high-level 
expression of the γ-globin gene (25, 26). These limitations have 
been overcome by embedding the exons encoding human γ-globin 
within the human β-globin gene 5′ promoter and 3′ enhancer ele-
ments (20, 27, 28). Breda et al. (29) used an LV vector encoding 
the human hemoglobin (HBB) gene to increase the expression of 
normal HbA in CD34+-derived erythroid cells from SCD patients; 
however, the expression level needed when the HBB gene is used 
would be higher than would be required for HBG1/2 gene expres-
sion to achieve therapeutic benefits in SCD patients.

Another approach is to modify β-globin genes to confer anti-
sickling activity by substituting key amino acids from γ-globin; the 
modified β-globin cassette should yield the necessary high-level, 
erythroid-specific expression in adult erythroid cells. Pawliuk et al.  
(18) designed an LV carrying a human β-globin gene with the 
amino acid modification T87Q; the glutamine at position 87 of 
γ-globin has been implicated in the anti-sickling activity of HbF 
(30). This anti-sickling construct corrected SCD in 2 murine mod-
els of the disease, and a similar LV has been used in a clinical trial 
for β-thalassemia and SCD in France (31).

Townes and colleagues have taken a similar approach, develop-
ing a recombinant human anti-sickling β-globin gene (HBBAS3) 
encoding a β-globin protein (HbAS3) that has 3 amino substitu-
tions compared with the original (HbA): T87Q for blocking the 
lateral contact with the canonical Val 6 of HbS, E22A to disrupt 
axial contacts (32) and G16D, which confers a competitive advan-
tage over sickle–β-globin chains for interaction with the α-globin 
polypeptide. Functional analysis of the purified HbAS3 protein 
demonstrated that this recombinant protein had potent activity 
to inhibit HbS tetramer polymerization (33). Levasseur et al. (19) 
showed efficient transduction of BM stem cells from a murine 
model of SCD with a self-inactivating (SIN) LV carrying the 
HBBAS3 transgene that resulted in normalized rbc physiology and 
prevented the pathological manifestations of SCD.

The goal of this study was to characterize the capacity of a β-AS3 
LV (CCL-βAS3-FB) to transduce human BM-derived CD34+ cells 
from SCD donors for potential use in a clinical trial of gene ther-
apy for SCD. This vector achieved efficient transduction of BM 
CD34+ cells from healthy or SCD donors. To assess the erythroid-
specific expression of the HBBAS3 gene and its anti-sickling prop-
erties, we used an in vitro model of erythroid differentiation to 
produce mature erythroid cells from human BM CD34+ cells (34). 
We assessed the gene expression activity of the CCL-βAS3-FB at 
the mRNA and protein levels, characterized the effects of HBBAS3 
expression on sickling of deoxygenated rbc, and performed an in 
vitro assay to detect potential genotoxicity. Transduced BM CD34+ 
cells were also xenografted into immunodeficient mice, and 
human hematopoietic progenitor cells were reisolated from the 
marrow of the mice after 2 to 3 months, subjected to in vitro ery-
throid differentiation, and found to continue to express the anti-
sickling HBBAS3 gene. These results demonstrate the capability 
of the CCL-βAS3-FB LV to efficiently transduce SCD BM CD34+ 
progenitor cells and produce sufficient levels of an anti-sickling 
Hb protein to improve the physiological parameters of the rbc that 
may be applied for clinical gene therapy of SCD.

Results
The CCL-βAS3-FB LV vector carrying the HBBAS3 cassette. The origi-
nal LV produced by Levasseur et al. (19) to carry the HBBAS3 cas-
sette (DL-βAS3) contained the intact HIV 5′ LTR, which engenders 

dependence on the HIV TAT protein for production of high-titer 
vector. To eliminate the need for TAT during packaging, we moved 
the HBBAS3 cassette plus the woodchuck hepatitis virus posttran-
scriptional regulatory element (WPRE) to the pCCL LV backbone 
(35), which is a SIN vector with the CMV enhancer/promoter sub-
stituted in the 5′ LTR, eliminating the need for TAT. This pCCL 
backbone was further modified to have a compact (77 bp) insula-
tor in the U3 region of the 3′ LTR, denominated FB, which con-
tains the minimal CTCF binding site (FII) of the 250-bp core of the 
1.2-kb chicken β-globin HS4 (cHS4) insulator and the analogous 
region of the human T cell receptor δ/α BEAD-1 insulator (36). 
The resulting SIN-LV was named CCL-βAS3-FB, and the proviral 
form is shown in Figure 1A.

In 3 independent experiments, we packaged preparations of the 
CCL-βAS3-FB vector as well as a version lacking the FB insulator 
(CCL-βAS3), the parental DL-βAS3 vector, and a vector expressing 
the enhanced GFP (CCL-MND-GFP) as a positive control. The vec-
tor preparations were made with and without inclusion of a plas-
mid that expressed the HIV-1 TAT protein. The titers were deter-
mined by transducing a permissive cell line (HT29 human colon 
carcinoma) and measuring vector copies (VC)/cell using quantita-
tive PCR (qPCR) with primers to the HIV packaging signal (Psi) of 
the vector proviruses (ref. 37 and Supplemental Figure 1; supple-
mental material available online with this article; doi:10.1172/
JCI67930DS1). The CCL-βAS3-FB vector as well as the noninsu-
lated version could be produced in the absence of TAT to a 10-fold 
higher titer than the original DL-βAS3 vector (P = 0.017, 2-tailed t 
test; CCL-βAS3 and CCL-βAS3-FB combined compared with the 
DL-βAS3), and inclusion of the FB insulator did not decrease vec-
tor titer.

The stability of the FB insulator was evaluated by PCR analysis 
of the FB-containing fragment size in bulk populations of trans-
duced BM CD34+ cells (Figure 1B) and at a clonal level (a total 
of 32 single CFU colonies; data not shown). All samples showed 
the expected sizes of single bands after PCR analysis, demonstrat-
ing intact passage of the FB insulator. Additionally, Southern blot 
analysis of CCL-βAS3-FB–transduced cells showed the presence 
of a single band of the size expected for full-length vector provirus 
(Supplemental Figure 2).

To evaluate the functional activity of the FB insulator, binding 
of the CTCF protein to the LTRs of the CCL-βAS3-FB was assessed 
by ChIP in transduced K562 cells (Figure 1C). ChIP indicated a 
12-fold enrichment of CTCF binding in the CCL-βAS3-FB LTR 
when compared with the input control; no enrichment was found 
with the CCL-βAS3 vector lacking the FB insulator, indicating the 
specific binding of the CTCF to the FB sequence. The association 
with CTCF to the CCL-βAS3-FB LTR was at least as high as with 
other sequences known to bind CTCF, such as the 1.2-kb cHS4 
insulator (38), the c-Myc promoter (39), or the H19 imprinting 
control region (40).

Assessment of transduction and hematopoietic potential of BM CD34+ 
cells. Preliminary dose-response experiments were performed to 
determine the most efficient concentration of the CCL-βAS3-FB 
vector to transduce human BM CD34+ cells, using a range of vec-
tor concentrations during transduction from 2 × 106 to 2 × 108 
transduction units/ml (TU/ml) (MOI = 4–400). A dose-related 
increase in gene transfer achieved (the average VC/cell measured 
by qPCR) was found only for vector concentrations below 2 × 107  
TU/ml. Higher vector concentrations did not increase the 
transduction efficacy and, in fact, often had a negative effect on 
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the extent of transduction (data not shown). Based on these find-
ings, the CCL-βAS3-FB vector was used at a standard concentra-
tion of 2 × 107 TU/ml (MOI = 40) for all subsequent studies.

The colony-forming capacities of BM CD34+ cells were similar 
for samples from SCD donors or healthy donor (HD) controls, 
whether transduced with the CCL-βAS3-FB vector or not, with 
approximately 10% of cells forming colonies when plated in meth-
ylcellulose, without significant differences between groups (in all 
the groups compared, P > 0.1, by 2-way ANOVA) (Figure 2A). We 
noted higher percentages of burst-forming unit erythroid (BFU-E) 
(erythroid) colonies in SCD samples (41.34% ± 19.87% in SCD-mock 
and 42.33% ± 17.79% in SCD-βAS3-FB) compared with HD samples 
(30.67% ± 17.06% in HD-mock and 28.62% ± 12.91% in HD-βAS3-
FB) (P = 0.048, by 2-way ANOVA) (Figure 2B). Similar erythroid 
skewing of progenitor cells from the BM of SCD patients has been 
reported (41) and may reflect the increased level of erythropoiesis in 
SCD patients due to the underlying hemolytic anemia.

qPCR of individual CFU to detect the CCL-βAS3-FB vector 
sequences demonstrated the percentage of transduced colony-
forming progenitor cells from SCD donor BM. Fifty-seven of 191 
colonies contained the CCL-βAS3-FB vector (29.84% ± 16.68% 

positive colonies in 5 independent experiments) with an average 
of 0.92 ± 0.57 VC/cell in the bulk population cultured in vitro in 
erythroid differentiation conditions. Most of the vector-positive 
colonies analyzed had 1 to 2 VC/cell (88%), while 11% had 3 to 
6 VC/cell and 2% had 7 to 9 VC/cell (no colony had more than 9 
copies) (Figure 2C).

After 2 weeks of culture under in vitro erythroid differentiation 
conditions, transduction of CD34+ cells from HD (n = 11) led to 
1.28 ± 0.51 VC/cell compared with 0.93 ± 0.37 for SCD donors  
(n = 15), which was borderline significantly different (P = 0.05, Wil-
coxon rank sum test) (Figure 2D).

In vitro erythroid differentiation of BM CD34+ cells. To assess expres-
sion of the erythroid specific HBBAS3 cassette, an in vitro model 
for supporting erythroid-directed differentiation from human 
BM CD34+ cells was used (42). CD34+ cells from the BM of SCD 
donors and HD were transduced with the CCL-βAS3-FB LV and 
control samples were mock-transduced. Starting 24 hours post 
transduction (pTD), the cells were differentiated for 21 days. Dur-
ing erythroid culture, the cells were counted serially over 3 weeks to 
determine viability and cell expansion. No differences in cell growth 
were found between HD and SCD donors for cells that were either 

Figure 1
The CCL-βAS3-FB LV provirus carrying the HBBAS3 cassette. (A) The CCL-βAS3-FB LV provirus has the HBBAS3 expression cassette with the 
human β-globin gene exons (arrowheads) with the 3 substitutions to encode the HbAS3 protein, introns, the 3′ and 5′ flanking regions, and the 
β-globin mini-locus control region (LCR) with hypersensitive sites 2–4. The 3′ LTR contains the SIN deletion and FB insulator, both transferred dur-
ing RT to the 5′ LTR of the proviral DNA. (B) To test FB insulator stability, PCR reactions were performed using DNA from cells collected at day 14 
of in vitro culture of BM CD34+ cells: mock transduced (lane 1), transduced with the CCL-βAS3 LV (lane 2), and transduced with the CCL-βAS3-FB 
LV (lane 3). Primers amplified either the 5′ LTR (A to B) or the 3′ LTR (C to D) or the FB insertion sites in both LTRs (A to D) of the provirus. The 
expected sizes of the PCR products with these primer pairs are indicated for the CCL-βAS3 LV and the CCL-βAS3-FB LV. NTC, no template control. 
(C) CTCF-binding protein ChIP. Chromatin was isolated from K562 cells transduced with the CCL-βAS3-FB LV (FB), the CCL-βAS3-1.2 kb cHS4 
LV (cHS4), or the CCL-βAS3 vector lacking the insulator (U3). qPCR amplification was done using primers to the HIV SIN LTR (U3, cHS4, and 
FB) and to the HIV RRE region of the vector backbone (RRE) as negative control or the cellular c-Myc and H19/ICR sites, known to bind CTCF. 
*P = 0.006. Values shown are mean ± SD.
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transduced with the CCL-βAS3-FB LV or mock transduced (Figure 
3A shows a representative experiment). Expansion of cell numbers 
up to 700-fold was reached by the end of the culture.

Flow cytometry was performed during erythroid differentia-
tion culture to analyze the changes in markers of hematopoietic 
progenitors (CD34 and CD45) and erythroid progenitors (gly-
cophorin A [GpA] and CD71). The percentages of CD34+ cells was 
analyzed after isolation, showing an average of 76.74% ± 3.01% of 
CD34+ cells. High variability in CD34 expression was observed 
after 3 days in culture between the different donors, with a sharp 
decline of CD34 expression between days 3 and 14 in all the sam-
ples (Figure 3B). The pan-leukocyte marker CD45 was expressed 
by the entire cell population at day 3 and became essentially unde-
tectable between days 14 and 21, as expected for reticulocytes and 

mature rbc (43). CD71 (transferrin receptor) was expressed during 
the early part of the culture period (days 3 to 14), but decreased 
by the end of culture period as expected (day 21). GpA expression 
was detected on more than 90% of the cells by day 14 and persisted 
until the end of the culture.

Enucleated rbc were identified at the end of the differentia-
tion (days 18 to 21) by double staining with an antibody to the 
erythroid membrane glycoprotein GpA and the fluorescent dye 
DRAQ5, which labels DNA; enucleated rbc were defined as being 
GpA+DRAQ5–. The frequency of enucleated rbc among multiple 
cultures ranged from 65% to 85%: 67.61% ± 17.68% in SCD-mock  
(n = 7), 69.69% ± 18.11% in SCD-βAS3-FB (n = 7) (Figure 3B), 83.40% 
± 10.07% in HD-mock (n = 7) and 79.04% ± 10.19% in HD-βAS3-FB 
(n = 3), without significant differences between mock-transduced 

Figure 2
Assessment of transduction and hematopoietic potential of BM CD34+ cells in CFU assay and under in vitro erythroid differentiation culture. (A) 
The percentage of plated BM CD34+ cells that grew into hematopoietic colonies by in vitro CFU assay is shown. Values presented are the mean 
± SD for HD-mock, n = 13; HD-βAS3-FB, n = 16; SCD-mock, n = 18; and SCD-βAS3-FB, n = 24. (B) Distribution of hematopoietic colony types 
formed by BM CD34+ cells. The percentages of the different types of hematopoietic colonies identified are represented, following the same pat-
terns as in A. HD-mock, n = 5 independent experiments; HD-βAS3-FB, n = 7 independent experiments; SCD-mock, n = 6 independent experi-
ments; and SCD-βAS3-FB, n = 8 independent experiments. Values shown are mean ± SD. *P = 0.048, by 2-way ANOVA. (C) In vitro single CFU 
grown from transduced SCD CD34+ BM were analyzed for the presence of CCL-βAS3-FB vector provirus and VC/cell by qPCR (n = 191 colonies, 
5 independent experiments). Graph indicates percentages of the CFU that were negative for vector by qPCR (white, n = 134) or that had VC/cell 
of 1–2 (light gray, n = 50), 3–6 (dark gray, n = 6), and 7–9 (black, n = 1). (D) VC/cell for CCL-βAS3-FB-transduced BM CD34+ cells grown under in 
vitro erythroid differentiation culture. Each point represents an independent transduction and culture. BM CD34+ cells were from HD (black circles, 
n = 11) or SCD donors (white squares, n = 15). Error bars represent mean values ± SD.
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and LV-transduced samples (SCD mock vs. βAS3-FB, P = 0.80; 
HD mock vs. βAS3-FB, P = 0.69, by 2-way ANOVA). The large-cell 
expansion and robust erythroid differentiation with high levels of 
enucleation (Figure 3, C and D) supported the further analyses to 
characterize the activity of the HBBAS3 transgene.

HBBAS3 mRNA expression after in vitro erythroid differentiation of 
BM CD34+ cells. The successful production of rbc from BM CD34+ 
cells plus the confirmation of efficient gene transfer allowed us 
to evaluate the function of the HBBAS3 cassette. HBBAS3 mRNA 
expression levels in cells collected on day 14 from in vitro erythroid 
differentiation cultures of SCD donor and HD BM CD34+ cells, 
either transduced with the CCL-βAS3-FB LV or mock transduced, 
were assessed by a qRT-PCR assay and compared with mRNA levels 
from the endogenous HBB and HBBS (HBB gene carrying the sickle 
mutation) genes. HBBAS3 mRNA levels made up 15.73% ± 8.36% 
and 17.12% ± 7.25% of total β-globin–like mRNA in erythroid cells 
from cultures of SCD and HD BM CD34+ cells, respectively. For 
each CCL-βAS3-FB LV-transduced BM sample analyzed (SCD and 
HD), the percentage of HBBAS3 mRNA detected was compared 
with the VC/cell obtained by qPCR from that sample. There was a 

strong positive correlation between VC/cell and the percentage of 
HBBAS3 mRNA (Pearson correlation = 0.73, P = 0.0003), indicat-
ing consistent expression (Figure 4A). When normalized to VC/
cell to adjust for variable gene transfer, the average HBBAS3 mRNA 
expression per VC/cell, was 26.22% ± 10.71% in SCD and 17.84% 
± 11.60% in HD cells. On average, from all the samples studied  
(n = 20, 16 samples for SCD and 4 for HD) HBBAS3 mRNA com-
prised 24.55% ± 11.03% per VC/cell.

Finally, we assessed the erythroid specificity of expression of 
the HBBAS3 cassette by analyzing HBBAS3 mRNA expression in 
CCL-βAS3-FB LV-transduced BM CD34+ cells divided into parallel 
cultures under myeloid and erythroid differentiation conditions. 
We found a higher expression of HBBAS3 mRNA in cells produced 
under erythroid conditions compared with myeloid conditions, 
which was essentially unmeasurable (Supplemental Figure 3).

HbAS3 protein expression after in vitro erythroid-differentiation of BM 
CD34+ cells. We used isoelectric focusing (IEF) to examine the Hb 
tetramers present in erythroid cells produced in vitro from BM 
CD34+ cells transduced with the CCL-βAS3-FB LV. Despite the 3 
amino acid differences, HbAS3 tetramers cannot be distinguished 

Figure 3
In vitro erythroid differentiation of BM CD34+ 
cells. (A) Fold expansion from BM CD34+ 
cells grown under in vitro erythroid differenti-
ation conditions over time. The growth curves 
from a representative experiment are shown. 
HD-mock, black triangles; HD-βAS3-FB 
transduced, black circles; SCD-mock, white 
triangles; SCD-βAS3-FB transduced, white 
squares. (B) Immunophenotypic analysis of 
CD34+ BM SCD–transduced samples during 
in vitro erythroid culture. Cells were analyzed 
by flow cytometry for expression of CD34, 
CD45, CD71, and GpA. Each bar represents 
the percentage of expression of the indicated 
surface marker at day 3 (white bars), day 14 
(pink bars), and day 21 (red bars). Values 
shown are mean ± SD of 4 independent 
experiments. Percentage of enucleated rbc 
was assessed at day 21 (mean ± SD of 7 
independent experiments) by staining with 
the DNA dye DRAQ5. (C) Flow cytometry 
analysis of erythroid culture to quantify enu-
cleated rbc. Analysis was made by staining 
cells with DRAQ5 and antibody to human 
erythroid marker GpA. Enucleated erythro-
cytes are present in the left upper quadrant 
as DRAQ5-negative, GpA-positive cells. (D) 
Photomicrographs of cytocentrifuge prepa-
rations from cultures stained by May-Grun-
wald-Giemsa showing the progression of 
erythroid differentiation from erythroblast to 
normoblast at day 8 and 14 to a mostly uni-
form population of enucleated reticulocytes 
and erythrocytes at day 21.
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from HbA by IEF because of their identical net charge. However, 
HbAS3 production can be readily distinguished from HbS, as the 
Glu6Val substitution introduced by the canonical sickle muta-
tion deletes a negative charge in the protein, resulting in a more 
positive relative net charge of HbS. Therefore, only cells from SCD 
donors were analyzed for HbAS3 expression by IEF.

An IEF membrane from a representative experiment is shown 
with 5 independent transductions of SCD BM CD34+ cells with 
the CCL-βAS3-FB LV, plus a mock-transduced sample (Figure 4B). 
In total, 10 SCD samples were analyzed after erythroid differen-
tiation. There was a strong correlation between the percentage 
of HbAS3 present in each sample and the extent of transduction 
measured by the VC (Pearson correlation = 0.88, P = 0.001) (Figure 
4C). A concomitant analysis of the some erythroid cell samples was 
performed by HPLC and IEF and showed similar results by both 
methods (Supplemental Table 1).

We then compared HBBAS3 RNA and protein expression lev-
els normalized per VC/cell (Figure 4D). While there was greater 
variability for HBBAS3 mRNA per VC/cell values compared with 
protein per VC/cell, the 2 methods indicated similar values of 

HBBAS3 expression (24.55% ± 11.03% HBBAS3 mRNA per VC/cell 
and 17.96% ± 3.09% HbAS3 protein per VC/cell), again indicating 
consistent expression.

In 4 independent transductions, we compared the expression 
(mRNA and protein) from the HBBAS3 cassette in the presence 
or absence of the FB insulator (Supplemental Figure 4). We found 
that the addition of the FB insulator did not alter the expression 
of the HBBAS3 cassette when compared with the noninsulated LV.

SCD phenotypic correction. To assess the functional effects of 
HBBAS3 expression on the sickling of rbc produced in vitro from 
SCD BM CD34+ cells, we adapted and optimized an assay used 
in clinical laboratories to diagnose SCD: exposure of cells to the 
reducing agent sodium metabisulfite to induce HbS polymeriza-
tion. rbc were harvested at the end of the erythroid culture (day 
21) and incubated in sealed chambers of glass slides with sodium 
metabisulfite. After incubation, the morphology and shapes of the 
individual rbc were analyzed using phase-contrast microscopy to 
quantify the percentages of sickled-appearing rbc (srbc) and round, 
discoid nonsickled normal rbc (nrbc) (Figure 5, A and B). In each 
experiment, 200–900 cells were analyzed for each sample.

Figure 4
HBBAS3 expression after in vitro erythroid differentiation from CD34+ BM samples. (A) HBBAS3 mRNA expression measured by qRT-PCR from 
cells transduced to different VC/cell. The percentage of HBBAS3 mRNA achieved from each sample was related to its corresponding VC/cell 
measured by qPCR. A total of 20 independent transductions are shown. HD, black circles (n = 4); SCD, white squares (n = 16). (B) Representa-
tive IEF membrane used to quantify the Hb tetramers present. The left-most lane shows the pI standards of human Hb tetramers from the top 
down: HbA2, HbS, HbF, and HbA (and the predicted pI for HbAS3). Lanes 1–6 show the IEF of lysates from erythroid cultures initiated with SCD 
BM CD34+ cells, either mock transduced (lane 1) or transduced with the CCL-βAS3-FB LV (lanes 2–6). No HbAS3 protein was detected in the 
mock-transduced samples (lane 1), while HbAS3 represented of the total Hb the following: 21.78% (lane 2, 1.14 VC), 18.11% (lane 3, 1.08 VC), 
19.34% (lane 4, 1.13 VC), 21.34% (lane 5, 0.99 VC), and 20.40% (lane 6, 1.11 VC). Densitometric analyses were used to determine the percent-
age of HbAS3 of total Hb tetramers, and qPCR was used to measure the VC/cell in the same samples. (C) HbAS3 protein produced from cells 
transduced to different VC/cell (n = 10). (D) Summary of HBBAS3 expression per VC/cell based on measurement of HBBAS3 mRNA (n = 16) and 
HbAS3 tetramers (protein, n = 10). Error bars represent mean values ± SD.
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rbc from HD controls did not sickle in the presence of sodium 
metabisulfite, with more than 98% retaining their round morphol-
ogy. In contrast, rbc produced in vitro from SCD BM CD34+ cells 
underwent sickling to a high extent in sodium metabisulfite, with 
averages of 88% ± 9% srbc and 12% ± 9% nrbc. In SCD samples 
transduced with the CCL-βAS3-FB LV, there was an increase in 
the percentage of rbc that did not undergo sickling, with 69% ± 
16% srbc and 31% ± 16% nrbc, representing 19% ± 8% more nrbc 
compared with the nontransduced samples. These results dem-
onstrated that expression by the CCL-βAS3-FB LV reduced rbc 
sickling during deoxygenation. The percentage of corrected sickle 
cells was positively correlated with the VC present (Spearman cor-
relation = 0.77, P = 0.04) (Figure 5C and Table 1).

In vivo assessment of CCL-βAS3-FB LV transduction of BM CD34+ 
cells. To characterize the gene transfer and expression by the CCL-
βAS3-FB LV in more primitive human hematopoietic stem and 
progenitor cells (HSPC), βAS3-FB–transduced BM CD34+ cells 
from SCD donors and HD controls were xeno-transplanted into 
immunodeficient NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice. 
Transduction conditions were the same as used for the in vitro 
analyses, and the cells were transplanted immediately after an 
overnight transduction. The transplanted cell doses ranged from 
105 to 106 cells per mouse, depending on cell availability (BM 
source, cell dose, and number of mock- and βAS3-transduced 

mice used in each transplant are provided in Table 2). Eight to 
twelve weeks after transplant, the mice were euthanized and the 
BM was harvested for FACS analysis. Human cells recovered from 
the NSG BM were cultured under erythroid differentiation for fur-
ther analysis.

FACS analyses were performed to determine the engraftment of 
human cells in murine BM, defined as the percentage of human 
CD45+ cells of the total CD45+ population (murine CD45+ plus 
human CD45+). Engraftment values were variable among differ-
ent transplants (up to 78%) (Figure 6A). There were not consis-
tent differences in engraftment using BM CD34+ cells from SCD 
donors or HD controls (P = 0.6, by 2-way ANOVA) or between cells 
transduced with the βAS3-FB LV or mock-transduced (P = 0.8, by 
2-way ANOVA).

The human CD45+ populations from the transplanted mice 
were further analyzed for expression of markers for B-lymphoid 
cells (CD19), myeloid progenitors (CD33), hematopoietic pro-
genitors (CD34), and erythroid cells (CD71). There were no 
differences in the relative proportions of the different types of 
human cells between mice engrafted with mock-transduced or 
CCL-βAS3-FB LV-transduced BM CD34+ cells, with the major-
ity of human cells being B lymphoid cells (Figure 6B), demon-
strating that the transduction did not alter the differentiation 
potential of the cells.

Figure 5
SCD phenotypic correction. (A) Phase con-
trast photomicrographs of deoxygenated ery-
throid cells. Cells from erythroid differentiation 
cultures of BM CD34+ cells were treated with 
sodium metabisulfite, and their morphology was 
assessed using phase contract microscopy. Five 
examples of srbc are displayed across the top 
panels, and 5 examples of nrbc are displayed 
across the bottom panels. (B) Representative 
field of rbc from mock-transduced SCD CD34+ 
cells (left panel) vs. CCL-βAS3-FB transduced 
SCD CD34+ cells (right panel) upon deoxygen-
ation with sodium metabisulfite. (C) Correlation 
of the percentage of morphologically “corrected” 
cells to the VC/cell in each individual culture of 
CCL-βAS3-FB–transduced SCD BM CD34+ 
cells. The percentage of corrected rbc is defined 
as the percentage of nonsickled cells in a trans-
duced sample minus the background value of 
nonsickled cells in the concordant nontrans-
duced sample.
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BM was harvested from NSG mice, and human cells were 
enriched by depletion of murine CD45+ cells using immunomag-
netic beads. The cells were then grown under in vitro erythroid 
differentiation conditions to induce terminal erythroid differen-
tiation to allow the assessment of HBBAS3 mRNA expression by 
the CCL-βAS3-FB LV vector using qRT-PCR.

The VC/cell measured in cells grown from mice engrafted with 
human CD45+ cells ranged from 0.05 to 0.91 (Figure 6C). Similar 
levels of gene marking were seen in samples from mice transplanted 
with BM CD34+ cells from SCD donors and HD (P = 0.3, by 2-sam-
ple, 2-tailed t test). Overall, the VC/cell values assessed by qPCR 
were highest in cells grown in vitro under erythroid differentiation 
conditions (1.18 ± 0.64 VC/cell), were lower in CFU (0.71 ± 0.75 VC/
cell) and cells produced by in vitro myeloid differentiation cultures 
(0.46 ± 0.33 VC/cell), and were lowest in the human cells recovered 
from the NSG mice (0.34 ± 0.31 VC/cell) (Supplemental Figure 5).

Quantification of HBBAS3 mRNA expressed by the human ery-
throid cells produced by in vitro erythroid differentiation of the 
cells isolated from the NSG mice was done using qRT-PCR. Expres-
sion of vector transcripts was correlated with VC/cells, with a mean 
value of 21.69% ± 8.35% of the total β-globin–like mRNA/VC (Pear-
son correlation = 0.89, P = 0.0004) (Figure 6D). Thus, expression by 
the CCL-βAS3-FB LV was at a level in erythroid cells differentiated 
from the human cells engrafted in the NSG mice similar to that in 
transduced BM CD34+ cells that were directly differentiated in vitro.

Genotoxicity assessment of the CCL-βAS3-FB LV. To evaluate the 
potential genotoxicity of the CCL-βAS3-FB LV, which contained 
strong erythroid enhancer elements as part of the lineage-specific 
β-globin expression cassette, 2 evaluations were performed: vec-
tor integration site (IS) analysis and an in vitro immortalization 
(IVIM) assay.

The vector IS in transduced human BM CD34+ cells were 
identified using nonrestrictive ligation-amplified PCR (nrLAM-
PCR) and mapping of the flanking sequences 
to the human genome with bioinformatic 
analyses. Comparisons were made between 
the patterns of the vector integration in the 
transduced BM CD34+ cells after a brief in 
vitro expansion versus after engraftment in 
NSG mice to look for evidence of preferential 
in vivo selection of clones containing inte-
grants near cancer-associated genes (44) or 
transcriptional start sites (TSS) as evidence 
of vector-related genotoxicity.

There were no increases in the percentages of vectors in proxim-
ity to cancer-associated genes following in vivo growth (binomial 
test, P = 0.32; P value was determined using the binomial test, 
taking the proportion of cancer gene–proximal IS in the in vitro 
condition as an estimate of the probability of observing such an 
IS in engrafted mice) (Figure 7A). There also was not an increased 
frequency of cells with vector integrations in proximity to TSS of 
genes (Supplemental Table 3) compared with a random data set; in 
contrast, a comparative vector IS data set from a clinical trial using 
a γ-retroviral vector (45) did show higher than random integra-
tions near TSS (Figure 7B).

To further assess the risk of insertional transformation by 
the βAS3-globin LV vectors, we performed genotoxicity stud-
ies using the IVIM assay that quantifies the immortalizing 
events by insertional transformation of murine lineage–nega-
tive BM cells grown in limiting dilution (46). The immortaliz-
ing capacities of the LV vectors CCL-βAS3, CCL-βAS3-FB, and 
CCL-βAS3-cHS4 were compared with those of the γ-retroviral 
RSF91-GFP-wPRE as a positive control and with mock-trans-
duced cells as a negative control. RSF91-GFP-wPRE carries the 
spleen focus-forming virus (SFFV) LTRs and is known to trans-
form primary murine cells by insertional mutagenesis with a 
high probability in this assay.

Consistent with previous reports, the SFFV LTR–driven RSF91-
GFP vector frequently generated clones (in 8 out of 14 transduc-
tions) with high replating frequencies of up to 5.26–02 (or 1 in 
19 cells). In contrast, we found that in a total of 22 independent 
transductions (CCL-βAS3, n = 4; CCL-βAS3-FB, n = 14; and CCL-
βAS3-cHS4, n = 4), the βAS3-globin LV vectors did not give rise to 
any clones after the replating step (Figure 7C and Supplemental 
Table 2). In this in vitro setting, CCL-βAS3-FB was significantly 
less genotoxic than the SFFV LTR–driven γ-retroviral vector 
RSF91-GFP (P = 0.002, by 2-sided Fisher’s exact test) (Figure 7C).

Table 1
Enumeration of normal erythroid cells in SCD cells mock transduced and transduced with the CCL-βAS3-FB LV

    % nrbc  

Experiment no. Donor age (yr) % HbF VC/cell SCD-Mock SCD-βAS3-FB % Correction
1 8 4.70 0.63 12.8 23.9 11.1
2 8 4.05 1.64 16.7 42.2 25.6
3 12, 8, 20A 0 0.96 4.8 16.4 11.5
4 12 0 0.86 1.6 14.6 12.9
5 12, 18, 21, 25, 27A 0 1.72 3.7 24.8 21.2
6 27, 1A 5.40 1.07 18.7 39.8 21.1
7 12 NA 1.32 25.7 58.3 32.6

AMultiple SCD-BM samples were pooled for these experiments. NA, not analyzed.

Table 2
NSG mice transplant conditions

Transplant group 1 2 3 4 5 6
BM source SCD SCD HD HD SCD HD
Cell dose 9 × 104 3 × 105 106 5 × 105 106 6.3 × 105

No. mock mice 3 1 2 3 1 1
No. βAS3-FB mice 5 2 6 6 4 4
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Discussion
We performed studies using human BM CD34+ cells from SCD 
donors to assess the potential suitability of the CCL-βAS3-FB LV to 
achieve the requisite levels of transfer and expression of the anti-sick-
ling HBBAS3 gene to inhibit sickling in rbc. BM is the likely autolo-
gous HSC source that would be used clinically for gene therapy in SCD 
because of the increased risks from mobilization of PBSC with G-CSF 
in SCD patients (10–12).

In allogeneic HSCT for SCD, stable donor HSC chimerism 
of 10%–30% can lead to significant hematologic and clinical 
improvement due to a selective survival advantage of the normal 
donor–derived rbc compared with the shortened survival of the 
HbS-containing recipient-derived rbc (47–50). In SCD patients 
with HPFH, levels of HbF of 8%–15% or more (24, 51) amelio-
rate the severity and frequency of clinical symptoms. These 
clinical findings define the minimum threshold for autologous 
transplant of gene-corrected HSC to benefit SCD because it is 
unknown whether rbc expressing the HBBAS3 gene will be as 
beneficial as rbc expressing only HBB from an HD. Hence, at 

least 10%–30% engrafted gene-corrected HSC producing rbc 
expressing at least 8%–15% HbAS3 would be needed to poten-
tially achieve the same therapeutic effect as a similar level of 
allogeneic donor engraftment. Human CD34+ cells are relatively 
resistant to gene transfer by LV vectors compared with permis-
sive cell lines, and this is accentuated when the vector titers are 
low. Thus, a key challenge is transducing a sufficient percentage 
of the CD34+ cells to lead to engraftment of gene-corrected HSC 
at the needed frequencies (e.g., 10%–30%). Stable engraftment 
of 10%–20% gene-modified autologous HSC has been demon-
strated in clinical trials for X-ALD and β-thalassemia using LV 
vectors and fully cytoablative conditioning, indicating that it 
should be achievable in the setting of SCD as well (31, 52). In 
our study, the CFU assay demonstrated that 30% of the colo-
ny-forming progenitors were transduced; transduction of this 
percentage of engrafting HSC would be within the target range 
for a clinical trial, but it is not known how the frequency of len-
tiviral transduction measured in CFU assay correlates with the 
transduction frequency of HSC.

Figure 6
In vivo assessment of CCL-βAS3-FB LV transduction of BM CD34+ cells. (A) Engraftment of human cells in NSG mice. BM cells isolated from 
mice from each transplant group (nos. 1–6) were analyzed by flow cytometry to measure the percentage of human CD45+ cells among all CD45+ 
cells in the marrow (human and murine) as a measurement of engraftment. Mock transduced, white triangles; CCL-βAS3-FB transduced, black 
triangles. BM samples from HD were used in transplants 3, 4, and 6 and from SCD donors in transplants 1, 2, and 5. (B) Immunophenotypic 
analysis of human cells isolated from NSG mice transplanted with transduced BM CD34+ cells. Flow cytometry was used to enumerate the per-
centage of the human CD45+ cells that were positive for the markers of B-lymphoid cells (CD19, white), myeloid progenitors (CD33, light gray), 
hematopoietic progenitors (CD34, dark gray), and erythroid cells (CD71, black). Mean ± SD are shown of 3 independent experiments. Mock,  
n = 4; βAS3-FB, n = 8 mice. (C) VC/cell in human cells cultured from NSG mice transplanted with transduced BM CD34+ cells. Black circles rep-
resent samples from mice transplanted with HD BM, and white squares represent mice transplanted with SCD BM. All the human cells examined 
from mock-transduced mice were negative for VC analysis by qPCR. (D) HBBAS3 mRNA expression measured by qRT-PCR from cells trans-
duced to different VC/cell. Five independent transductions are shown. HD, black circles (n = 6); SCD, white squares (n = 4).
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The anti-sickling activity of the HBBAS3 gene was shown to 
be equivalent to HbF in vitro (33), so production of HbAS3 at 
greater than 8%–15% of total Hb levels may inhibit sickling in 
a clinically beneficial manner. In a murine model of SCD, the 
parental LV DL-βAS3 expressed HbAS3 at 20%–25% of the total 
Hb, with the remainder coming from the human HBBS trans-
gene (19). These prior results suggest that LV-mediated transfer 
of the HBBAS3 gene could be clinically efficacious in gene ther-
apy. In our study, the expression and functional activity of the 
CCL-βAS3-FB LV was remarkably consistent and effective. There 
was a very reproducible level of expression of the HBBAS3 gene 
by the vector in primary human erythroid cells produced from 

transduced BM CD34+ cells, making up 15%–25% of the total 
β-globin–like mRNA transcripts and Hb tetramers. Expression of 
the HbAS3 protein consistently increased the percentage of rbc 
produced from CCL-βAS3-FB–transduced SCD CD34+ cells that 
did not sickle upon deoxygenation, indicating a functional pro-
tection similar to the effect of γ-globin expression. These results 
are consistent with the initial studies with the HBBAS3 gene by 
Townes and colleagues, in which the parental DL-βAS3 LV cor-
rected abnormal rbc morphology and hematologic parameters in 
BM-transplanted SCD mice (19).

We have achieved vector transduction levels and HbAS3 
protein production within the target range; however, a high-

Figure 7
Assessment of genotoxicity of the CCL-βAS3-FB LV vector. (A) Frequency of vector IS in and near cancer-associated genes. The bars represent 
the frequencies of integrations in transcribed regions or within 50 kb of promoters of cancer-associated genes (in vitro, 32.1%; in vivo, 34.3%), as 
defined in Higgins et al. (44). (B) Integration frequency around TSS. The frequencies of vector IS in the four 5-kb bins in a 20-kb window centered 
at gene TSS are plotted. The IS are shown for the following: BM CD34+ cells analyzed after 2 weeks growth in vitro (lenti in vitro, n = 2091; gray 
bars) and 2–3 months in vivo engraftment in NSG mice (lenti in vivo, n = 414; black bars) along with an MLV γ-retroviral vector data set from a 
clinical gene therapy trial (MLV in vitro, n = 828; white bars) (45) and a random data set generated in silico and analyzed by identical methods 
(random, n = 12,837; black line). (C) IVIM assay. The replating frequencies for murine lineage-negative cells transduced with the different vectors 
are shown, calculated based on Poisson statistics using L-Calc software corrected for the bulk VC/cell measured by qPCR on day 8 pTD. The 
fractions presented across the lower portion of the figure represent the number of negative assays in which no clones were formed divided by the 
total number of assays performed for that vector. The horizontal bar represents the mean replating frequency of all positive assays. *P = 0.002, 
by 2-sided Fisher’s exact test.

Downloaded on June 27, 2014.   The Journal of Clinical Investigation.   More information at  www.jci.org/articles/view/67930

168



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 8   August 2013 3327

er percentage of HSC bearing the HBBAS3 transgene would 
likely provide a larger population of rbc containing the anti-
sickling HbAS3 and therefore may provide greater clinical 
benefit. Attempts to improve β-globin LV vectors have shown 
that removing β-globin regulatory elements increased titer and 
transduction efficiency; however, this compromised expression 
levels (53). Further efforts to improve the transduction efficien-
cy of β-globin vectors without compromising their transgene 
expression would be an important advance in the field.

We developed and tested a derivative of the original DL-βAS3 LV 
(19), named CCL-βAS3-FB, replacing the HIV promoter in the 5′ LTR 
with the CMV enhancer/promoter to eliminate the need for express-
ing the HIV TAT protein during the packing process (35). This modi-
fication in the original LV backbone may improve the biosafety of 
the vector by eliminating the TAT gene from the packaging step. It 
also led to at least a 10-fold increase of the vector titers when com-
pared with the original. However, despite this improvement, the large 
amount of regulatory elements needed for high-level expression of the 
β-globin gene makes this type of LV complex and lowers the achiev-
able titers when compared with vectors with simpler gene cassettes.

In some gene therapy settings in which strong enhancers and 
other regulatory elements are needed for sufficient expres-
sion of a transferred gene (e.g., chronic granulomatous disease, 
β-thalassemia), the genotoxic potential of these elements may be 
diminished when insulator elements are added (54). Insulators are 
DNA sequences that act as boundary elements to inhibit interac-
tions between adjacent chromatin domains, which can manifest as 
either enhancer-blocking activity, heterochromatin barrier activity, 
or both. The enhancer-blocking activity of insulators would reduce 
trans-activation of transcription from promoters of adjacent cel-
lular genes. The barrier activity of insulators would decrease trans-
gene silencing caused by spreading of surrounding heterochroma-
tin into the vector provirus (55).

The major DNA-binding protein associated with enhancer-
blocking activity of insulators in vertebrates is the CTCF (CCCTC-
binding factor) protein (38), a highly conserved and ubiquitous 
zinc finger protein (56–58). The FB insulator used in the CCL-
βAS3-FB LV was previously shown to have enhancer-blocking 
activity similar to the full 1.2-kb cHS4 insulator in a reporter plas-
mid transfection assay and exceeding that of the 250-bp core cHS4 
insulator fragment (36).

In the CCL-βAS3-FB LV, the relatively small FB insulator (77 
bp) did not lower the titers of the parental CCL-βAS3 LV when 
inserted into the U3 region of the 3′ LTR. It was transmitted faith-
fully to the 5′ LTR during reverse transcription, with no detectable 
deletion or losses in the vector provirus by Southern blot analysis 
or by PCR analysis of the FB insulator region from pools of trans-
duced human CD34+ cells and from clonal CFUs grown in vitro. 
We could not assess the functional ability of the FB insulator to 
decrease risks for genotoxicity in the IVIM assay because neither 
the parental vector lacking the FB insulator nor the CCL-βAS3-FB 
LV caused any clonal outgrowth. However, we did observe evidence 
of in vitro activity of the FB insulator based on the greatly enriched 
binding of CTCF protein to LTR regions of the CCL-βAS3-FB, as 
assessed by ChIP analysis from K562 cells.

In light of the recent report of aberrant splicing into the 250-bp 
cHS4 insulator element in an LV vector used for transduction of 
BM CD34+ cells in a trial for β-thalassemia (31), we performed an 
in silico splice site analysis of the FB insulator sequences. Whereas 
the NetGene2 server (59) identified the cryptic splicing site seen in 

the cHS4 insulator by Cavazzana-Calvo et al. (31), it did not predict 
splicing signals in an FB-containing SIN LTR. These studies indi-
cate that the FB insulator does not lower vector titers, is transmit-
ted intact, binds the major cellular factor responsible for producing 
enhancer-blocking activity, and is not predicted to serve as a cryptic 
splice site; however, it is unknown whether the presence of the FB 
insulator in the vector will increase safety in clinical applications.

Safety assessments using the IVIM assay with CCL-βAS3-FB–
transduced murine BM cells and vector IS analyses of human BM 
CD34+ cells transplanted in vivo to NSG mice did not reveal any 
evidence of genotoxicity, although the sensitivity of these surro-
gate assays may be relatively low. The observed pattern of vector 
IS for the LV was consistent with those described previously for 
HIV-1-based LV vectors, with preferential integration into genes 
and no preference for integrations near TSS (60). This contrasted 
with a recently published γ-retroviral IS data set (45).

In all, these studies provide preclinical data for sufficiently 
effective transduction of human BM CD34+ progenitor from 
SCD patients to support translation to a clinical trial of gene 
therapy for SCD using the CCL-βAS3-FB LV. Subsequent steps 
will involve defining components of a clinical trial, such as 
treatment plan, subject eligibility, end points, and other study 
parameters to support regulatory submissions, performing cell 
processing scale-up, further assessing toxicology, and developing 
the clinical reagents. Outcomes from autologous transplants of 
gene-modified HSC will need to be compared with those from 
allogeneic transplant approaches, which continue to advance, to 
define the clinical utility of gene therapy for SCD.

Methods
BM CD34+ cell LV transduction. For transduction, BM CD34+ cell samples 
from SCD and HD were thawed and plated at 1 × 106 cells/ml in tissue 
culture plates precoated with RetroNectin (20 μg/ml, Takara Shuzo Co.). 
Prestimulation was performed for 18–24 hours in X-Vivo 15 medium 
(Lonza) containing 1× glutamine, penicillin, and streptomycin (Gemini 
Bio-Products). Cytokines were added at the following concentrations: 50 
ng/ml human SCF (hSCF) (StemGent), 50 ng/ml human hFlt3 ligand 
(hFlt3-l) (PeproTech), 50 ng/ml human thrombopoietin (hTPO), and 20 
ng/ml human IL-3 (hIL-3) (both from R&D Systems). Cells were transduced 
with concentrated viral supernatants of the CCL-βAS3-FB LV at a final con-
centration of 2 × 107 TU/ml (MOI = 40, based on titers on HT29 cells) for 
all experiments done. Twenty-four hours after transduction, the cells were 
plated in methylcellulose for CFU assay and were also plated in in vitro ery-
throid differentiation culture and used for xeno-transplant into NSG mice.

In vitro erythroid differentiation culture. The in vitro erythroid differentia-
tion technique used is based on a 3-phase protocol adapted from Giarrata-
na et al. (42). After 2 days of culture, for prestimulation and transduction, 
cells were transferred into erythroid culture. The basic erythroid medium 
was Iscove’s Modified Dulbecco’s Medium (IMDM; Life Technologies) (1× 
glutamine, penicillin, and streptomycin) supplemented with 10% BSA, 40 
μg/ml inositol, 10 μg/ml folic acid, 1.6 μM monothioglycerol, 120 μg/ml 
transferrin, and 10 μg/ml insulin (all from Sigma-Aldrich). During the first 
phase (6 days), the cells were cultured in the presence of 10–6 M hydro-
cortisone (Sigma-Aldrich), 100 ng/ml hSCF, 5 ng/ml hIL-3, and 3 IU/ml 
erythropoietin (Epo) (Janssen Pharmaceuticals). In the second phase (3 
days), the cells were transferred onto a stromal cell layer (MS-5, murine 
stromal cell line (61) (provided by Gay Crooks, UCLA) with the addition of 
only Epo (3 IU/ml) to basic erythroid medium. At day 11, all the cytokines 
were removed from the medium and the cells were cocultured on the MS-5 
stromal layer until days 18 to 21.
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qPCR for determination of VC/cell. On day 14 of the erythroid differentia-
tion, 105 cells from the erythroid cultures were harvested for genomic DNA 
isolation using the PureLink Genomic DNA Mini Kit (Invitrogen). The 
average VC/cell was determined by multiplex qPCR of the HIV-1 packag-
ing signal sequence (Psi) in the LV provirus and normalized to the cellular 
autosomal gene syndecan 4 (SDC4) to calculate the average VC/cell. This 
multiplex qPCR method was previously described (62).

HBBAS3 mRNA quantification by qRT-PCR. To determine HBBAS3 mRNA 
expression, 1 to 2 × 105 cells were harvested on day 14 of erythroid differ-
entiation. RNA was extracted using the RNeasy Plus Mini Kit (QIAGEN) 
according to the manufacturer’s instructions. The genomic DNA elimina-
tion columns contained in the kit were used to eliminate possible DNA 
contamination during the extraction. First-strand cDNA was synthesized 
using random primers, M-MLV reverse transcriptase, and RNAseOUT 
Recombinant Ribonuclease Inhibitor (all from Invitrogen) according to 
the manufacturer’s protocol. SYBR Green qPCR amplification of cDNAs 
was performed using Platinum Taq DNA Polymerase (Platinum SYBR 
Green qPCR SuperMix; Invitrogen) on a ViiA7 Real-Time PCR System 
(Applied Biosystems).

To specifically detect mRNA transcripts originating from the vector 
CCL-βAS3-FB (HBBAS3 mRNA) in differentiated rbc and compare them 
with the levels of endogenous β-globin–like mRNA (HBB in HD samples 
and HBBS in SCD samples, respectively), 2 sets of allele-specific primers 
were designed (HBBA/HBBS and HBBAS3; Supplemental Table 4). The 
percentage of HBBAS3 transcripts (%HBBAS3) among all β-globin–like 
transcripts was determined from the relative expression of HBBAS3 vs. 
HBB and HBBS transcripts, respectively, comparing absolute numbers 
of transcripts per μl cDNA measured using an absolute plasmid stan-
dard curve ranging from 108 to 101 molecules/μl DNA. Both primer sets 
were used in a 2-step PCR protocol with the denaturation step at 95°C 
for 15 seconds and the annealing/extension step at 72°C for 1 minute 
for a total of 40 cycles. All reactions were performed in duplicate, and 
dissociation curve analysis was carried out for each reaction to rule out 
nonspecific amplification.

HbAS3 tetramer quantification by IEF. Hb IEF was performed using the 
Hemoglobin Electrophoresis Procedure (Helena Laboratories) according 
to the manufacturer’s instructions. Briefly, a minimum of 3 × 106 cells 
were harvested on day 21 of erythroid differentiation. The cells were lysed 
with Hemolysate Reagent (Helena Laboratories) as per instructions and 
incubated overnight at 4°C. If necessary, lysates were concentrated the 
next day using Micron Centrifugal Filters (Ultracel YM-30; Millipore);  
5 μl of the samples were loaded onto a Titan III cellulose acetate plate (Hel-
ena Laboratories) and electrophoresed for 25 minutes at 350 volts. The 
plate was stained by Ponceau S (Sigma-Aldrich) for visualization of the 
Hb tetramers, cleared using Clear Aid solution (Helena Laboratories), and 
dried. The Hb bands were identified by comparison with Helena Hemo 
Controls and quantified by densitometry using ImageQuant TL software 
(GE Healthcare).

SCD phenotypic correction assay. At day 21 of the erythroid differentiation, 
2.5 × 105 cells per condition were harvested for SCD phenotypic correction 
assay. The samples were spun down (500 g for 5 minutes), and the result-
ing pellets were harvested in 10 μl of the supernatant; 10 μl of 20 μg/ml 
Sodium Metabisulfite (Sigma-Aldrich) was added to each sample. This mix 
was loaded onto a glass microscope slide, covered, and sealed at the edges. 
The samples were incubated at 5% CO2, 37°C for 25–40 minutes. Images 
of the cells were then captured by inverse microscopy with a Nikon DS-Fi1 
camera, from consecutive fields at ×10 magnification. Computer vision 
was utilized to isolate cells within each field and then individually present 
them to the user for visual analysis of normal or sickle morphology in a 
randomized and unbiased fashion across treatment groups.

Transplantation of transduced human BM CD34+ cells in immunodeficient mice. 
BM CD34+ cells from HD or SCD donors transduced with the CCL-βAS3-
FB vector or mock transduced (105–106 cells) were transplanted by tail-vein 
injection into 9- to 12-week-old, NSG mice (The Jackson Laboratory) after 
250 cGy total body irradiation. After 8–12 weeks, mice were euthanized 
and BM was analyzed for engraftment of human cells by flow cytometry 
using APC-conjugated anti-human CD45 vs. FITC-conjugated anti-murine 
CD45. After antibody incubation, rbc were lysed using BD FACS-Lysing 
Solution (BD Biosciences). The percentage of engrafted human cells was 
defined as follows: %huCD45+/(%huCD45+ + %muCD45+). Analysis of the 
different hematopoietic cell types present was performed by staining for 
peridinin-chlorophyll–conjugated (PerCP) anti-human CD34, V450-con-
jugated anti-human CD45, FITC-conjugated anti-human CD19, PE-con-
jugated anti-human CD33, and APC-conjugated anti-human CD71 (all 
antibodies from BD Biosciences). BM from engrafted mice was depleted of 
murine CD45+ cells using immunomagnetic separation (CD45 MicroBeads 
— mouse; Miltenyi Biotech, Bergisch Gladbach). The mCD45-negative frac-
tion was cultured for in vitro erythroid differentiation as described above 
to produce cells for analysis of the VC/cell and HBBAS3 mRNA expres-
sion. For each sample, qPCR was performed using primers to amplify the 
packaging (Psi) region of the provirus and normalized for DNA copy using 
primers to the autosomal human gene SDC4 (62) to adjust for the potential 
presence of murine cells in the cultures.

Vector IS analysis. Depending on availability, 1–100 ng of genomic DNA 
isolated from cells were used to perform nonrestrictive linear amplifi-
cation–mediated (nr-LAM) PCR to identify vector IS (63). Briefly, 100 
cycles of linear amplification were performed with primer HIV3 linear 
(biotin-AGTAGTGTGTGCCCGTCTGT). Linear reactions were purified 
using 1.5 volumes of AMPure XP beads (Beckman Genomics) and cap-
tured onto M-280 Streptavidin Dynabeads (Invitrogen Dynal). Captured 
ssDNA was ligated to read 2 linker (phos-AGATCGGAAGAGCACAC-
GTCTGAACTCCAGTCAC-3C spacer) using CircLigase II (Epicentre) in 
a 10-μl reaction at 65° for 2 hours. PCR was performed on these beads 
using primer HIV3 right (AATGATACGGCGACCACCGAGATCTA-
CACTGATCCCTCAGACCCTTTTAGTC) and an appropriate indexed 
reverse primer (CAAGCAGAAGACGGCATACGAGAT-index-GTGACTG-
GAGTTCAGACGTGT). PCR products were mixed and quantified by 
probe-based qPCR, and appropriate amounts were used to load Illu-
mina v3 flow cells. Paired-end 50-bp sequencing was performed on an 
Illumina HiSeq 2000 instrument using a custom read 1 primer (CCCT-
CAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCA). Reads were 
aligned to the hg19 build of the human genome with Bowtie (64), and 
alignments were condensed and annotated using custom Perl and Python 
scripts to locate vector integrations relative to RefSeq gene annotations 
obtained from the UCSC database. The frequencies of IS in transcribed 
regions of or within 50 kb of promoters of cancer-associated genes (as 
defined in Higgins et al., ref. 44) were determined.

See Supplemental Methods for details of LV vector construction, pro-
duction and titration, PCR for FB insulator integrity, Southern blot, 
ChIP, BM CD34+ cell isolation, CFU progenitor assay, myeloid culture, 
flow cytometry during erythroid culture, IVIM assay, and HBBAS3 mRNA 
expression in erythoid and myeloid conditions.

Statistics. Descriptive statistics of continuous outcome variables such 
as the mean and SD by experimental conditions are presented in figures. 
For continuous outcomes such as titer, VC/cell, percentage of enucle-
ation, percentage of colonies grown, etc., 1-way or 2-way ANOVA (65) was 
used to assess overall group difference, depending on the experimental 
designs. Further, we performed 2-group comparison by 2-sample t test 
(within the framework of ANOVA if more than 2 groups) or Wilcoxon 
rank sum test if normality assumption was not met. Pearson correlation 
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(66) was used to measure the correlation between VC/cell and percentage 
of HBBAS3 mRNA and correlation of VC/cell and percentage of HbAS3; 
Spearman correlation (67) was used to evaluate the correlation of the 
VC/cell with the percentage of corrected sickle cell. For binary outcome, 
such as the replating condition in the IVIM assay (positive vs. negative), 
Fisher’s exact test (68) was used to compare CCL-βAS3-FB vector with 
RSF91-GFP vector. To compare the proportions of IS near cancer-related 
genes in cells grown in vitro with cells engrafted in mice, a binomial test 
was performed using the proportion of cancer gene–proximal IS in the in 
vitro condition as an estimate of the probability of observing such an IS 
in engrafted mice. For all statistical investigations, tests for significance 
were 2 tailed. P < 0.05 was considered to be statistically significant. All 
statistical analyses were carried out using SAS version 9.3 (69), Graph-
Pad Prism version 5.0d (GraphPad Software Inc.), and MATLAB version 
7.12.0.635 (MathWorks Inc.).

Study approval. All human samples have been used following UCLA IRB 
protocol #10-001399. Written informed consent was obtained from the 
subjects used in these studies. All work with mice was done under proto-
cols approved by the UCLA Animal Care Committee.
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Abstract

Introduction: The reprogramming of a patient’s somatic cells back into induced pluripotent stem cells (iPSCs)
holds significant promise for future autologous cellular therapeutics. The continued presence of potentially
oncogenic transgenic elements following reprogramming, however, represents a safety concern that should be
addressed prior to clinical applications. The polycistronic stem cell cassette (STEMCCA), an excisable lentiviral
reprogramming vector, provides, in our hands, the most consistent reprogramming approach that addresses this
safety concern. Nevertheless, most viral integrations occur in genes, and exactly how the integration, epigenetic
reprogramming, and excision of the STEMCCA reprogramming vector influences those genes and whether these
cells still have clinical potential are not yet known.

Methods: In this study, we used both microarray and sensitive real-time PCR to investigate gene expression
changes following both intron-based reprogramming and excision of the STEMCCA cassette during the generation
of human iPSCs from adult human dermal fibroblasts. Integration site analysis was conducted using nonrestrictive
linear amplification PCR. Transgene-free iPSCs were fully characterized via immunocytochemistry, karyotyping and
teratoma formation, and current protocols were implemented for guided differentiation. We also utilized current
good manufacturing practice guidelines and manufacturing facilities for conversion of our iPSCs into putative
clinical grade conditions.

Results: We found that a STEMCCA-derived iPSC line that contains a single integration, found to be located in an
intronic location in an actively transcribed gene, PRPF39, displays significantly increased expression when compared
with post-excised stem cells. STEMCCA excision via Cre recombinase returned basal expression levels of PRPF39.
These cells were also shown to have proper splicing patterns and PRPF39 gene sequences. We also fully
characterized the post-excision iPSCs, differentiated them into multiple clinically relevant cell types (including
oligodendrocytes, hepatocytes, and cardiomyocytes), and converted them to putative clinical-grade conditions
using the same approach previously approved by the US Food and Drug Administration for the conversion of
human embryonic stem cells from research-grade to clinical-grade status.
(Continued on next page)
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Conclusion: For the first time, these studies provide a proof-of-principle for the generation of fully characterized
transgene-free human iPSCs and, in light of the limited availability of current good manufacturing practice cellular
manufacturing facilities, highlight an attractive potential mechanism for converting research-grade cell lines into
putatively clinical-grade biologics for personalized cellular therapeutics.

Introduction
Previous research demonstrated that human somatic cells
can be directly reprogrammed back into an induced pluri-
potent stem cell (iPSC) state through exogenous expres-
sion of a small number of transgenic factors [1]. The
ability of these cells to differentiate into any human cell
type highlights their promise for future autologous cellular
therapies [2,3]. Nevertheless, the continued presence of
potentially oncogenic transgenic elements following re-
programming represents a safety concern that must be
addressed prior to clinical applications [4-7]. Various
integration-free approaches have been investigated to ad-
dress this safety concern. Of the various techniques tested
to date – that is, episomal plasmids [8], minicircles [9],
nonintegrating miRNAs [10,11], cell-permeable proteins
[12], sendai viruses [13], synthetic mRNAs [14] and the
removable polycistronic stem cell cassette (STEMCCA) –
and despite each having published reprogramming success
(Table 1), only the STEMCCA-based reprogramming ap-
proach, in our hands, has consistently and successfully re-
programmed dermal fibroblasts from multiple different
adult donors into iPSCs.
Advantages of the STEMCCA reprogramming ap-

proach include the following: lentiviruses can transduce
both dividing and nondividing cells; the STEMCCA
polycistronic cassette was engineered for efficient pro-
duction of multiple protein products from a single len-
tivirus and allows a characteristic stoichiometry of
protein expression that reproducibly promotes consist-
ent reprogramming success [15,19]; the STEMCCA ap-
proach involves only a single transduction event,
making it less labor intensive than more involved repro-
gramming methods such as synthetic mRNAs; the
STEMCCA cassette is excisable, eliminating residual
transgene expression that reportedly compromises dif-
ferentiation potential [20]; and iPSCs can be generated
to contain only one integration event and accurately
mapped in the genome [16,20,21]. To date, a variety of

cell types have been reprogrammed through polycis-
tronic lentivirus-mediated reprogramming, including
human keratinocytes, bone marrow cells, skin fibro-
blasts [22], and T cells from peripheral blood [23] and
also from patients with diseases such as Huntington’s
disease [24], heart failure [25], immunodeficiency disor-
ders [26], lung disease [16], and neurodevelopmental
disorders [27]. Nevertheless, the majority (approxi-
mately 70%) of lentiviral integrations occur in actively
transcribed genes [28,29]. Because current safe-harbor
criteria discard iPSC lines that result from a viral inte-
gration occurring in a gene [30], this greatly reduces the
feasibility of STEMCCA-iPSC-based therapeutics. We
and others have previously relied solely on microarray
transcriptional analysis to assess the expression of genes
following insertion of STEMCCA into the introns of
genes [30,31].
In this study, we use both microarray and sensitive

real-time RT-PCR to investigate gene expression changes
following both intron-based integration and excision of
the STEMCCA cassette during the generation of human
induced pluripotent stem cells (hiPSCs). We also fully
characterized the post-excised iPSCs, differentiated them
into four therapeutically useful cell types, and converted
them into putative clinical-grade conditions.

Materials and methods
Ethics statement
Written approvals for human skin biopsy procedures
and human fibroblast derivation, culture, and experi-
mental use were obtained from the Stanford University
Institutional Review Board (Stanford IRB protocol
#10368) and the Stanford University Stem Cell Research
Oversight Committee (Stanford SCRO protocol #40),
and written informed consent was obtained from each
individual participant. Cells used in this study were
initially derived at Stanford University and transferred
to UCLA through a material transfer agreement (UCLA

Table 1 Human induced pluripotent stem cell reprogramming efficiencies from human dermal fibroblasts
Lentivirus Polycistronic

STEMCCA lentivirus
Retrovirus Episomal / minicircle miRNAs Cell-permeable proteins Sendai virus mRNA

Efficiency (%) 0.022 0.01 to 1.5 <0.01 to 0.02 0.003 to 0.006 0.002 0.001 0.01 to 1 >1

Integrating Yes Yes Yes No No No No No

Reference(s) [1] [15,16] [17,18] [8,9] [11] [12] [13] [14]
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MTA #2011-00000147). Written approvals for the ex-
periments performed in this study were obtained from
the UCLA Institute Biosafety Committee (UCLA IBC
protocol #123.10.0-f ), the Animal Research Committee
(UCLA ARC protocol #2006-119-21) and the Stem Cell
Research Oversight Committee (UCLA SCRO protocol
#2010-010-02).

In vitro culture of primary human skin cells
The human skin-derived (HUF1) primary cell line used in
this study was obtained from a 4-mm adult skin punch bi-
opsy and was cultured as described [32]. Two other fibro-
blast lines were also used in this study: an infant fibroblast
line (MGM2) and a fibroblast line from Fibrocell Science,
Inc. (Exton, PA, USA) (azficel-T (LAVIV) part #DR01/
RMS-5519v00). All human biopsy-derived cells and fibro-
blast lines were cultured in complete DMEM/F-12 media
consisting of DMEM nutrient mixture/F-12 supplemented
with 10% fetal bovine serum (FBS), 1× minimum essential
medium nonessential amino acid, 1× Glutamax, and 100
IU/ml penicillin–streptomycin (all from Invitrogen/Gibco,
Grand Island, NY, USA) and maintained at 37°C in a 5%
CO2 incubator. Culture media were changed every 2 days.
Cells were allowed to expand to 80 to 90% confluency be-
fore passaging with 0.05% trypsin–ethylenediamine
tetraacetic acid (Invitrogen) and replating at a 1:3 ratio. A
large bank of early-passage HUF1 cells was cryopreserved
in culture media supplemented with 10% dimethyl sulfox-
ide (Sigma-Aldrich, St Louis, MO, USA). All research ad-
hered to National Academy of Sciences guidelines.

In vitro culture of stem cell lines
Human-1, human-2, and human-9 embryonic stem cell
(ESC) lines were provided by the UCLA Broad Stem Cell
Research Center-Stem Cell Core. Multiple integration
iPSCs were derived as previously published [31]. The
mRNA hiPSCs were derived using Stemgent’s mRNA
reprogramming factor set (Stemgent, San Diego, CA,
USA). The adult pre-excision line (termed C-8, or pre-
excised iPSC) and the adult post-excision line (termed
2.3, or post-excised iPSC), derived as explained below,
were all initially maintained on 0.2% gelatin-coated six-
well plates covered with 35,000 cells/cm2 irradiated mouse
embryonic fibroblasts (MEFs) (GlobalStem, Rockville,
MD, USA) with standard ESC media consisting of
DMEM/F-12 supplemented with 20% Knockout Serum
Replacement, 1× Glutamax, 1× nonessential amino acid,
100 IU/ml penicillin–streptomycin (all from Invitrogen),
1× β-mercaptoethanol (Millipore, Billerica, MA, USA),
and 10 ng/ml recombinant human basic fibroblast
growth factor (Globalstem). All cells were transitioned
into a feeder-free system and subsequently maintained
on reduced growth factor Matrigel (BD Biosciences,
San Jose, CA, USA) in mTeSR1 medium (Stem Cell

Technologies, Vancouver, BC, Canada) supplemented with
10 ng/ml basic fibroblast growth factor (Globalstem) and
1× Primocin (InvivoGen, San Diego, CA, USA). Media
were changed daily. Cells were passaged every 4 to 5
days, depending on colony density and size. Differenti-
ation was removed daily from colonies using pulled
glass pipettes. To passage the pluripotent stem cells, an
18-gauge needle was used to cross-hatch colonies in a
grid format, with subsequent gentle agitation to remove
the pieces with a P200 pipette. Usually, 4 to 8 colonies
were passaged onto freshly coated Matrigel plates.

Lentivirus production and infection
For pre-excised and post-excised iPSC lines, lentiviral hu-
man STEMCCA vector was synthesized and packaged as
published [15] and was concentrated to 100×. The day be-
fore infection, 100,000 cells/well were plated in a six-well
plate grown in standard DMEM/F-12 media without anti-
biotics. On the day of transduction, 100× lentiviral super-
natant was thawed, and 2 ml MEF conditioned media
from each well of fibroblasts to be infected was taken out
and mixed with 2× and 4× viral supernatant concentra-
tions, respectively, with 8 μg/ml polybrene (Millipore).
This virus-containing mixture was quickly added to the
cells to avoid drying, shaken gently, and placed at 37°C in
a 5% CO2 incubator overnight. From day 2 through day 6,
media were changed every day with DMEM/F-12 medium
with antibiotics. Irradiated xCF1 fibroblasts harvested
from day 8 mouse embryos were plated on day 6, and
50,000 and 100,000 cells from one well in a six-well plate
were plated on day 7 onto an MEF-plated 10-cm plate and
left to sit at 37°C in a 5% CO2 incubator overnight. The
next day, MEF media were replaced with human ESC
medium for the duration of the reprogramming and
changed daily. Colonies were picked on the parental plate
when colonies reached the size of 60 to 70% of 5× field
view or became three-dimensional/differentiated into cell
aggregates. Each parental colony was cut into two or three
pieces and seeded onto a 24-well plate preseeded with
xCF1 mouse feeders, one clone per well. Colonies were
grown and further subcloned out according to optimal
growth and colony morphology (flattened, very little dif-
ferentiation, and high nucleus-to-cytoplasm ratio) and
when colonies reached 60 to 70% of 5× field. Subcloning
into a 12-well plate required 8 to 10 pieces from each
clone per well from a 24-well plate be placed into an xCF1
MEF precoated 12-well plate. The pieces were then even-
tually subcloned out to a six-well plate for further
characterization.

Vector integration site analysis by nonrestrictive linear
amplification PCR
DNA was isolated from iPSCs using the PureLink
Genomic DNA Mini Kit (Invitrogen). Approximately
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100 ng genomic DNA was used to perform nonrestric-
tive linear amplification (nrLAM) PCR [33]. Briefly,
100 cycles of linear amplification were performed with
primer HIV3linear (Biotin-agtagtgtgtgcccgtctgt). Linear re-
actions were purified using 1.5 volumes of AMPure XP
beads (Beckman Genomics, Indianapolis, IN, USA) and
captured onto 100 μg of M-280 Streptavidin Dynabeads
(Invitrogen Dynal), prepared in accordance with the in-
structions of the manufacturer. Captured ssDNA was
ligated to read 2 linker (Phos-agatcggaagagcacacgtctgaa
ctccagtcac-3C Spacer) using CircLigase II (Epicentre,
Madison, WI, USA) in a 10 μl reaction at 65° for 2 hours.
PCR was performed on these beads using primer HIV3right
(aatgatacggcgaccaccgagatctacactgatccctcagacccttttagtc) and
an appropriate indexed reverse primer (caagcagaagacgg
catacgagat-index-gtgactggagttcagacgtgt). PCR products
were mixed and quantified by probe-based quantitative
PCR, and appropriate amounts were used to load
Illumina v3 flow cells (Illumina, San Diego, CA, USA).
Paired-end 50-base-pair sequencing was performed on an
Illumina HiSeq 2000 instrument using a custom read 1 pri-
mer (ccctcagacccttttagtcagtgtggaaaatctctagca). Reads were
aligned to the hg19 build of the human genome with
Bowtie [34], and alignments were condensed and annotated
using custom Perl and Python scripts to locate vector
integrations.

Infection of induced pluripotent stem cells with adeno-Cre
Excision of STEMCCA was performed by transient
transduction of a defective adenoviral vector expressing
Cre-recombinase-puromycin (Adeno-Cre-puroR), which
was generated by Vector BioLabs (Philadelphia, PA,
USA) to express Cre recombinase and puromycin resist-
ance, into the parental pre-excised iPSC line. We used
45 and 5 μl concentrated Adeno-Cre-puroR virus with 8
μg/ml polybrene (Millipore) in standard ESC media for
24 hours. After 24 hours (on day 1), the mixed viral
supernatant was removed, and the cells were washed
twice with ESC media and then cultured in fresh ESC
media containing 2 μg/ml puromycin (Invitrogen) for a
period of 5 days. Individual colonies still growing after 5
days were subcloned into 12-well plates and expanded
as described above.

Genomic and RT-PCR analysis
Genomic DNA was isolated from pluripotent stem cells
(PSCs) grown in feeder-free conditions with the
PureLink Genomic DNA Mini Kit (Invitrogen) in ac-
cordance with the instructions of the manufacturer. PCR
was performed using the KAPA HiFi Hotstart ReadyMix
PCR kit (KAPA, Woburn, MA, USA) with a five-step
PCR protocol as follows: initial denaturation at 95°C for
3 minutes; 35 cycles of each of the following: denaturation
at 98°C for 20 seconds, primer annealing at 62°C for 15

seconds, and extension at 72°C for 15 seconds; followed
by a single cycle final extension at 72°C for 3 minutes. Ten
nanograms of template DNA were used. Primers specific
for exogenous integrations of the STEMCCA lentivirus
are listed as follows: gDNA-hendo-MycS-forward, 5′-acga
gcacaagctcacctct-3′; gDNA-hWPRE-reverse, 5′-tcagcaaac
acagtgcacacc-3′. gDNA PCR was normalized to beta-
actin: gDNA-hACTB-forward, 5′-ggagaatggcccagtcctc-3′;
and gDNA-hACTB-reverse, 5′-ggtctcaagtcagtgtacagg-3′
[20]. Total RNA was isolated using PSCs grown only on
feeder-free conditions to prevent MEF mRNA contamin-
ation issues with Roche’s High Pure RNA Isolation Kit in
accordance with the instructions of the manufacturer
(Roche, Indianapolis, IN, USA). Then 700 ng PSCs and
300 ng all fibroblast lines’ RNA were reverse-transcribed
using the Transcriptor First Strand cDNA Synthesis Kit,
using anchored-oligo(dT)18 and random hexamer primers
(Roche). PCR was performed using the KAPA HiFi
Hotstart ReadyMix PCR kit (KAPA) with a five-step PCR
protocol: initial denaturation at 95°C for 5 minutes; 28
cycles of each of the following: denaturation at 98°C for 20
seconds, primer annealing at 64°C for 15 seconds, and ex-
tension at 72°C for 15 seconds; followed by a single cycle
final extension at 72°C for 5 minutes. In total, 75 ng RNA
was used per reaction, and 12 μl with 3 μl loading dye was
loaded into a 3% agarose gel in accordance with the
recommendations of the manufacturer. Primers specific
to exon 4/5 splice junction analysis were: RT-hexon4/5-
forward, 5′-tgagcatgctgttctagctgcagga-3′; and RT-hexon4/
5-reverse, 5′-accaggaggaccatcatcaccac-3′. RT-PCR gene
expression was normalized to beta-actin: RT-hACTB-
forward, 5′-ggagaatggcccagtcctc-3′; and RT-hACTB-
reverse, 5′-ggtctcaagtcagtgtacagg-3′.

Global transcriptional meta-analysis
Pre-excised and post-excised iPSCs were grown in stand-
ard feeder-free culture conditions as stated above and
harvested for total mRNA using a High Pure RNA Isola-
tion Kit in accordance with the instructions of the manu-
facturer (Roche). Microarray analysis was carried out as
published [35]. Affymetrix data adhered to the standards
proposed by the Functional Genomics Data Society and
were deposited in a MIAME-compliant format into the
Gene Expression Omnibus [36] [GEO:GSE48830]. Each
CEL file was uploaded to GeneSifter (VisX Labs, Seattle,
WA, USA) using the Advanced Upload Method and nor-
malized using the Affymetrix Microarray Analysis Suite
(MAS) 5.0 (Santa Clara, CA, USA) algorithm. GeneSifter
pairwise analysis between samples was performed using all
mean normalization and t-test statistical analysis (P <0.05).
For each pairwise analysis, two replicates from each cell line
were compared. Probe sets were considered significantly
different when P <0.05 and fold change ≥2.
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Quantitative reverse transcription-polymerase chain
reaction
Total RNA was isolated using PSCs grown only on feeder-
free conditions to prevent MEF mRNA contamination is-
sues as stated above. Primers and probes were designed
and ordered from Roche’s Universal ProbeLibrary. Quanti-
tative PCR relative expression experiments used a
LightCycler 480 Real-Time PCR System (Roche), and
data were further analyzed with LightCycler 480 Soft-
ware release 1.5.0. Primers for the genes are listed as fol-
lows – primers specific for pre-loxP site analysis: QRT-h
PRPF39-forward, 5′-caggattttacaggctgggta-3′ and QRT-h
PRPF39-reverse, 5′-tcctggcagccatcaagt-3′, probe #2; QRT-
hPOU5F1-forward, 5′-gaagttaggtgggcagcttg-3′ and QRT-
hPOU5F1-reverse, 5′-tgtggccccaaggaatagt-3′, probe #13;
QRT-hSOX2-forward, 5′-gggggaatggaccttgtatag-3′ and
QRT-hSOX2-reverse, 5′-gcaaagctcctaccgtacca-3′, probe
#65; QRT-hNANOG-forward, 5′-cagtctggacactggctgaa-3′
and QRT-hNANOG-reverse, 5′-cacgtggtttccaaacaaga-3′,
probe #55; and gene expression was normalized using
HPRT1 and GAPDH primers: QRT-hHPRT1-forward,
5′-tgaccttgatttattttgcatacc-3′ and QRT-hHPRT1-reverse,
5′-cgagcaagacgttcagtcct-3′, probe #73; and QRT-GAPDH-
forward, 5′-gctctctgctcctcctgttc-3′ and QRT-GAPDH-
reverse, 5′-acgaccaaatccgttgactc-3′, probe #60. Five
nanograms per sample were used in a 20 μl reaction that
consisted of 10 μM UPL probe, 2× LightCycler 480 Probes
Master, and 20 μM forward and reverse primers. Triplicate
experimental samples were paired using the all-to-mean
pairing rule with two housekeeping genes run in duplicate
for advanced relative quantification.

Sequencing
Total RNA was extracted as stated above and amplified
with the hexon 4/5 primers and purified with a PCR
purification kit (Qiagen, Valencia, CA, USA). Samples
were sent for full-service sequencing at UCLA’s Genotyping
and Sequencing Core (Los Angeles, CA, USA) using
Invitrogen/Applied Biosystems 3730 Capillary DNA
Analyzers, and sequence results were analyzed on ApE
by (M. Wayne Davis; [37]).

Immunocytochemistry
Cultured cells were fixed in 4% paraformaldehyde/1×
PBS for 15 minutes, washed twice with 1× PBS
supplemented with 100 mM glycine for 5 minutes, and
then incubated, when needed, with permeabilization buf-
fer consisting of 0.1% Triton X-100 (Sigma-Aldrich) in
1× PBS for 30 minutes at room temperature. Blocking
was performed with 4% goat serum in Blocker Casein in
PBS (Thermo Scientific, Rockford, IL, USA) for 60 mi-
nutes at room temperature. The cells were then incubated
for 2.5 hours with primary antibody at room temperature.
Cells were washed with PBS after primary antibody

staining and following each subsequent step. Following
primary antibody incubation, the coverslips/wells were
incubated with Alexa Fluor secondary antibodies
(Invitrogen) at room temperature for 1 hour and mounted
in Prolong Gold with 4′,6-diamidino-2-phenylindole
(Invitrogen). Cultures were visualized with an AxioCam
MR Monocolor Camera and AxioVision Digital Image
Processing Software (Axio Observer Inverted Microscope;
Carl Zeiss, Jena, Germany).
The primary antibodies used for PSC characterization

are mouse anti-Oct-3/4 (C-10) (1:200; Santa Cruz Bio-
technology, Santa Cruz, CA, USA), rat anti-SSEA-3
(1:200; Millipore), mouse anti-SSEA-4 (1:200; Millipore),
mouse anti-TRA-1-60 (1:200; Millipore), mouse anti-
TRA-1-81 (1:200; Millipore), and rabbit anti-NANOG
(1:100; Abcam, Cambridge, MA, USA) [32]. For oligo-
dendrocyte progenitor and oligodendrocyte cells, the
following primary antibodies were used: mouse anti-
NG2 (1:25; eBioscience, San Diego, CA, USA), rabbit
anti-PDGFRα (1:20; Abcam), rabbit anti-SOX10 (1:20;
Abcam), mouse anti-OLIG1 (1:200; Millipore), mouse
anti-A2B5 (1:50; Millipore), mouse anti-O4 (1:40; R&D
Systems, Minneapolis, MN, USA), mouse anti-O1 (1:40;
R&D Systems), and rat anti-Myelin Basic Protein (1:40;
Abcam). To analyze oligodendrocyte and neuronal co-
culture, and to ensure oligodendrocyte human origin,
rabbit anti-TUJ-1 (1:2500; Covance, Inc., Emeryville,
CA, USA) and mouse anti-human mitochondria (1:40;
Millipore) antibodies were used, respectively. For hep-
atocyte cells, the following primary antibodies were
used: mouse anti-CK18 (1:50; Dako, Carpinteria, CA,
USA), mouse anti-serum albumin (1:50; R&D Systems),
and mouse anti-alpha-fetoprotein (1:100; Invitrogen).
For cardiomyocytes, the following primary antibodies
were used: mouse anti-Troponin I (1:50; Millipore) and
mouse anti-alpha-actinin (Sarcomeric) (1:100; Sigma-
Aldrich). For fibroblast differentiation, the following
primary antibody was used: mouse anti-COL3A1 (1:40;
Santa Cruz Biotechnology).

Induced pluripotent stem cell-directed differentiation
For oligodendrocyte progenitor and mature oligodendro-
cyte differentiation, embryoid bodies (EBs) were made on
day 1 by 1 mg/ml collagenase treatment for 10 minutes,
followed by gentle scraping with a 5-ml serological pipette.
Detached colonies were collected and transferred to low-
adhesion plates (Sigma-Aldrich) in a 50:50 combination of
mTeSR1 and Glial Restrictive Media and differentiated as
published [38]. For co-culture experiments, rat dorsal root
ganglion (DRG) neurons were dissected and cultured as
previously described, except for the substitution of rat
DRG neurons [39]. DRG neurons were cultured on
Matrigel (BD Biosciences) for a period of 7 days before
post-excised derived oligodendrocyte progenitor cells were
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plated on top of the DRG neurons at a density of 15,000
cells/well in a 24-well plate. All cells were cultured in Glial
Restrictive Media. Co-cultured cells were cultured for a
period of 7 days before fixation and immunostaining.
For EB-directed beating cardiomyocyte differentiation,

post-excised iPSCs were incubated with 1 mg/ml colla-
genase for 10 minutes and then quenched with standard
differentiation media consisting of standard DMEM as
listed above but with 20% FBS and also with inclusion of
50 μg/ml ascorbic acid (Sigma-Aldrich), followed by
making strips of iPSCs with a 5-ml serological pipette
and subsequent placement into low-adhesion plates
(Sigma-Aldrich). Media were changed every day with
fresh media until day 5, when EBs were plated onto 0.2%
gelatin-coated plates. The FBS concentration was reduced
to 5% on day 10, and media were changed every 4 to 5
days with fresh ascorbic acid [40].
For non-EB-directed cardiomyocyte differentiation,

post-excised iPSCs cultured on Matrigel were changed
to DMEM/F-12 (Invitrogen) supplemented with 1× N2,
2 mM L-glutamine, 1 mM nonessential amino acid, 1×
B27 supplement (all from Invitrogen), 0.5 mg/ml bovine
serum albumin (Fraction V; Sigma-Aldrich), and 0.11 mM
2-mercaptoethanol (Millipore) (N2/B27-CDM) supple-
mented with 50 ng/ml recombinant human BMP-4 and
50 ng/ml recombinant human activin A (both from
PeproTech, Rocky Hill, NJ, USA) for 3 or 4 days and
cultured in N2/B27-CDM without additional factors for
an additional 8 to 10 days. The medium was changed
daily [41].
For hepatocyte differentiation, post-excised iPSCs were

grown on Matrigel as stated above until reaching a 60 to
70% confluence upon which endoderm induction was
initiated by replacing the post-excised iPSCs for 24 hours
with RPMI 1640 medium (Invitrogen/Gibco, Rockville,
MD, USA), supplemented with 0.5 mg/ml albumin frac-
tion V (Sigma-Aldrich), and 100 ng/ml Activin A
(PeproTech). On the following 2 days, 0.1 and 1% insu-
lin–transferrin–selenium (Invitrogen/Gibco) were added
to the medium, respectively. Post-excised iPSCs were
then cultured in hepatocyte culture medium (Lonza,
Walkersville, MD, USA) containing 30 ng/ml fibroblast
growth factor-4 and 20 ng/ml BMP2 (PeproTech) for 4
days. The now-differentiated cells were then incubated
in hepatocyte culture medium containing 20 ng/ml
hematopoietic growth factor and 20 ng/ml keratinocyte
growth factor (PeproTech) for 6 days, in hepatocyte cul-
ture medium containing 10 ng/ml oncostatin-M (R&D
Systems) plus 0.1 μM dexamethasone (Sigma-Aldrich)
for 5 days, and in DMEM containing N2, B27, 1×
Glutamax, 1× nonessential amino acid, and 1× β-
mercaptoethanol (all from Invitrogen/Gibco) for 3
more days. Media were changed daily during differenti-
ation [42].

For fibroblast differentiation, EBs were cultured in
adherent conditions on 0.2% gelatin using standard
fibroblast media with 10% FBS and were passaged until
typical fibroblast morphology was seen [43].

Karyotype analysis
Post-excised iPSCs were passaged onto a 25-cm2 flask to
60 to 70% confluency and sent out for G-band karyotyping
analysis (Cell Line Genetics, Madison, WI, USA).

Teratoma formation
Teratomas for the pre-excised and post-excised iPSC lines
were generated by injecting 8 × 106 cells resuspended in
Hanks’ balanced salt solution (Invitrogen) into the two
testes in a severe combined immunodeficient adult male
beige mouse. All tumors were dissected 6 to 8 weeks after
injection and fixed in 4% formaldehyde, and sections
were paraffin-embedded and then stained with H & E
for further analysis at the UCLA Translational Pathology
Laboratory. All animal experiments were performed in
accordance with the UCLA Animal Research Committee
and the UCLA Division of Laboratory Animal Medicine.

Good manufacturing practice conversion and analysis
Post-excised iPSCs were slowly transitioned from
mTeSR1 media conditions to a 1:1 ratio of mTeSR1 and
NutriStem (Stemgent) and finally to a 1:1 ratio of
TeSR2/NutriStem (STEMCELL Technologies, Vancou-
ver, BC, Canada) supplemented with 1× Primocin
(InvivoGen) and 1× basic fibroblast growth factor
(GlobalStem), which are both defined xeno-free media
(containing no animal proteins). This conversion used
0:100, 20:80, 50:50, 80:20, and 100:0 mTeSR1/
NutriStem:TeSR2/NutriStem ratios, with each condition
lasting for 3 days. Regular passaging was maintained
every 4 or 5 days based on cell morphology and density.
Once cells were converted to the 1:1 TeSR2/NutriStem,
the cells were mechanically passaged with an 18-gauge
needle in the presence of 1× ROCK inhibitor (Stemgent),
preconditioned in the media for 1 hour, and then trans-
ferred to a xeno-free substrate (Synthemax; Sigma-
Aldrich). Cells were initially fibroblastic in nature, and
continual differentiation of the iPSCs had to be taken
out with a hand-pulled glass pipette. Specific selection of
proper iPSC colonies over a period of 2 or 3 weeks
generated morphologically homogeneous and standard-
looking iPSCs. Cells that were converted to xeno-free
conditions were then transferred to the UCLA good
manufacturing practice (GMP)-compatible facility and
underwent extended cultivation (for over 3 months) under
xeno-free conditions. The cells were then subjected to
standardized quality-control testing to ensure viability,
sterility, and appropriate cellular composition, which in-
cluded immunocytochemical analysis of stem cell markers,
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confirmation that the cells were free from nonhuman
contaminants, including bacteria, fungi, mycoplasma or
sialic acid (Neu5Gc) contamination, and confirmation they
possessed a normal karyotype, and were cryobanked for
potential future clinical applications as previously de-
scribed [31]. To further show the broad applicability of
our slow transition methodology across media and
synthetic matrices, we also converted the post-excised
cells to a fully defined, synthetic matrix called CELLstart
(Invitrogen) and cultured in NutriStem media alone.

Flow cytometry-based detection of sialic acid
contamination
Flow cytometry was performed on the BD LSRII
flow cytometer and all data were analyzed with BD
FACSDiva Version 6.1.3 Software (BD Biosciences). The
cell surface expression of nonhuman sialic acid Neu5Gc
(N-glycolylneuraminic acid) was detected utilizing the
chicken anti-Neu5Gc IgG (1:200) (Sialix anti-Neu5Gc
Basic Pack Kit; Sialix San Diego, CA, USA) and labeled
with FITC-conjugated donkey anti-chicken IgG (H + L)
(1:200; Jackson ImmunoResearch, West Grove, PA,
USA). 4’,6-Diamidino-2-phenylindole (Invitrogen) was
included as previously published [35]. Standard condi-
tions and experimental controls were performed as per
manufacturer recommendations (Sialix). hiPSCs that
were derived and maintained under xeno-free clinical
grade conditions and mouse embryonic fibroblasts
(Globalstem) served as negative and positive controls,
respectively. Additionally, post-excised iPSCs in mTeSR1
plated on Matrigel and post-excised iPSCs in xeno-free
NutriStem plated on CELLstart were utilized for this
assay.

Statistical analysis
Results are presented as means ± standard deviations. The
statistical significance of differences for PRPF39 gene ex-
pression was evaluated using SPSS 20 (IBM Corporation,
Chicago, IL, USA). Analysis of variance, a t test for inde-
pendent samples, and Kruskal–Wallis nonparametrical
one-way analysis of variance tests were considered statisti-
cally significant with P <0.05.

Results
Induced pluripotent stem cell generation and
characterization
Previous work has shown that adult somatic human der-
mal fibroblasts can be efficiently reprogrammed into
iPSCs through exogenous expression of four transcrip-
tion factors (OCT4, KLF4, c-MYC, and SOX2) with a
single polycistronic lentivirus, or STEMCCA, flanked by
loxP sites (hSTEMCCA-loxP) [16]. We reprogrammed
low-passage adult human dermal fibroblasts through
transduction of hSTEMCCA. To induce reprogramming,

1 × 105 fibroblasts were transduced with a constitutively
active hSTEMCCA-loxP. From these 100,000 cells, 60
colonies with ESC-like morphology were observed, pro-
viding a reprogramming efficiency of just over 0.05%, an
efficiency which parallels that seen in the literature
(Table 1). Twenty colonies were picked and iPSC lines
were derived. The 16 iPSC lines with the best morph-
ology were expanded and cryopreserved. Three iPSC
lines were thawed and expanded for further analysis for
this study. All three iPSC lines possessed typical human
ESC-like morphology, including large nucleoli, a high
nucleus-to-cytoplasm ratio, and tight compact colonies
(Figure 1A). All three iPSC lines, which we define here
as parental pre-excised C-3, C-8, and C-11, were origin-
ally cultured on MEF layers and standard ESC media
conditions for over 20 passages, representing the most
commonly used research-grade conditions for iPSC
derivation and culture.

Nonrestrictive linear amplification PCR genomic mapping
of integration into PRPF39 and pre-excised induced
pluripotent stem cell characterization
Third-generation lentiviruses are capable of integrating
into the host genome of primitive human repopulating
cells multiple times, initially seeming to limit the practical-
ity of using these viruses for reprogramming (for personal-
ized cellular therapeutics) and warranting the need for
new reprogramming methodologies that yield transduc-
tions with fewer copies per cell [44]. Optimization of the
multiplicity of infection to between 0.1 and 10, however,
recently demonstrated that over 94% of iPSC colonies had
a single stable integration [16]. Extensive and site-specific
genomic mapping to identify potential insertional muta-
genesis and elucidate adverse gene expression effects is
needed to establish therapeutically relevant and factor-free
iPSC lines. To verify a single integrated STEMCCA line
and specifically sequence and map the vector integration,
nrLAM-PCR was used to analyze the vector-human gen-
ome location. Two lines (C3 and C8) demonstrated single
intron-based integrations, and the third line (C11) demon-
strated multiple integrations. The C3 iPSC line displayed
one integration located in intron 5 of the lysosomal
enzyme alpha-N-acetylgalactosaminidase (NAGA), and
the C8 (pre-excised) iPSC line displayed one integration
located in intron 4 of pre-mRNA-processing factor
39 (PRPF39), a protein known to interact with the
spliceosome and play a role in pre-RNA processing [45].
Mutations in NAGA have been associated with Schindler
disease [46], whereas mutations in PRPF39 have not been
correlated with any specific disease. We therefore focused
our characterization and transcriptional analysis on the
C8 line.
The C8 pre-excised iPSC line expressed the pluripotency

markers alkaline phosphatase, NANOG, OCT4, SSEA-3,
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SSEA-4, TRA-1-60, and TRA-1-81 as determined by im-
munocytochemistry (Figure 2A). Also, to demonstrate
pluripotency, iPSCs were injected into the testes of a se-
vere combined immunodeficient mouse. The pre-excised
iPSC line successfully formed teratomas representative of
all three germ layers: neural tube (ectoderm), gut epithe-
lium (endoderm), and cartilage (mesoderm) (Figure 2B).
These results demonstrate that our single integrated
hiPSC line is pluripotent and able to contribute to repre-
sentatives of all three germ layers.

Adeno-Cre-puro excision
We next sought to generate a factor-free line void of
any exogenous transgenic factors by expression of a
nonintegrating adenovirus expressing both Cre-
recombinase and puromycin resistance for selection
of post-excised iPSC colonies. C3 and C8 iPSC cells
were transduced for 24 hours with the Adeno-Cre-
PuroR adenovirus and exposed to puromycin for 5 days,
and then colonies were picked to establish three subclones
from each colony (C3 subclones 1.1, 1.2, and 1.3 and C8
subclones 2.1, 2.2, and 2.3) after 2 weeks of recovery
growth. We determined that successful Adeno-Cre-
mediated excision of hSTEMCCA-loxP reprogramming
construct occurred in only subclone 2.3, now called the
post-excised iPSC subcloned line, as determined through
PCR of genomic DNA with primers against endo-Myc-s
and A-WPRE (Figure 1B). Expanded post-excised iPSCs
were re-exposed to puromycin for 5 days, resulting in

100% cell death of all subcloned colonies and demonstrat-
ing that the Adeno-Cre-PuroR did not integrate into the
genome following excision. Following Cre-mediated exci-
sion, post-excised iPSCs displayed a stable, uniform hu-
man ESC-like morphology for over 10 passages on MEFs
and maintained pluripotent markers (alkaline phosphatase,
NANOG, OCT4, SSEA-3, SSEA-4, TRA-1-60, and TRA-
1-81) at a level comparable with that of the pre-excised
iPSC line and control human ESCs (Figure 2A). Import-
antly, to avoid any MEF mRNA contamination issues in
later applications, both the pre-excised and post-excised
iPSC lines were transitioned into feeder-free conditions on
Matrigel with mTeSR1 media. Post-excised cells also were
able to maintain their pluripotency, as shown through
their successful contribution to all three germ layers in
teratoma formation (Figure 2B). Also, the post-excised
iPSC line was able to maintain genomic stability for over
37 passages during the transition from pre-excised to
post-excised hiPSCs as demonstrated by the normal
karyotype maintained (Figure 2C). The completely factor-
free post-excised iPSCs were therefore able to maintain
pluripotency markers and a normal karyotype and to
retain the ability to differentiate to representatives of all
three germ layers in the teratoma assay.

PRPF39 gene expression and splicing analysis
Successful excision of the hSTEMCCA-loxP site [16,47]
and specific loci mapping of the virus integration were
reported [31], but this study did not examine gene

Figure 1 Representative colonies from the three hSTEMCCA-derived induced pluripotent stem cell lines. (A) Only the C8 pre-excised
induced pluripotent stem cell (iPSC) line was found to have one integration into the PRPF39 gene and was therefore selected to undergo Adeno-
Cre-PuroR selection for removal of the cassette. (B) Excision of hSTEMCCA from the pre-excised iPSC adult parental line (C8). RT-PCR of genomic
DNA with primers against hSTEMCCA elements endo-Myc-s and A-WPRE, showing that one subclone (2.3 post-excised iPSCs) was free of the
integrated provirus. Bars = 100 μM.
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expression and splicing analysis of a post-excised hiPSC
line in detail with sensitive real-time RT-PCR. We there-
fore sought to investigate the differential gene expression
due to the lentiviral integration of hSTEMCCA-loxP
into the integrated gene (that is, PRPF39). Even after ex-
cision, approximately 200 base pairs of exogenous DNA
from the inactive long terminal repeat (LTR) remain in-
tegrated into the genome in intron 4 of PRPF39. This
finding emphasizes the importance of gene expression
analysis [48]. First, we performed microarray analysis on
the pre-excised and post-excised iPSCs, and like previ-
ous investigators [31] we found no statistically signifi-
cant difference between the gene expression for the
integrated gene (PRPF39) (data not shown). Next, we
used quantitative PCR to analyze the expression of
PRPF39 with exon-spanning primers across exons 2 and
3. The pre-excised iPSC line demonstrated a statistically
significant increase in the expression of PRPF39 com-
pared with the post-excised iPSC line and every other
cell line tested (Figure 3A). We confirmed this higher
expression by running three different fibroblast lines as
controls and showing very low expression of PRPF39 in
fibroblasts (Figure 3A). To investigate whether this
expression difference was due to random insertional
positional events in the genome, the multi-integration
line iPSCs that had three integrations were also ana-
lyzed, and they yielded a nonstatistically significant dif-
ference with the post-excised iPSC line of PRPF39 gene

expression. This suggests that the expression difference
of the pre-excised iPSC line is specifically due to the in-
sertion of the hSTEMCCA-loxP viral construct into the
PRPF39 intron 4 and that, following excision, endogen-
ous and homeostatic levels of PRPF39 gene resumes. To
further confirm correct splicing patterns, primers span-
ning exon 4 and 5 were used, and proper splicing was
confirmed throughout all of the lines tested, including
both pre-excised and post-excised iPSC lines (Figure 3B).
Also, to confirm the splicing product homogeneity and
proper PCR amplification, all lines tested were se-
quenced and yielded identical sequences. Importantly,
although aberrantly increased PRPF39 expression is seen
in the pre-excised iPSC line, the post-excised line was
able to revert back to normal levels of expression, indi-
cating that the leftover LTR region was being properly
removed during splicing.

Differentiation into clinically relevant cell types
To determine whether our transgene-free iPSC line was
capable of differentiating into therapeutically relevant
cell types, four different cell lineages were derived. First,
oligodendrocyte progenitor cells (which could prove useful
for treatment of spinal cord injuries) were differentiated
and shown to express characteristic oligodendrocyte pro-
genitor cell markers using immunocytochemistry. Oligo-
dendrocyte progenitors express A2B5, NG2, OLIG1,
SOX10, PDGFRα, and O4 (Figure 4A). After in vitro

Figure 2 Characterization of pre-excised and post-excised induced pluripotent stem cell lines. (A) Expression of pluripotency markers from
induced pluripotent stem cells (iPSCs) (human embryonic stem cells and parental fibroblasts from which the pre-excised iPSC line was derived
serving as controls), showing similar expression of all markers before and after hSTEMCCA excision. (B) Histological analysis of teratomas derived
from the pre-excised iPSC parental line and post-excised iPSC line. (C) G-band karyotyping analysis of the post-excised iPSC line, showing a
normal 46XY karyotype following excision of hSTEMCCA. Bars = 100 μM.
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maturation, O1 and myelin basic protein were detected,
indicating that we derived functionally mature oligoden-
drocytes (Figure 4B) [38]. However, it is well known that
in vitro maturation is inefficient and minimal myelin pro-
duction is produced without addition of further cytokines
[38,49]; thus oligodendrocyte progenitor cell maturation is
normally presented in vivo, where three-dimensional mye-
lination formation is easier to achieve [50]. Therefore, to
increase the efficiency of the in vitro model, the oligo-
dendrocyte progenitor cells were co-cultured with rat
DRG neurons to show an enhanced ability of the oligo-
dendrocytes to produce myelin and myelinate DRG axons;
human mitochondria were also stained to prove no con-
tamination of rat oligodendrocytes in the co-culture
(Figure 4C). This is an important step in developing an
in vitro co-culture system that can allow oligodendro-
cytes to wrap around axons and display myelination
capabilities. Second, functional hepatocytes were derived,
as indicated by positive staining for glycogen synthesis
following the periodic acid–Schiff test (which could prove

useful for treatment of liver diseases such as urea cycle
disorders). Cytokeratin 18, serum albumin, and alpha-
fetoprotein also were localized with these hepatocytes
(Figure 4D). Third, post-excised iPSCs were differentiated
into fibroblasts (which could prove useful to generate large
numbers of therapeutically useful autologous fibroblasts
following gene correction, such as for Epidermolysis
Bullosa) that stained positive for a characteristic fibroblast
marker, Col3A1 (Figure 4E, left image), at levels compar-
able with those of control fibroblasts (Figure 4E, right
image). Lastly, we derived cardiac myocytes [41] (which
could be useful for treatment of heart disease) that were
able to beat in culture [40] (see Additional file 1) and
also stain positively for alpha-actinin and troponin1
(Figure 4F). Post-excised iPSCs therefore not only
maintained pluripotency following hSTEMCCA-loxP exci-
sion and proper PRPF39 expression levels, but also were
able to differentiate into four functionally useful cell types
that have direct therapeutic applications.

Transition from research-grade to putative clinical-grade
induced pluripotent stem cells
We slowly transitioned our research-grade lines from a
xeno-containing substrate and media to xeno-free condi-
tions that maintained the pluripotent capability and func-
tionality of the hiPSCs. Transitioning of post-excised
iPSCs to xeno-free media conditions consisting of a 1:1
blend of NutriStem/TeSR2 was carried out over a period
of 30 days, and this was considered a slow conversion
methodology. After the post-excised iPSC line was stably
passaging in the xeno-free media, the cells were passaged
onto a xeno-free substrate called Synthemax and passaged
multiple times, and only the best colonies were selected
for each passage (Figure 5A). Next, we performed an
extended cultivation (for more than 3 months) of our
transgene-free iPSCs in defined xeno-free conditions (free
from nonhuman serum, proteins, and cells) under current
GMP manufacturing facilities (inspected and licensed by
the state of California) and used qualified defined reagents
and a standardized protocol [51]. The cells were also
subjected to standardized quality-control testing to ensure
viability, sterility, and appropriate cellular composition,
including expression of standard stem cell markers
(NANOG, OCT4, and SOX2) as indicated by quantitative
PCR analysis (Figure 5B). We also converted the post-
excised line from Matrigel and mTeSR1 to xeno-free and
chemically defined CELLstart and NutriStem media under
the same slow transition methodology as that used for the
Synthemax and mTeSR1/NutriStem conversion. We used
a different xeno-free substrate, and NutriStem alone, to
show the robustness of the methodology across substrates
and reagents. Both GMP grade conversions (Synthemax
and CELLstart) yielded comparable expression of standard
pluripotency markers (Figure 5B). Additionally, the pre-

Figure 3 Expression and splicing analysis of the pre-excised
and post-excised lines. (A) Quantitative PCR analysis showed that
integration into the PRPF39 gene caused a statistically significant
increase in transcript expression, in which the increased expression
was abrogated upon Adeno-Cre-PuroR-mediated hSTEMCCA
excision. No statistical differences were seen between all control
induced pluripotent stem cell (iPSC) lines, and all fibroblast lines
displayed very low expression of PRPF39, indicating that this gene is
associated with pluripotency. (B) To confirm that proper splicing of
the transcript is taking place, primers against exons 4 + 5 show that
no cryptic splice sites were being introduced and that, upon
excision, the transcript correctly spliced itself. P <0.05. ESC,
embryonic stem cell; Multiple Int., multiple integration; Syn.,
synthetic.
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converted and post-converted iPSCs were tested, through
flow cytometry, for the sialic acid/N-glycolylneuraminic
acid (Neu5Gc), indicative of a nonhuman animal product
contamination [52]. The iPSC line, xHUF-1, which was
derived under completely defined and xeno-free condi-
tions, and MEFs, which are of mouse origin, were used to
show the negative and positive specificity of the antibody
towards Neu5Gc, respectively. As expected, the MEF cells
and the GMP iPSC line were 98.8% and 0% positive for
Neu5GC, respectively (Figure 5C). We found that the
post-excised line kept on Matrigel and in mTeSR1 media
still possessed significant Neu5Gc, detectable on 1% of
cells, but that this Neu5Gc was subsequently completely
lost during the GMP conversion process. We did not de-
fine whether this 1% Neu5Gc detection was attributed to
contaminating nonhuman epitopes from the original
MEFs, serum and/or Matrigel. Regardless, this Neu5Gc
detection approach is a stringent assay to determine iPSCs
and their derivatives are free from animal epitopes that
could lead to an immunogenic response [53].

Discussion
In this study, we show successful derivation of hiPSCs
from human adult somatic dermal fibroblasts that contain

a single hSTEMCCA-loxP lentiviral integration. We used
nrLAM-PCR technology to analyze both the number of
integrations in each line and the site in the genome where
the lentiviral provirus integrated. One pre-excised line
was derived with a single integration found to map into
intron 4 of PRPF39 (a gene not associated with any dis-
ease). Following Adeno-Cre-PuroR-mediated excision, a
factor-free line, termed post-excised iPSCs, was derived
and propagated.
Because previous studies using the polycistronic human

STEMCCA lentivirus did not analyze the expression and
splicing patterns of an integrated and subsequently excised
hSTEMCCA construct in detail, we sought to characterize
the expression and splicing patterns of our post-excised
iPSC line. Small inactive viral LTRs left in the genome are
thought to cause a small risk of insertional mutagenesis
[16]. A recent paper, however, argues that only transcrip-
tionally active LTRs, and not transcriptionally inactive
LTRs, are capable of forming myeloid tumors, even when
multiple LTR copies are present [54]. Previous studies also
showed that HIV-based vectors have a clear correlation
between increased gene activity hotspots and integration
site preference [28], although not specifically into tran-
scriptional start sites as seen with retroviruses [54].

Figure 4 Differentiation into therapeutically relevant cell lineages. (A) Post-excised induced pluripotent stem cells (iPSCs) were
differentiated into oligodendrocyte progenitor cells expressing characteristic progenitor stage markers. (B) Upon terminal differentiation, the
progenitor cells matured and displayed the mature antigen O1 and also stained positive for secreting myelin basic protein (MBP), a hallmark of
mature oligodendrocytes. (C) Due to low efficiency of in vitro oligodendrocyte maturation, a co-culture system with dorsal root ganglion neurons
was utilized and showed mature oligodendrocytes intimately associated with, and myelinating, neurite outgrowths. Additionally, human
mitochondria were stained to display that rat oligodendrocytes were not contaminating the culture. (D) Hepatocytes were derived that stained
positively for glycogen synthesis as indicated by the periodic acid–Schiff stain, and CK18, albumin, and alpha-fetoprotein. (E) Derived fibroblasts
stained positive for COL3A1 upon differentiation and at levels comparable with those of control fibroblasts (left picture is iPSC-derived fibroblasts
and right are control fibroblasts). (F) Cardiomyocytes showed expression of alpha-actinin and Troponin 1. DAPI, 4′,6-diamidino-2-phenylindole.
Bars = 50 μM.
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Therefore, despite the fact that oncogenic risk from an in-
active LTR is low, the possibility of integration into a tran-
scriptionally active location and gene is high, and
therefore target gene expression and splicing data on the
integration site are critical. Although we show abnormally
increased gene expression in the pre-excised iPSC line, the
gene expression levels were reduced to basal levels upon
excision, and the post-excised line maintained a normal
pluripotent stem cell phenotype. Fortunately, the post-
excised iPSC line had proper splicing of PRPF39 mRNA, al-
though this is probably due to the wild-type nonintegrated
allele properly expressing PRPF39. It is important to show
that the lentiviral integration does not cause dominant
negative interactions with the wild-type allele, allowing
normal expression. PRPF39 gene expression was therefore

increased, probably due to an enhancer element like the
woodchuck post-transcriptional regulatory element coded
by the lentivirus causing a post-transcriptional increase in
gene expression [55]. If current safe-harbor criteria are
expanded to include intron-based reprogrammed cells
that have been characterized to demonstrate a normal
post-excision integrated gene expression profile, such as
the cells described in this study, this will increase the pro-
portion of generated iPSC lines being considered for
therapeutic applications and thereby increase the feasibil-
ity of iPSC-based therapeutics. We also demonstrated that
the post-excised iPSC line was able to differentiate into
multiple therapeutically important cell types, such as he-
patocytes, cardiomyocytes, and oligodendrocyte progeni-
tor cells [56].

Figure 5 Morphology of transgene-free induced pluripotent stem cells following conversion to clinical-grade conditions. (A) Conversion
of post-excised iPSCs from a xeno-containing substrate, Matrigel, to a xeno-free containing substrate, Synthemax, under current good
manufacturing practice (GMP) conditions. (B) Quantitative PCR for pluripotency associated genes displays that pre-converted and post-converted
induced pluripotent stem cells (iPSCs) retain normal expression levels across multiple synthetic substrates. (C) Beyond the standard GMP-grade
sterility testing, a flow cytometry-based assay for a nonhuman antigen, N-glycolylneuraminic acid, displayed that upon GMP-grade conversion all
sialic acid detection was eliminated (1% with post-excised cells on Matrigel down to 0% with post-excised cells in GMP conditions). An iPSC line
derived under GMP conditions and mouse embryonic fibroblasts (MEFs) were used as negative and positive controls, respectively. hESC, human
embryonic stem cell; hIPSC, human induced pluripotent stem cell; PE CELLstart, post-excised iPSC CELLstart; PE Synthemax, post-excised iPSC
Synthemax; PE Matrigel, post-excised Matrigel.
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Finally, we sought a regulatory path to convert these
research-grade transgene-free hiPSCs into cells that
could be used in future clinical therapeutics (clinical
grade). This transition from research grade to clinical
grade was previously performed for human ESCs initially
derived in the presence of nonhuman serum, proteins,
and cells [57]. Geron converted their research-grade
ESCs to clinical-grade ESCs by extended cultivation of
their cells in defined xeno-free conditions free from
nonhuman serum, proteins, and cells under current
GMP manufacturing facilities. These facilities involve
clean-room suites that are inspected and licensed by the
state of California and use of qualified defined reagents
and a standardized protocol, followed by standardized
quality-control testing. In this study, we used the same
approach and converted our research-grade transgene-
free iPSCs into putative clinical-grade iPSCs. We discov-
ered that while a small percentage (1%) of the research-
grade cells still demonstrated detectible nonhuman sialic
acid (which may induce an immunogenic response if
these cells had been used for autologous cellular thera-
peutics [53]), the post-converted cells no longer demon-
strated any detectible sialic acid, suggesting that these
cells were now clean and could be used without risking
an immunogenic response. However, several caveats
must be kept in mind. First, the previous US Food and
Drug Administration-approved conversion of research-
grade human pluripotent stem cells to clinical-grade
cells involved ESCs, not iPSCs, and it is not guaranteed
that the same conversion criteria will apply for iPSCs.
Second, the US Food and Drug Administration approval
technically applied to one specific derivative (oligo-
dendrocyte precursor cells) derived from the converted
clinical-grade ESCs, and suggests that a separate US
Food and Drug Administration approval would be re-
quired for each iPSC-derived, differentiated therapeutic
product. How the US Food and Drug Administration
will ultimately judge the clinical applicability of these
iPSCs, their derivatives, and other future iPSC-based
therapeutics initially derived under research-grade xeno-
containing conditions remains to be determined.

Conclusions
In summary, we have demonstrated the derivation of a
factor-free hiPSC line using a polycistronic human
STEMCCA reprogramming virus. nrLAM-PCR-based
genomic mapping showed that the line had a single inte-
gration into a relatively safe location in intron 4 of the
PRPF39 gene. We then demonstrated proper expression
levels following excision of the viral construct, correct
splicing patterns, differentiation of the post-excised
iPSCs into therapeutically relevant cell lineages, and
transition into putative clinical-grade conditions.

Additional file

Additional file 1: Is a video file showing spontaneous differentiation
of transgene-free iPSCs into functional beating cardiomyocytes.
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We conducted a gene therapy trial in
10 patients with adenosine deaminase
(ADA)–deficient severe combined immu-
nodeficiency using 2 slightly different ret-
roviral vectors for the transduction of
patients’ bone marrow CD34! cells. Four
subjects were treated without pretrans-
plantation cytoreduction and remained
on ADA enzyme-replacement therapy
(ERT) throughout the procedure. Only
transient (months), low-level (< 0.01%)
gene marking was observed in PBMCs of

2 older subjects (15 and 20 years of age),
whereas some gene marking of PBMC
has persisted for the past 9 years in 2
younger subjects (4 and 6 years). Six
additional subjects were treated using
the same gene transfer protocol, but after
withdrawal of ERT and administration of
low-dose busulfan (65-90 mg/m2). Three
of these remain well, off ERT (5, 4, and
3 years postprocedure), with gene mark-
ing in PBMC of 1%-10%, and ADA enzyme
expression in PBMC near or in the normal

range. Two subjects were restarted on
ERT because of poor gene marking and
immune recovery, and one had a subse-
quent allogeneic hematopoietic stem cell
transplantation. These studies directly
demonstrate the importance of providing
nonmyeloablative pretransplantation con-
ditioning to achieve therapeutic benefits
with gene therapy for ADA-deficient se-
vere combined immunodeficiency. (Blood.
2012;120(18):3635-3646)

Introduction

Adenosine deaminase (ADA) is an enzyme involved in purine
metabolism and is essential for lymphocyte development, survival,
and function. ADA deficiency is an autosomal-recessive inherited
disorder that can result in severe combined immunodeficiency
(SCID). Affected infants with ADA-deficient SCID usually are
diagnosed by 6 months of age, after presenting with failure to
thrive and recurrent opportunistic infections, because of profound
pan-lymphopenia and the virtual absence of humoral and cellular
immunity. ADA-deficient SCID is almost always fatal by 2 years of
age if immunity is not restored.1-3

The long-standing treatment of choice for ADA-deficient SCID
is a hematopoietic stem cell (HSC) transplantation from an

unaffected, HLA-matched sibling.4 However, in most cases, suit-
able HLA-matched related donors are not available. HSC transplan-
tations from a closely HLA-matched, unrelated donor (MUD) or a
haploidentical (parental) donor, via the use of T-cell depletion, may
be performed. However, outcomes from MUD or haploidentical
transplantations are significantly worse than those from matched
siblings because of graft-versus-host disease and engraftment
failure.5

An alternative, nontransplantation option is enzyme-replacement
therapy (ERT) with polyethylene glycol–modified bovine adeno-
sine deaminase (PEG-ADA), given 1-2 times per week by intramus-
cular injection.6 Since this therapy became available in the late
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1980s, more than 150 patients have been treated worldwide.5

ERT is life-sustaining and can restore protective immune function.
However, its effects may be limited, and most patients do not
achieve full immune reconstitution.7 The high cost of ERT and the
required life-long injections limits its access and may create severe
financial burdens on patients and their families.

Because of the limitations of these conventional therapies, gene
correction of autologous HSC has been explored as a potentially
curative treatment for ADA-deficient SCID. The use of a patient’s
own HSC bypasses the need for a donor and immunologic
problems associated with allogeneic transplantations. In the 1990s,
clinical trials for ADA-deficient SCID were performed in Europe
and in the United States with the use of !-retroviral vector–
mediated transfer of the human ADA cDNA into bone marrow or
cord blood CD34" HSC.8-10 Unfortunately, these studies achieved
only low numbers of ADA-gene corrected blood cells. On the basis
of ethical considerations of risk and benefit, these early trials did
not involve pretransplantation cytoreductive conditioning with
chemotherapy, which may aid engraftment but carries the risks of
side-effects. In addition, subjects continued to receive ERT, which
may have blunted the selective advantage of emerging gene-
corrected T-lymphocytes. No significant clinical benefits occurred.

By the end of the 1990s, improved techniques for isolation and
gene modification of human HSC fostered the implementation of
new clinical trials of gene transfer to autologous HSC for treatment
of ADA-deficient SCID.11-17 These trials yielded clinically benefi-
cial immune reconstitution with marrow conditioning with busul-
fan or melphalan at nonmyeloablative dosages used to achieve a
greater level of engrafted stem cells.

In 2001, we initiated a clinical trial using autologous bone
marrow CD34" cells with improved !-retroviral vectors and more
effective methods for gene transfer to the stem cells. In previous
studies in murine models of HSC gene transfer, we demonstrated
improved expression and resistance to silencing of retroviral
vectors carrying the myeloproliferative sarcoma virus (MPSV)
long terminal repeat (LTR) featuring specific modifications (dele-
tion of a negative control region and alterations of the adjacent
primer binding site).18-20 It was unclear, however, that such
modifications would confer the same benefits on expression in
human cells. Therefore, in our clinical trial we compared 2 vectors
either by using the nonmodified MPSV LTR or its modified
version, MND. The CD34" cells for each subject were divided into
2 equal aliquots, separately transduced with 1 of the 2 vectors and
remixed for clinical administration. Four subjects received intrave-
nous infusion of gene-modified autologous bone marrow CD34"

cells without conditioning and remained on ERT. Afterthe positive
results reported by Aiuti et al,12 6 subsequent subjects underwent
the procedure under an amended protocol that included withdraw-
ing PEG-ADA and administrating busulfan before infusion of the
gene-corrected cells. We demonstrated that only the latter approach
led to substantial levels of gene-corrected T-lymphocytes express-
ing ADA enzyme activity and supporting immune reconstitution.

Methods

Clinical trial protocol

This phase 1/2 clinical trial used retroviral-mediated gene transfer to
CD34" cells from bone marrow of ADA-deficient SCID infants and
children (n # 10; Figure 1A). The major eligibility criteria included lack of
a suitable matched sibling donor and adequate organ function. The isolated
CD34" cells in each subject were divided into 2 aliquots, each transduced

separately with 1 of 2 Moloney murine leukemia virus (MMLV)–based
!-retroviral vectors carrying the human ADA cDNA (MND-ADA and
GCsapM-ADA; Figure 1B; supplemental Methods, available on the Blood
Web site; see the Supplemental Materials link at the top of the online
article). After transduction, the 2 cell aliquots were recombined as the final
cell product for intravenous infusion. Clinical trial objectives included
assessments of safety (toxicities from the procedure and exposure to
replication-competent retrovirus [RCR]) and efficacy (transduction/
engraftment of HSC, ADA gene expression, and assessment of immune
function). Quantitative polymerase chain reaction (qPCR) primers specific
for each retroviral vector were used to measure the frequency of cells
containing vectors. Subjects were actively followed for the initial 2 years
and then were enrolled into a clinical trial to monitor long-term outcome
after gene transfer for a 15-year follow-up mandated by the US Food and
Drug Administration. The 2 clinical trial performance sites were the
Children’s Hospital Los Angeles (CHLA) Bone Marrow Transplant Unit and the
Clinical Center of the National Institutes of Health (NIH), Bethesda, MD.
Cell processing followed a common protocol at both sites.

The protocol (clinicaltrials.gov ID NCT00018018) was approved by the
institutional review boards and institutional biosafety committees at CHLA
and NIH by the NIH Office of Biotechnology Activities Recombinant
DNA Advisory Committee (9908-337). It was conducted under BBIND
8556 from the US Food and Drug Administration. The National Heart,
Lung, and Blood Institute Cell Therapy/Gene Therapy Data Safety Monitor-
ing Board served as the safety monitoring entity. All human trial partici-
pants (or legal guardians for minors) provided written informed consent in
accordance with the Declaration of Helsinki.

Retroviral vectors

Two similar MMLV-based !-retroviral vectors were used to express the
human ADA cDNA in the absence of a selectable marker gene (Figure 1B).
In the GCsapM-ADA vector, ADA cDNA expression is driven by the
nonmodified MPSV LTR and the MMLV primer-binding site (pbs) is
retained.21 In the MND-ADA vector, ADA cDNA expression is driven by
the MND LTR, which consists of the myeloproliferative sarcoma virus LTR
with a 66-bp negative control region deletion eliminating a YY-1 binding
site, and substitution of the MMLV pbs with the pbs from an endogenous
murine retrovirus (dl597rev; supplemental Methods).18-20

Clinical monitoring for toxicities

Subjects were monitored for safety and toxicity during and after the
administration of busulfan, when given (supplemental Methods) and after
the reinfusion of the transduced cells. Clinical complications and abnormal
laboratory values were graded with the Division of AIDS (National Institute
of Allergy and Infectious Diseases, NIH) Table for Grading Severity of
Pediatric Adverse Experiences, April 1994. Subjects were tested for
exposure to RCR by qPCR assay for gibbon ape leukemia virus sequences
in peripheral blood mononuclear cell (PBMC) samples (baseline and after
3, 6, 12, and 24 months) at the National Gene Vector Laboratory. Tested
samples from all 10 subjects were below the limit of detection ($ 10 gibbon
ape leukemia virus copy number per 0.2 %g of DNA).

Immunologic monitoring and ADA enzyme assays

Immune function tests and ADA assays are described in the supplemental
Materials.

qPCR determination of vector copy number

qPCR was performed with primers and probe designed to specifically
amplify integrated proviral sequences of either the MND-ADA or the
GCsapM-ADA vector. A common sense primer and a common TAMRA
probe were used to detect both MND-ADA and GCsapM-ADA; the
antisense primers were specific to their respective vectors. All reactions
used Universal Master Mix (Applied Biosystems, or ABI), 350 ng of
template DNA, and were run under default conditions on the 7900 or
7500 Sequence Detector System (ABI). Results were compared with copy
number standards (supplemental Methods).
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Data and statistical analyses

The Pearson correlation (r) was used to assess the linear correlation
between the administered busulfan dosage (mg/m2) and the resulting
busulfan AUC. Continuous outcomes, such as vector copy number (VCN),
PBMC ADA activity, erythrocyte %dAXP, absolute lymphocyte counts, and
serum IL-7 levels, were collected repeatedly over 2 years. To account for
the correlated/unbalanced structure of the data, we performed generalized
multivariate linear regression analysis on these outcomes.22 This approach
allowed us to model the mean response as a smoothly changing function of
time and other experimental factors. Within this framework, we performed
estimation and hypothesis testing of the mean responses at different time
point and various experimental covariate settings. For all statistical
investigations, tests for significance were 2-tailed, with a statistically
significant P value threshold of .05. Statistical analyses were performed
with SAS Version 9.2.23

Results

Subjects

Ten subjects (ages 15 months to 20 years) with ADA-deficient
SCID were enrolled between 2001 and 2009 (Table 1). All initially
were diagnosed on the basis of biochemical demonstration of
severe ADA deficiency. Mutations in the ADA gene locus were
documented in 9 subjects, and most are known severe null or
minimal activity mutations,24 with 1 patient not genotyped. Patients
had been treated with ERT since diagnosis until enrollment in the
study, from 1-14 years. In the first 4 subjects, enrolled in 2001-
2002 (subjects 201-204), ERT was not discontinued and busulfan
was not administered. In the last 6 subjects, enrolled between 2005
and 2009 (subjects 301-306), ERT was withdrawn and busulfan
was administered before reinfusion of gene-modified CD34! cells.

CD34! cell dosages and transduction efficiency

The numbers of cells transduced and reinfused were limited by the
amount of BM harvested (10-15 mL/kg), and the resultant numbers
of CD34! cells collected, isolated, and present at the end of transduc-
tion. The CD34! cell dosages ranged from 0.7 to 9.8 " 106 cells/kg
(Table 1). There were no toxicities associated with the reinfusion of
the cells in any of the subjects.

The VCNs of GCsapM-ADA and MND-ADA detected by
qPCR in each subject’s transduced cells before recombining for
reinfusion were between 0.1 and 1.8 VCNs/cell (Table 1). The
transduced CD34! cells had ADA enzyme activity in the range
present in normal human PBMCs (58-128nM/min/108 cells),
demonstrating expression by the vector (Table 1). There was not a
consistent advantage to transduction by either vector as assessed by
these in vitro assays.

Busulfan administration

Six subjects were given busulfan (65-90 mg/m2) after bone marrow
harvest and before infusion of gene-modified cells to enhance
engraftment. Busulfan levels were measured and used to calculate
the area-under-the-curve (AUC) for busulfan exposure. We ob-
served highly consistent pharmacokinetics with a strong correlation
between the administered dose (mg/m2) and the resulting busulfan
AUC achieved (r # 0.95, P # .003; supplemental Table 1). In the
first 3 subjects (301-303), a busulfan dosage of 75 mg/m2 was
given (equating to 2.8-3.1 mg/kg), with AUC of 3006-3034$M*min.
Subject 304C was obese at % 20% above the ideal body weight
(IBW) for height and had a history of hepatosteatosis with mildly
increased levels of serum transaminases at baseline. Therefore, the
dosage of busulfan was adjusted on the basis of IBW to 65 mg/m2

(or 1.9 mg/kg). The resulting busulfan AUC (2377$M*min) was
lower for this subject than for the 3 recipients of 75 mg/m2,

Pre-stimulate x 2 days 
SCF, MGDF, Flt-3L on rFBN  

Harvest autologous 
bone marrow and 

isolate CD34+ cells 

Divide cells 
into two aliquots 

Separately transduce x 3 days: 
GCsapM-ADA and MND-ADA 

Combine transduced 
cells and infuse I.V.

+/- Busulfan administration 
(75-90 mg/m2)

+/- Withdraw PEG-ADA 
(1-2 wks before GT)  

Assess safety and 
efficacy end-points 

A 

B 

MND-ADA MND MND 
pbs 

HuADA cDNA 
SD SA 

5  LTR 3  LTR 

P 

B 

A 

ψ

ψ
GCsapM-ADA 

dl587 

MPSV MPSV 
pbs 

HuADA cDNA 
SD SA 

5  LTR 3  LTR 

P 

B 

A 

MMLV 

Figure 1. Experimental schema and maps of retrovi-
ral vectors carrying the normal human ADA cDNA.
(A) The experimental schema for the clinical trial is
shown. Flt-3L indicates Flt-3 ligand; MGDF, megakaryo-
cyte growth and differentiation factor; rFBN, recombinant
fibronectin; and SCF, stem cell factor. (B) The elements
of the proviral forms of the 2 retroviral vectors used to
transfer normal human ADA cDNA are depicted. A
indicates common qPCR primer; B, vector-specific qPCR
primer; dl587, endogenous murine retrovirus dl587rev;
LTR, long terminal repeat; MMLV, Moloney murine leuke-
mia virus; MND, MPSV LTR, ncr-deleted, coupled to
dl587rev pbs; MPSV, myeloproliferative sarcoma virus;
P, common qPCR probe; pbs, primer-binding site; &,
packaging signal; SA, splice acceptor site; and SD, splice
donor site.
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suggesting that the IBW dosage adjustment may not have been
needed. Nonetheless, this subject had relatively high elevations of
her serum transaminases at 1 month (Figure 2), which may have
been more severe had she received a nonadjusted dose. In an effort
to increase engraftment of gene-corrected cells in the last 2 subjects
(305C, 306N), the busulfan dosages were increased to 90 mg/m2

(! 4.0 mg/kg), which produced concordantly greater AUC
(4060-4873"M*min).

No clinical toxicities were observed as a result of the busulfan;
specifically, there was no associated nausea, vomiting, anorexia,
seizures, or hair loss. All of the subjects who received busulfan
experienced transient neutropenia, thrombocytopenia, and eleva-
tion of liver enzymes. The nadir of neutropenia (between 200 and
700/mm3) occurred between days 22 and 26 after busulfan dosing
(Figure 2A), except for subject 302C, who is discussed in “Clinical
outcomes.” No adverse consequences of neutropenia were ob-
served. However, brief courses of G-CSF treatment were used in
subjects 301N, 303N, and 306N to help resolve low absolute
neutrophil counts (ANCs) that persisted 70-100 days after the
administration of busulfan. The nadirs of thrombocytopenia were
more variable and occurred between days 18 and 37 after dosing,
with the lowest recorded platelet count of 97 000/mm3 in 305C, who
had the greatest busulfanAUC (Figure 2B). Subject 304C, who received
the lowest dose of busulfan (65 mg/m2) and had the lowest
busulfan AUC, experienced the smallest decreases in neutrophil
and platelet counts. Peak elevation of the liver enzymes alanine
aminotransferase and aspartate aminotransferase occurred between
days 20 and 33 after busulfan administration (Figure 2C-D). In
subjects 304C and 306N, the increase in liver enzymes reached
grade 3 on the DAIDS toxicity scale; however, liver synthetic

function remained consistently unaffected, and the transaminitis
resolved without intervention by 2 months after treatment.

Clinical outcomes

The 4 subjects who remained on PEG-ADA and did not receive
busulfan (201-204) experienced no adverse events. They remain
clinically stable on continued ERT, now 9-10 years after the
procedure. In contrast, the 6 subjects who were withdrawn from
ERT and received busulfan (301-306) experienced transient neutro-
penia and thrombocytopenia and moderate but self-limited in-
creases in serum transaminases, as described previously. Other
complications occurred in 3 subjects, as described in the para-
graphs to follow.

Three of the subjects (301N, 303N, and 305C) remain clinically
well and have been off ERT since the procedure, now 3-5 years
later. These subjects remain on trimethoprim/sulfamethoxazole
prophylaxis for Pneumocystis jiroveci and intravenous #-globulin
(IVIg), except for subject 301N, who has been off IVIg since
6 months after treatment.

Three of the subjects experienced adverse events after the
procedure. Subject 302C, who has been reported previously,25 was
found to have trisomy 8 mosaicism in bone marrow cells (including
a sample taken before treatment with busulfan) and underwent a
MUD HSC transplantation 8 months after the gene transfer proce-
dure and is clinically well. Data from this subject are not included
in the subsequent analyses.

Two subjects developed infectious complications 4-5 months
after the procedure. 304C was noted to have fever, otitis media, and
left lower-lobe pneumonia. She was hospitalized for intravenous

Table 1. Subject characteristics, treatment, and outcomes

PIN
Age at
entry Sex Mutation(s)

PEG-ADA
ERT

Busulfan
conditioning,

mg/m2

CD34!

cell dose
(" 106/kg)

VCN,* copy/cell
ADA enzyme activity,†

nmol/108 cells/min

Years of
follow-up

PEG-ADA
ERT statusMND-ADA

GCsap
M-ADA MND-ADA

GCsap
M-ADA

201C 15 y F c.955–959del Continued No 0.7 n.a.‡ 0.06 n.a.‡ 36 10 Continued

c.529C $ A

202N 6 y F Homozygous Continued No 9.8 1.46 0.78 70.3 148.5 10 Continued

c.632G $ A

203N 20 y F c.302G $ T Continued No 1.1 Not done Not done 8.3 7.6 9 Continued

c.872C $ T

204C 4 y M Not available Continued No 1.9 0.48 0.25 143 50.3 9 Continued

301N 2 y M c.424C $ T Withdrawn 75 4.8 Not done Not done 43.4 204.5 5 Off % 5 y

c.976A $ G

302C 3 y F c.302G $ A Withdrawn 75 1.5 0.106 0.0745 34.25 43.55 5 S/P MUD

HSCT§c.632G $ A

303N 15 mo F c.478 & 1G $ A Withdrawn 75 1.9 1.2 13 7.23 88 4 Off % 4 y

c.646G $ A

304C 9 yr F c.221G $ T Withdrawn 65 1.6 0.3 0.14 5.9 10.5 3.5 Resumed

after 5 mo¶c.986C $ T

305C 20 mo M Homozygous Withdrawn 90 9.8 0.0565 0.69 14.28 85.53 3 Off % 3 y

c.632G $ A

306N 22 mo M Homozygous Withdrawn 90 9.5 0.215 1.78 54.9 170 2.5 Resumed

after 5 mo¶c.955–959del

ADA indicates adenosine deaminase; ERT, enzyme-replacement therapy; HSCT, hematopoietic stem cell transplantation; MUD, matched unrelated donor; PEG-ADA,
polyethylene glycol-conjugated adenosine deaminase; PIN, patient identification number; and VCN, vector copy number.

*VCN in transduced CD34& cells by quantitative PCR.
†ADA enzyme activity in transduced CD34& cells.
‡For subject 201C, only the GCsapM-ADA vector was used.
§Status post-MUD HSCT 8 months after gene transfer for marrow aplasia.
¶Attributable to the development of infection.
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antibiotics, which resulted in resolution of the symptoms without
sequelae. 306N developed fever and diarrhea on day 135 after the
procedure and was admitted to the hospital. Adenovirus was
detected by PCR in stool and blood samples and became undetect-
able after the patient received 11 weeks of intravenous cidofovir.
As per protocol, both 304C and 306N were restarted on ERT at the
time of the infectious complications to hasten immune reconstitu-
tion, and ERT has continued through the 24 months of follow-up.

Quantification of VCN in PBMC and granulocytes

To assess the transduction and engraftment of ADA gene-modified
CD34! cells, blood samples were obtained at serial time points,
and VCNs in PBMC and granulocytes were determined by the use
of qPCR. In the 4 subjects who did not receive busulfan condition-
ing (201-204), there was only minimal and short-term presence of
vector-containing granulocytes, with no vector in the myeloid cells
beyond one year (Figure 3A). For the 2 older subjects, treated at
15 and 20 years of age (201C and 203N), there was no detectable
vector-marking in PBMC beyond the first year. In contrast, the
2 younger subjects, treated at 6 and 4 years of age (202N and
204C), did have persistence of PBMC containing both the MND-
ADA and GCsapM-ADA vectors, albeit at very low frequencies
(10"3-10"5 VCN/cell). Vector-marked PBMC have remained inter-
mittently detectable at these levels for 8-9 years of evaluation (data
not shown).

The subjects who received busulfan (301-306) showed signifi-
cantly greater levels of vector-containing cells in both the granulo-
cyte and PBMC fractions (P # .05 from month !10 onward,
Figure 3B). In this group, the levels of vector marking in PBMC
were 100-fold greater (0.01-0.1 VCN/cell, or 1%-10% of cells)
than in granulocytes (0.001 VCN/cell, or 0.1% of cells; P $ .0017).
Interestingly, the frequencies of vector-marked cells in the 2 subjects
who had ERT resumed (304C and 306N) were similar to those for
whom ERT was not restarted (301N, 303N, 305C, P $ .996).

There was a general trend for greater levels of PBMC and
granulocytes marked with the MND-ADA vector than with the

GCsapM-ADA vector (P $ .0111); only one subject showed
persistent gene-marking in granulocytes with GCsapM-ADA be-
yond 1 year, whereas all subjects had persistence of granulocytes
marked with MND-ADA (Figure 3B). Analysis of the relative gene
marking by the 2 vectors in the individual subjects showed a
modestly greater level with MND-ADA than with GCsap-M-ADA
(supplemental Figure 1). T-cell clones grown from peripheral blood
of 3 subjects (301N, 303N, 305C) were found to harbor the
MND-ADA vector with greater frequency than the GCsapM-ADA
vector (119 vs 11; supplemental Table 2 and supplemental Figure 2). No
significant difference was noted, however, in the ADA enzymatic
activity provided by the 2 vectors in these isolated clones.

DNA from PBMC samples that had vector marking levels
% 1% was examined by linear amplification–mediated (LAM)–
PCR (National Gene Vector Biorepository) to amplify junctions of
vector integrants and flanking chromosomal sequences. No progres-
sive clonal expansions were seen by agarose gel electrophoresis of
LAM-PCR products (data not shown). We also used nonrestrictive
LAM-PCR and high-throughput sequencing to determine the
patterns of vector integration sites in PBMC from the conditioned
subjects (supplemental Methods). We found relatively low diver-
sity of integration sites in PBMCs from each subject, ranging from
22 to 145 unique integrants per subject, more than 2 years after
transplantation (supplemental Figure 3). Stable clones with vectors
near known common integration sites (eg, EVI-1, LMO2) were
observed, without clinical consequences, during the 2-year observa-
tion period.

PBMC ADA enzyme activity and RBC dAXP levels

Before treatment, PBMCs had essentially no detectable ADA
activity, consistent with the severe deficiency in these SCID
subjects. In the 4 subjects who did not receive busulfan and
remained on ERT (201-204), there were minimal increases in the
PBMC ADA activity in the months after transplantation (Figure
4A). In contrast, PBMC ADA activity of each of the subjects who
received busulfan and had ERT withdrawn (301-306) showed a
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Figure 2. Hematologic values and serum transami-
nase levels after busulfan administration. (A) ANC,
(B) platelet counts, (C) serum alanine aminotransferase,
and (D) serum aspartate aminotransferase levels over
2 months.
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gradual increase in the months after transplantation to levels from
half-normal to normal range (Figure 4B). The levels of ADA
activity in PBMCs were significantly greater from month !5 onward in
recipients of busulfan than in subjects not receiving busulfan

(P " .05). Notably, subject 304C, who went back on ERT after
5 months, had a similar increase in PBMC ADA activity, suggest-
ing the absence of negative effects of ERT on the persistence and
expansion of engrafted gene-corrected cells. In contrast, ADA
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Figure 3. qPCR measurements of the average vector
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plantation. Separate qPCR analyses were performed on
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GCsapM-ADA vector provirus. (A) Results from subjects
not receiving busulfan conditioning and remaining on
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306N who also went back on ERT showed substantially less
increase in PBMC ADA activity (! 12 units at 24 months).

ADA-deficient SCID patients accumulate deoxyadenine nucle-
otides (dAXP) in erythrocytes, and the percentage of adenine

nucleotides that are deoxyadenine nucleotides (%dAXP) are mea-
sured routinely to follow the efficacy of ERT. For the subjects
remaining on ERT continuously (201-204), the erythrocyte %dAXP
remained at low levels (" 1%), indicating adequate detoxification
(data not shown). In contrast, the levels of dAXP increased sharply
on ERT withdrawal in subjects 301-306 (Figure 4C). The %dAXP
values for the 3 subjects who remained off ERT for the 2 years after
transplantation (301N, 303N, 305C) remained in the range of
! 5%, which is similar to levels seen in ADA-deficient SCID
patients who have undergone successful allogeneic HSC transplan-
tation.26 The 2 subjects who resumed ERT (304C and 306N) had
significantly lower levels of RBC dAXP (P " .05 from month
#18 onward).

Immunologic outcomes

The nonconditioned subjects remaining on ERT had stable ALC in
the subnormal range of ! 300-500/mm3, which is typical for
patients on long-term ERT (Figure 5A).7 In contrast, in the
conditioned subjects for whom ERT was stopped, the ALC
decrease sharply in the first months, likely because of combined
effects of busulfan administration and toxicity from deoxynucle-
otide accumulation on ERT withdrawal. In the 3 subjects who
remained off ERT (301N, 303N, and 305C), the ALC increased
over 6-24 months (! 300-1000/mm3). The 2 subjects who had their
ERT resumed at 5 months (304C and 306N) showed more rapid
increases in ALC, which stabilized at levels similar to those before
ERT was interrupted (Figure 5B). The ALC for the group that had
ERT stopped were significantly lower than in those remaining on
ERT over the first 10 months (P " .05).

Lymphocyte subset values at 24 months after the procedure are
listed in Table 2 (see also supplemental Figure 4 for serial values).
The absolute numbers of CD3# T cells and T-cell subtypes (CD4#,
CD8#, %CD45RA#/CD4#, ie, “naive”) were below normal in all
subjects, whether receiving ERT continuously or having had ERT
withdrawn before gene transfer. T-lymphocyte subsets were in the
ranges of CD3#, 100-500/mm3; CD4#, 75-200/mm3; and CD8#,
100-400 cells/mm3. Interestingly, subject 304C who restarted ERT
within 5 months of the gene transfer had the greatest numbers of
T cells, B cells, and natural killer (NK) cells, with normal IgA,
suggesting the dual treatments had additive effects. However, 306N
was also restarted on ADA ERT at 5 months yet had lower
lymphocyte numbers.

In vitro lymphocyte proliferation responses to phytohemagglu-
tinin (PHA) remained defective in the first cohort of subjects
(201-204), who did not have significant numbers of gene-corrected
cells (Table 2). The PHA responses were significantly greater at
24 months in the second cohort (301-306; P $ .024), with a
general trend to greater PHA responses at times after 1 year (Figure
6C). We also assessed the diversity of T-cell receptor rearrange-
ment by spectratype in some subjects and observed broad, nonre-
stricted repertoires (supplemental Figure 5). Analysis of T-cell
receptor excision circles did not show an advantage for either
treatment on this measure of thymic reconstitution (Table 2). There
was a strong association with achieving greater levels of PBMC-
expressing ADA and the presence of CD45RA/CD4# naive T cells
(supplemental Figure 4).

The absolute numbers of B cells were subnormal in all of the
subjects (Table 2). Two of the subjects were not receiving IVIg
replacement and had IgG levels in the normal range. One of the
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Figure 4. ADA enzymatic activity in PBMC and % deoxyadenine nucleotides in
erythrocytes. ADA enzyme activity in PBMC was measured biochemically. The
graphs show (A) the values from subjects not receiving busulfan conditioning and
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6 subjects on ERT (203N) was off IVIg. Of the 3 evaluable
conditioned subjects, restoration of serum Ig production was
complete in only 1 subject (301N), who also responded success-
fully to immunizations against clinical vaccines to tetanus, diphthe-
ria, Haemophilus influenzae, and poliovirus antigens. 303N had
low levels of IgA and IgM, whereas 305C had a normal level of IgA

but low IgM. Of the 2 subjects who had resumed ERT at 5 months,
one had normal levels of IgA and IgM (304C), and one continued to
have low levels of Ig (306N). NK-cell numbers were in the normal
range in only 1 of the 4 nonconditioned subjects (202N) and in 1 of
the 2 who resumed ERT (304C), and were below normal in the
3 who remained off ERT (301N, 303N, and 305C).
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Serum IL-7 levels

Increased serum IL-7 levels have been reported in lymphopenic
patients, either untreated SCID patients or after HSC transplanta-
tion.30 We measured serum IL-7 in subject samples. Subjects
201-204 maintained relatively constant IL-7 levels in the months
after their procedures (Figure 6). In contrast, subjects who were
withdrawn from ERT (301-306) showed transient 2-fold increases
in serum IL-7 levels in the first 2-6 months after gene transfer.
After reaching maximum values at !4 months, the IL-7 serum
concentration declined to levels similar to those measured in the
subjects who had remained on ERT. The changes in serum IL-7
levels in the subjects withdrawn from ADA ERT varied recipro-
cally with the absolute lymphocyte counts as they decreased after
PEG-ADA was withdrawn and then increased during the next 6-9
months. These results are consistent with models in which IL-7
levels are modulated by the rate of consumption by lymphocytes
and correlate inversely with ALC.31

Discussion

This trial performed a direct comparison between 2 different
approaches to gene therapy for ADA-deficient SCID: the first
cohort of 4 subjects did not receive cytoreductive conditioning
before reinfusion of transduced bone marrow CD34! cells and
continued to receive ERT, whereas the second cohort of 6 subjects
received nonmyeloablative conditioning with busulfan and had
ERT withdrawn. Other relevant factors, such as the "-retroviral
vectors used and the method for in vitro gene transduction of the
bone marrow cells, remained constant between the 2 cohorts.
Clearly, only the protocol with administration of busulfan and
withdrawal of PEG-ADA led to efficacy, as shown by the long-term
presence of gene-containing blood cells expressing ADA enzyme
activity, which afforded partial immune reconstitution in the
absence of exogenous ADA ERT. The absence of conditioning and
continuation of ERT did not lead to any adverse effects, but
essentially no efficacy was observed. These findings are in accord
with those results from previous trials in Italy11,12 and the United
Kingdom14,16 in which nonmyeloablative conditioning and ADA
ERT withdrawal were performed and subjects realized immune
reconstitution. Neither of these previous trials contained a direct
comparative group that did not, so the benefits of the approach wereTa
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Figure 6. Serum IL-7 levels. Stored serum samples were used to measure levels of
IL-7 by ELISA. The average IL-7 levels for the subjects remaining on continuous ERT
(201-204) and for the subjects withdrawn for ERT and receiving busulfan (300 series)
are shown.
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determined by comparison with earlier studies performed under
markedly different conditions.

The relative contributions of the 2 changed variables (cytoreduc-
tive conditioning and ERT withdrawal) are not easily discerned.
The administration of busulfan almost certainly was responsible for
the greater levels of gene-containing blood cells achieved, by
allowing engraftment and persistence of more of the transduced
CD34! cells. The withdrawal of PEG-ADA may have enhanced the
relative frequencies of gene-corrected T lymphocytes by leading to
lowered numbers of noncorrected lymphocytes, which would
dilute the gene-containing cells measured by qPCR. The subjects in
the second cohort who had ERT withdrawn developed severe
lymphopenia in the first months after transplantation that was
associated with increased serum IL-7 levels, and this may have
driven the expansion of gene-corrected lymphocytes. Subjects
remaining on ERT did not become lymphopenic, had stable levels
of IL-7, and did not show increases in lymphocyte numbers.

Interestingly, 1 of 2 subjects who had ERT withdrawn with gene
transfer but then restarted 6 months after the procedure (304C)
developed similar levels of gene-marked cells as subjects who
remained off PEG-ADA (301N, 303N, 305C). This observation
implies that PEG-ADA does not significantly blunt the production
of gene-containing lymphocytes or their absolute number but
merely lowers measurements of their relative frequency by diluting
them with noncorrected lymphocytes supported in trans by ERT.
On the basis of the absence of a deleterious impact of ERT on
production of gene-corrected lymphocytes, it may be advisable to
continue ERT for some months after gene transfer to avoid
lymphopenia and the associated risks of infection. Of note,
2 children with ADA-deficient SCID were treated in Japan in
2003-2004 by "-retroviral–mediated gene transfer to bone marrow
CD34! cells after ERT withdrawal but without pretransplantation
chemotherapy.32 These patients slowly developed gene-corrected
T cells, although full immune recovery was not achieved during a
6-year follow-up period, leading the investigators to suggest that
both conditioning and the absence of ERT play roles in the kinetics
and extent of immune reconstitution.

The partial cytoablative procedure with 3-4 mg/kg busulfan was
well tolerated clinically and was minimally toxic. In 4 of 6 subjects
treated with busulfan, we observed prolonged neutropenia that
promptly responded to G-CSF if given. The persistence of low
ANC (200-500/mm3) at 70-100 days after transplantation in the
3 subjects who eventually recovered neutrophil counts in response
to G-CSF may be explained as a consequence of the myeloid
dysplasia features that have been recognized recently to accom-
pany ADA deficiency.33

We also observed transitory elevation of transaminases that
reached values over 5 times normal in 2 subjects (304C and 306N),
who had previous histories of mild hepatosteatosis or hepato-
megaly of undetermined nature. Although these complications
were self-limited and without clinical sequelae, they are significant
in that they did not correlate with AUC of busulfan and may reflect
the specific hepatic sensitivity of some ADA-deficient patients.34

Besides these complications, our observations confirm that the
dosage of busulfan first used by investigators in Milan affords an
effective enhancement of engraftment, without significant
acute toxicity. An interim analysis of data obtained in subjects
301-304 indicated that administration of 75 mg/m2 busulfan re-
sulted in 2-3 mg/kg dose and modest engraftment of gene-marked
cells. For this reason, we increased the dosage to 90 mg/m2 for the
following subjects. This resulted in 4-5 mg/kg dosage (supplemen-
tal Table 1), without increased toxicity.

This trial also involved a direct comparison of 2 retroviral
vectors differing mainly by the presence or absence of the
wild-type MMLV pbs, a sequence associated with profound
silencing in murine HSC and embryonic stem cells.35-37 Although
we did not have direct evidence for silencing of either vector, the
frequency of PBMC and granulocytes containing the MND-ADA
vector generally was greater than that of cells carrying the
GCsapM-ADA vector, despite similar initial transfer by the
2 vectors in the CD34! cells. In addition, the majority of T-cell
clones isolated from treated subjects contained the MND-ADA
vector. These findings suggest that the alternative pbs carried by the
MND-ADA vector conveyed favorable expression features that
allowed it to outperform the GCsapM-ADA vector in production or
survival of ADA gene-corrected immune cells. On the basis of these
observations, we are now performing a phase 2 study for ADA-
deficient SCID using only the MND-ADA vector (NCT00794508),
but retaining the key features of the phase 1 trial with low dose
busulfan and PEG-ADA withdrawal before treatment.

The outcomes for the 6 subjects treated with cytoreductive
conditioning in the absence of ERT are encouraging: after 3-5 years,
3 remain well without ERT. From this group, as well as 8 additional
subjects treated under the ongoing phase 2 trial, we have observed
that younger subjects (# 2-4 years) yield greater numbers of bone
marrow CD34! cells allowing greater numbers of transduced cells
to be transplanted and achieve greater numbers of T, B, and NK
cells expressing ADA enzyme, compared with the older subjects.
This observation also may explain the differences in outcome
between the subjects reported here and those reported in the first
trial from Milan, where 8 of 10 subjects achieved significant
immune reconstitution.11 Indeed, for the cohort treated in Milan,
the average age of the treated patients was lower and the average
CD34! cell dose was greater than for our subjects.

Importantly, none of the subjects in any of the clinical trials of
gene therapy for ADA-deficient SCID that used this type of
approach (n $ 38) have encountered the complications from
insertional oncogenesis that occurred in trials for other disorders.38-40

It is not known whether the better safety profile in the ADA-
deficient SCID trials is merely fortuitous or reflects real biologic
differences. The vector integration site analyses we performed
revealed oligoclonal reconstitution, suggesting that a relatively low
number of transduced HSC engrafted; this may underlie the
incomplete immunologic benefits achieved. Further follow-up of
these and additional subjects will be needed to understand long-
term benefits and risks of autologous transplantation of gene-
modified HSC compared with alternatives of allogeneic HSCT or
long-term ERT.
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Supplemental Materials and Methods 

Retroviral Vector Supernatant Production and Characterization: Both vectors were packaged 

using the PG13 packaging cell line which confers the Gibbon Ape Leukemia Virus (GALV) 

pseudotype.1 High titer clones with intact vector proviruses were identified and used to produce 

Master Cell Banks at NIH (GCsapM-ADA) and Baylor College of Medicine (MND-ADA).  Clinical 

lots of vector supernatant were collected in X-VIVO 10 medium with 1% human serum albumin 

either at the National Human Genome Research Institute, NIH or at the Indiana University 

Vector Production Facility.  Aliquots of the unprocessed supernatant were cryopreserved at -

80oC and demonstrated to be free of microbiological contaminants, adventitious viruses, and 

replication-competent retrovirus (RCR), following FDA guidelines. Vector titers of GCsapM-ADA 

and MND-ADA were approximately 1.6 x 106/mL and 5.0 x 105/mL, respectively.  Identities of 

each vector were determined by sequence analysis of 250-300 bp segments of vector proviral 

integrants in transduced cells and potencies of the vector supernatants were determined 

annually by measuring conferred ADA enzyme activity in transduced cells.   

CD34+ cell isolation, ex vivo transduction and characterization: Bone marrow (10-15 ml/kg) was 

harvested from subjects under general anesthesia from the posterior iliac crests and collected in 

Plasma-Lyte and heparin (10 IU/ml final concentration) +/- sodium citrate (1:8 vol/vol).  For 

subjects receiving busulfan, a fraction of the marrow containing 5x107 total nucleated cells/kg of 

subject body weight was cryopreserved as safety back-up without additional manipulation. 

Mononuclear cells were enriched from the remaining bone marrow by centrifugation and/or 

Ficoll-Hypaque gradient separation and CD34+ cells were then selected using the Isolex 300i 

(Baxter Therapeutics Inc., Irvine, CA).  The CD34+ cell enrichment procedures yielded 

preparations of CD34+ cells that were 74.5-98.5% pure from starting bone marrow harvests that 

contained between 0.26-6.92% CD34+ cells. 
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     For ex vivo transduction, CD34+ cells were divided into two aliquots, seeded into cell culture 

bags or flasks that had been coated with recombinant fibronectin fragment CH-296 (2µg/cm2) 

(Takara Shuzo, Inc, Otsu Japan), pre-cultured for 40-48 hours at 37oC in X-VIVO 15 serum-free 

medium (Lonza, Walkersville, MD) containing ckit ligand (50ng/ml) (SCF, Amgen Inc, Thousand 

Oaks, CA), Flt-3 ligand (300ng/ml) (Immunex Corp, Seattle WA) and Megakaryocyte Growth 

and Differentiation Factor (50ng/ml) (MGDF, Amgen, Inc) and 1%HSA.  Pre-cultured CD34+ 

cells were then transduced with either the GCsapM-ADA or MND-ADA retroviral vectors (for 

subject 201C, only the GCsapM-ADA vector was used).  Every 24 hours for three cycles, cells 

were pelleted by centrifugation, resuspended in an equal mixture of freshly thawed retroviral 

supernatant and 2X cytokine-containing culture medium, and returned to the original culture 

bags or flasks.  At the end of the 72 hour transduction period, cells were harvested and washed 

x3 with Plasma-Lyte 1%HSA and suspended in 10-25ml Plasma-Lyte1%HSA as the Final Cell 

Product.  

     Release criteria for the Final Cell Product for clinical infusion included: viability >70%, 

negative in-process bacterial and fungal stains and cultures, and endotoxin <5 EU/kg by 

Limulus Amebocyte Lysate Kit (Associates of Cape Cod, Inc., East Falmouth, MA) or using the 

Endosafe®-PTS Kit ( Charles River Laboratories, Charleston, SC).  Additional tests performed 

on portions of the Final Cell Product to complete the Certificate of Analyses included 

mycoplasma test (agar cultivable and non-agar cultivable, BioReliance, Rockville, MD), sterility, 

measurement of ADA enzyme activity, and quantification of vector copies per cell using qPCR 

(Figure 2). For all ten enrolled subjects, the Final Cell Products met release criteria and were 

administered without incident.  

 

Busulfan administration, serum levels, and area-under-the-curve (AUC) calculation. Subjects 

who received pre-transplant busulfan were given phosphenytoin (15 mg/kg IV loading dose the 
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night before busulfan was administered and 5 mg/kg IV q12 hr x 3 doses) as anti-seizure 

prophylaxis and ondansetron (0.15 mg/kg IV) as anti-nausea prophylaxis.  Busulfan was given 

as an intravenous infusion of 32.5-45 mg/m2 over 2 hours on two successive days (65-90 mg/m2 

total). Blood samples were taken immediately at the end of the first busulfan infusion and 

0.25,1,2.5, and 4 hours later for measurement of serum busulfan levels by HPLC (Childrens 

Hospital Los Angeles Clinical Special Chemistry Laboratory or Mayo Clinic).  The busulfan 

levels were used to calculate the area-under-the-curve (AUC) by trapezoidal estimation. 

ADA enzyme assay:  Cells (2-5 x 105 PBMC or CD34+ cells) were washed with Hank’s 

Balanced Salt Solution (HBSS), pelleted and frozen at -80°C until use. Pellets were thawed at 

37°C and resuspended at 5x106/ml in M-Per Mammalian Protein Extraction Reagent (Pierce, 

Rockford, IL), vortexed and left on a cell shaker for 30-40 min. Lysates were then cleared of 

cellular debris by centrifugation and 10 µl aliquots were transferred to 0.5 ml tubes and 

incubated with 10 µl of 1 mM 14C-adenosine (50 mCi/ml) at 37°C for 5-40 min.  The products of 

the enzymatic reactions were then separated by thin layer chromatography and the conversion 

of adenosine into inosine determined by using a phosphoimager (Fuji Medical Systems, 

Stamford, CT) and expressed as units of ADA (1 unit = 1 nmol of adenosine deaminated per 108 

cells per min).  

VCN primers and probe sequences, reaction concentrations, and standard curves: A common 

sense primer (5’ - tca atg cgg cca aat cta gtt) and a common TAMRA probe (6FAM - tcg acc tgc 

tct ata aag cct atg gga tgc - TAMRA) were used to detect both MND-ADA and GCsapM-ADA.  

The anti-sense primer for MND-ADA (5' - tgg act aat cga tac cgt cga c - 3') and the anti-sense 

primer for GCsapM-ADA (5' - gcc ttg caa atg gcg tta c - 3') were specific to their respective 

vectors.  The primer concentrations used to detect MND-ADA (sense and antisense) were 400 

nM and the primer concentrations used to detect GCsapM-ADA (sense and antisense) were 

600 nM.   The common TAMRA probe concentration was 50 nM in all reactions.  All reactions 

202



utilized Universal Master Mix (Applied Biosystems, Inc. (ABI), Fullerton, CA) and were run under 

default conditions in the 7900 or 7500 Sequence Detector System (ABI).   Test results were 

compared  to 350 ng of DNA from a set of copy number standards.  The standards were 

produced using vector-transduced HT29 cell clones in which integrated proviral copies were 

detected and quantified by Southern blot.  MND-ADA/HT29 Clone #5 contains two copies of the 

MND-ADA provirus and GCsapM-ADA/HT29 Clone #5 contains four copies of the GCsapM-

ADA provirus.  DNA extracted from either clone was serially diluted into DNA of unmodified 

HT29 cells for an assay sensitivity of 1:100,000 cells or 0.00002 copies/cell for MND-ADA and 

0.00004 copies/cell for GCsapM-ADA.  

 

Immunological Monitoring:  Immunological assays for lymphocyte subset numbers by 

immunophenotype, lymphocyte proliferative responses to mitogens and serum immunoglobulin 

levels were performed in the Clinical Immunology Laboratories at CHLA, the Department of 

Laboratory Medicine of the Clinical Center, NIH, the Laboratory of Cell-Mediated Immunity of 

National Cancer Institute, SAIC-Frederick, and the University of California, Los Angeles (UCLA).  

T-cell receptor (TCR) spectratyping was performed as described2 using RNA extracted from 

cryopreserved PBMC samples.  Vector-genomic DNA integration sites were amplified from 

cryopreserved PBMC DNA using LAM-PCR at the National Gene Vector Biorepository and 

analyzed by agarose gel electrophoresis and UV illumination. TREC analysis was performed as 

described3 with the plasmid standard kindly provided by Dr. Dan Douek.  Reference range was 

based on values from Krogstad, 2002.4 

 

Measurement of serum levels of human interleukin-7 (IL-7): Serum IL-7 levels were measured 

by ELISA (Quantikine® HS Human IL-7 Kit, R&D Systems, Minneapolis, MN).  Serum samples 

were collected at the specified time points, frozen in aliquots and stored at -80oC until analysis 

at which time sera were thawed and assayed according to the manufacturer's instructions. 
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Establishment and analysis of T-cell clones from peripheral blood:  Feeder cells for the single T-

cell clones were derived from the mononuclear cells of two healthy donors and one control 

human B lymphoblastoid cell line. These cells were treated with 50 ug/ml of Mitomycin-C 

(Sigma, St. Louis, MO) for 3 hours at 37o C, washed 4 times and cultured overnight in X-VIVO 

15 medium + 10% FCS (Hyclone, Logan, UT).  The feeder cells (40% Donor 1, 40% Donor 2 

and 20% B-cell line) were then resuspended at 2.5–5x105 cells/ml in Yssel’s media (Gemini 

BioProducts, West Sacramento, CA) containing 1% human AB serum or A plasma, 10% FCS, 1 

ug/ml phytohemagglutinin (PHA) (Sigma), 10 ng/ml IL-2, IL-4 and IL-7 (Peprotech, Rocky Hill, 

NJ) (YP247 medium). 

     Subject PBMC were separated using Ficoll/Hypaque gradients, washed, counted and 

resuspended at 104 cells/ml in YP247 medium.  Appropriate dilutions of the cells were made 

using the feeder cells as diluent to establish 96-well plates containing 33, 10, 3.3, 1, 0.33, and 

0.1  PBMC/well.  Plates were fed twice a week with YP247 medium, and wells were harvested 

as growth became apparent.  Plates with fewer than 30 wells positive for cell growth were 

considered to contain single-cell clones. 

     Cells from each clone were assayed for ADA enzymatic activity and used for DNA extraction 

using the Puregene DNA kit (Qiagen, Valencia, CA).  PCR analysis was performed to determine 

the presence of MND-ADA and GCsapM-ADA vector sequences using a common forward 

primer for both vectors (GCG GCC AAA TCT AGT TTC CTC) and reverse primers specific for 

the MND-ADA (TGG ACT AAT CGA TAC CGT CGA C) or GCsapM-ADA (GCC TTG CAA ATG 

GCG TTA C) constructs.  Cycling conditions were: 95o C for 2 min, followed by 40 cycles of 95o 

C for 30 sec, 60o C for 30 sec, 72o C for 45 sec.  PCR products were then analyzed by agarose 

gel electrophoresis. 
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Vector Integration Site Analyses: Genomic DNA was extracted from cryopreserved PBMC. 100-

1000 ng of DNA, dependent on availability, was used to perform non-restrictive linear 

amplification PCR.5   Briefly, 100 cycles of linear amplification were performed using Accuprime 

Taq with primers MNDright-linear (Biotin- TGTTTGCATCCGAATCGTGGACT) and 

GCSAPright-linear (Biotin- TGTTTGCATCCGAATCGTGGTCT). Linear reactions were purified 

using 1.5 volumes of AMPure XP beads (Beckman Genomics) and captured onto M-280 

Streptavidin Dynabeads (Invitrogen Dynal). Captured ssDNA was ligated to read 2 linker (Phos-

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3C Spacer) using CircLigase II 

(Epicentre, Madison WI) in a 10 microliter reaction at 65° for 2 hours. PCR was performed on 

these beads using primers MNDright-PCR 

(AATGATACGGCGACCACCGAGATCTACACTCTCGCTGATCCTTGGGAGG) and 

GCSAPright-PCR 

(AATGATACGGCGACCACCGAGATCTACACTCTCGCTGTTCCTTGGGAGG) and an 

appropriate indexed reverse primer (CAAGCAGAAGACGGCATACGAGAT-index-

GTGACTGGAGTTCAGACGTGT). PCR products were mixed and quantified by probe-based 

qPCR and appropriate amounts were used to load Illumina v3 flow cells. Paired-end 50bp 

sequencing was performed on an Illumina HiSeq 2000 instrument using mixed custom read 1 

primers (AGATTGATTGACTGCCCACCTCGGGGGTCTTTCA and 

TGAGTGATTGACTACCCACGACGGGGGTCTTTCA). Reads were aligned to the hg19 build of 

the human genome with Bowtie6 and alignments were condensed and annotated using custom 

Perl and Python scripts to locate vector integrations. 
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Supplemental Figure 3
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ABSTRACT

The clinical application of human-induced pluripotent stem cells (hiPSCs) requires not only the

production of Good Manufacturing Practice-grade (GMP-grade) hiPSCs but also the derivation of

specified cell types for transplantation under GMP conditions. Previous reports have suggested that

hiPSCs can be produced in the absence of animal-derived reagents (xenobiotics) to ease the transi-

tion to production under GMP standards. However, to facilitate the use of hiPSCs in cell-based

therapeutics, their progeny should be produced not only in the absence of xenobiotics but also

under GMP conditions requiring extensive standardization of protocols, documentation, and repro-

ducibility of methods and product. Here, we present a successful framework to produce GMP-grade

derivatives of hiPSCs that are free of xenobiotic exposure from the collection of patient fibroblasts,

through reprogramming,maintenanceof hiPSCs, identificationof reprogramming vector integration

sites (nrLAM-PCR), and finally specification and terminal differentiation of clinically relevant cells.

Furthermore, we developed a primary set of Standard Operating Procedures for the GMP-grade

derivation and differentiation of these cells as a resource to facilitate widespread adoption of these

practices. STEM CELLS TRANSLATIONAL MEDICINE 2012;1:36–43

INTRODUCTION

The clinical promise of stem cell biology is predi-
cated on the ability to derive cells for use in cell-
based therapeutics. To realize this potential, sev-
eral key hurdles must be overcome [1]. First,
functional cell typesmust be generated to homo-
geneity with the capability to replace lost or
damaged tissue. Second, the transplanted cells
should be as free frommicrobial contaminants or
animal-derived materials (xenobiotics) as possi-
ble. Third, the donor cells may need to be either
isogenic or at least immunologically compatible
with the recipient. Two recent clinical trials using
human embryonic stem cell-derived cellular
products have successfully cleared the first two
barriers according to preclinical testing and are
now in stage I safety trials [2]. In addition, at least
one group has reported the derivation of human
embryonic stem cells (hESCs) under GoodManu-
facturing Practice (GMP) conditions [3]. How-
ever, because human embryonic stem cells are
derived from embryos with no relation to the in-
tended patient, it may be challenging to treat pa-
tients with derivatives of these cells that are not
immunologically matched. Therefore, any cellu-
lar therapeutic treatment with ESC derivatives

would potentially necessitate administration of
immunosuppressive drugs with their associated
toxicity-induced risk of renal dysfunction, hyper-
tension, and cardiovascular disease, which con-
tributes to graft loss and shortened life expec-
tancy [4].

Recently, it has become widely accepted
that many types of human somatic cells can be
reprogrammed to a pluripotent state upon in-
troduction of three to four transcription factors
that are highly expressed in pluripotent stem cells
[5–8]. The resulting human-induced pluripotent
stemcells (hiPSCs) appear to sharemost of themo-
lecular and functional characteristicsofhumanem-
bryonic stem cells [5, 9–11] but have the distinct
advantage that they can be derived from many
human tissues. Therefore, it is possible with
hiPSCs to create patient-specific stem cells, from
which patient-specific, immunologically compat-
ible cell therapeutics can be derived. Standard
protocols to obtain somatic cells from patients,
reprogram the cells to pluripotency, and thendif-
ferentiate the hiPSCs to a specific mature cell
population typically require use of xenobiotic re-
agents or feeder cells from lower organisms, ren-
dering these approaches incompatible with clin-
ical application. Someprogress has beenmade to
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derive hiPSCs cells under xeno-free (“xeno”, xenobiotics) condi-
tions [12–15]. However, some used human feeders and/or hu-
man serum in their derivation of xeno-free iPSCs or derived iPSCs
in the presence of xenobiotic-containingmedium. Therefore, it is
difficult to project how these methods could be applied in a clin-
ical setting.

Futhermore, derivation of target cells from patient biopsy
and differentiation techniques following reprogramming all typ-
ically are performed with xenobiotics, and no single study has
shown that patient cells can be collected, reprogrammed, and
differentiated all under defined, xeno-free conditions with com-
mercially available reagents. In addition, most of these previous
studies used retroviral integration of the reprogramming factors
but did not provide evidence that these integrations were be-
nign.

Here, we report that patient-specific neural progenitor cells
(NPCs) and neurons can be derived from hiPSCs using methods
that are completely devoid of xenobiotics and are GMP-compat-
ible. These approaches apply novel techniques to derive fibro-
blasts from patients, reprogram them to a pluripotent state, and
then differentiate them to NPCs and neurons, all in completely
defined media and without animal products or feeder cells. All
materials used in this study are also commercially available, fa-
cilitating GMP-grade quality control (QC). In addition, we used a
polymerase chain reaction-sequencing (PCR-sequencing) tech-
nique to map the integration site for the reprogramming factors
and demonstrate that these integrations did not affect gene ex-
pression. We further show that both the xeno-free iPSCs and
their differentiated progeny cells are equivalent to counterparts
derived in the presence of xenobiotics. To our knowledge, this is
the first demonstration of xeno-free derivation and differentia-
tion of iPS cells with commercially available reagents. Although
previous efforts have described the feasibility of deriving xeno-
free hESCs and hiPSCs [3, 12, 13, 15], SOPs were not provided to
facilitate the broad application of these methods in a clinical
setting. Here, we present GMP-compatible Standard Operating
Procedures (SOPs) to facilitate clinical translation of hiPSCs tech-
nology.

MATERIALS AND METHODS

GMP Facility
We established a GMP-compliant facility with ISO 8 clean room
standards equipped with class II and class III biosafety cabinets
and all other standard tissue culture equipment certified as de-
scribed below. Testing for adventitious agents was done by the
UCLA Department of Pathology and Laboratory Medicine in clin-
ically certified laboratories. TSS calibrated the biosafety cabinet
and monitors and certified nonviable particles in the air as per
the ISO 5 and 7 standards in the biosafety cabinet and the clean
room twice a year. Rainin performed calibration and qualifica-
tion formicropipettes. All incubators, refrigerators, freezers, and
cryopreservation containers were equipped with an ISENSIX
monitoring system that was calibrated twice a year and was
monitored continuously for any fluctuations from the standard
set points. Monotronics tested for viable particle count in the
clean rooms and all the equipment used in the clean room area
quarterly. We have an in-house qualification method which also
involves cleaning and decontamination for water baths, incuba-
tors, refrigerators, freezers, and centrifuges. Biotech Services

tested and certified water baths, centrifuges, incubators, refrig-
erators, freezers, and cryopreservation containers. Karyotyping
was performed by Cell Line Genetics and HLA typing by the UCLA
Immunogenetics Center.

Cell Culture Reagents
We procured xenobiotic-free cell culture reagents for the cell
culture needed for the stages from derivation of fibroblasts from
skin biopsies to their reprogramming into hiPSCs and the differ-
entiation to NPCs, neurons, and glia. The following are the list of
media and reagents used in our xeno-free process as described in
the Results section: MSCGM-CD and ProFreeze CDM (Lonza, Ba-
sel, Switzerland, http://www.lonza.com), animal free origin col-
lagenase (Worthington Biochemical Corporation, Lakewood, NJ,
http://www.worthington-biochem.com), CELLstart, EZPassage
Tool, HBSS-Ca/Mg free, D/F12, TrypLE, xeno-free B27, and N2
supplement (Invitrogen/Gibco, Carlsbad, CA, http://www.
invitrogen.com), human serum (Innovative Research, Inc., Novi,
Michigan, http://www.innov-research.com), basic fibroblast
growth factor-2 (bFGF2; Peprotech, Rocky Hill, NJ, http://www.
peprotech.com), TeSR2 (Stem Cell Technologies, Vancouver, BC,
Canada, http://www.stemcell.com), and Nutristem Stemedia
(Stemgent, San Diego, http://www.stemgent.com). Stemedia
Nutristem consists of human recombinant insulin, human serum
albumin, transferrin, human fibroblast growth factor, and trans-
forming growth factor-!. TeSR2 includes high levels of bFGF to-
gether with transforming growth factor-!.

Collection of Patient Skin Biopsy and Derivation of
Xeno-Free Fibroblast
Patient consent was obtained as per the UCLA IRB protocol (#08-
09-038-01), and skin biopsieswere obtained at theUCLAMedical
Center using standard clinical methods and labeled with anony-
mous coding labels. The UCLA IRB and ESCRO approved consent
form complied with U.S. Food and Drug Administration (FDA)
and U.S. Department of Health and Human Services regulations,
California law for research with pluripotent stem cells, and the
National Academy of Sciences pluripotent stem cell research
guidelines. The informed consent form was used to obtain per-
mission fromdonors for the collection and reprogrammingof the
primary cells as well as possible future transplantation. There
have been no problems obtaining informed consent from do-
nors.

The punch biopsy samples were immersed in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 and transferred to the
GMP-compatible BSCRC Cell Processing Laboratory under asep-
tic conditions.With use of a BSL-2 certified Biological Safety Cab-
inet, the biopsies were rinsed twice in HBSS and chopped into
1-mm pieces using a scalpel in 2% animal origin free collagenase
solution. The fragments were incubated in a total volume of 4ml
for 90 minutes at 37°C in a 5% CO2 incubator. The tissue was
collected and centrifuged at 300g for 5minutes, the supernatant
was aspirated, and the pellet was washed once with 10 ml of
MSCGM-CD and centrifuged as described above. The pellets that
contained the dissociated cells and tissue clumps were collected
in 2 ml of MSCGM-CD medium and plated on a CELLstart-coated
dish. Themediumwas changed once every 72 hours until the cell
monolayer became 70% confluent, and then the cells were pas-
saged using TrypLE. Single-cell suspensions of cells were then
cryopreserved in ProFreeze CDM as per the manufacturer’s pro-
tocol.

37Karumbayaram, Lee, Azghadi et al.
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Derivation of Xeno-Free iPS Cells
One! 105 fibroblast cells were plated in a CELLstart-coated well
of a six-well plate inMSCGM-CDmedium. After 8 hours, the cells
were transducedwith vector concentrate (7! 106 TU/ml) in 1ml
ofMSCGM-CDmedium containing 10!g/ml polybrene and incu-
bated overnight at 37°C in 5%CO2 incubator. The vector-contain-
ing mediumwas aspirated, and the cells were rinsed three times
with MSCGM-CD and further cultured for 3 days in the same
medium. Cells were replated on the fifth day in 50:50 TeSR2/
Nutristem containing 10 ng/ml bFGF in two 6-cm dishes coated
with CELLstart and cultured until hiPSC-like colonies were
formed, similarly to established protocols. The colonies were
picked mechanically and cultured in CELLstart-coated dishes,
passaged mechanically using the EZPassage tool as per the man-
ufacturer’s protocol. Briefly, cell medium was replaced, and the
EZPassage tool was rolled in one direction throughout the plate
with sufficient hand pressure to cut the colonies. The plate was
then rotated 90° and the tool rolled once again throughout the
plate. The colonies were collected by gentle pipetting using a
serological pipette, transferred to a 15-ml tube, and passaged at
the ratio of 1:6 into a new CELLstart-coated plate.

Teratoma Analysis
Teratomas were generated by injecting 5 ! 106 to 10 ! 106

undifferentiated hESCs resuspended in Matrigel into the testi-
cles of adult male SCID-beige mice. Tumors were harvested 6–8
weeks after transplantation, processed to paraffin, and exam-
ined by histology using H&E staining. Surgery to generate tera-
tomas was performed only after institutional approval from the
UCLA Animal Research Committee (Assurance number A3196-
01).

Differentiation of Xeno-Free NPCs and Neurons from
Xeno-Free iPS Cells
Cells were mechanically passaged using the EZPassage tool and
allowed to float as EBs in DMEM/F12 and N2medium for 5 days.
The cells were then collected and plated in DMEM/F12 and N2 in
CELLstart-coated dishes and cultured for a further 7 days. By this
time, rosettes formed in the plate. To the above medium, reti-
noic acid (RA) and xeno-free B27 were added, and the cells were
cultured for 2 more weeks to obtain mature neurons. Alterna-
tively, the rosettes were picked mechanically and replated onto
CELLstart-coated dishes in B27- and RA-containing medium to
obtain population of neurons and glia.

Immunocytochemistry
All immunocytochemistry analyses were performed as previously
reported in [8] and [16], with antibodies against the following
epitopes: OCT4, NANOG, SOX2, Tra1–81, SSEA3, MSI2, NESTIN,
TUJ1, MAP2, S100, and GFAP.

Gene Expression Profiling
Microarray profiling was performed with Affymetrix Human HG-
U133 2.0 Plus arrays as described in [8, 17]. Data represented as
CEL files were imported into Genespring and normalized to the
mean of all samples by RobustMultichip Algorithm (RMA). Probe
sets that were not expressed at a raw value of "50 in at least
10% of samples were eliminated from further analysis. Uncen-
tered, unsupervised Euclidian hierarchical clustering was per-
formed to assess similarity of gene expression between the indi-
cated samples.

Vector Integration Site Analysis

Vector integration site analysis was performed on 100 ng of pu-
rified genomic DNA from XiPSC lines using nonrestrictive PCR as
described in [18]. The procedure was adapted to use Illumina/
Solexa high-throughput sequencing by adding appropriate adap-
tor sequences on the 5# ends of the PCR primers. Sequence read
lengthwas set at 100 nucleotides,which provided 47 nucleotides
of vector sequence to confirm amplification of vector-genome
junctions and 53 nucleotides of vector-adjacent genomic se-
quence. To avoidmissing integrations into nonmappable regions
of the genome, standard UNIX commands were used first to
stack up and count identical 53 nt sequences detected in the
several million sequence reads that were obtained. Abundant
sequences were then aligned to the hg19 build of the human
genome using the BLAT service of the UCSC genome browser. All
of the abundant sequence reads that were detected could be
mapped uniquely.

RESULTS

Derivation of Patient Cells and Reprogramming Under
GMP Conditions

To isolate fibroblasts from patient skin biopsies in the absence of
animal products, punch biopsies were isolated, chemically disso-
ciated with xeno-free collagenase, and allowed to grow in de-
fined fibroblast medium (MSCGM-CD) for up to 3 weeks. Fibro-
blasts were expanded and banked in a defined freezing medium
(ProFreeze CDM) prior to passage 3 to preserve reprogramming
capability and to keep culture-induced genomic aberrations to a
minimum (Fig. 1).

Fibroblasts were then reprogrammed with a modified ver-
sion of the STEMCCA polycistronic lentivirus bearing the four
reprogramming factors flanked by loxP sites [19]. The lentiviral
vector was packaged by transfection into 293T cells (human ori-
gin) and collected in medium (DMEM) lacking xenobiotics. Al-
though thismethod is generally compatiblewithGMP-grade vec-
tors, we cannot rule out the possibility that residual xenobiotic
contaminants were present in the vector from the prior culture
of the 293T cells in fetal calf serum-containingmedium. Thepres-
ence of any harmful xenogenic contaminant in the final product
can be tested for bovine and porcine pathogens before product
release, a standard typical for regulatory approval. The medium
containing the reprogramming vector was then concentrated
approximately 1,000-fold and used to transduce the xeno-free
fibroblast cultures as described elsewhere [20]. After transduc-
tion, the cells were transferred to plates coated with xeno-free
substrate (CELLstart) and grown in a 1:1 ratio of two defined
xeno-free media typically used to culture human embryonic
stem cells without feeders (TeSR2 and Nutristem Stemedia). Af-
ter sampling a variety of commercially available xeno-free hESC
culture media, both alone or in various combinations, we found
that the 1:1 ratio of these two media was the best formulation
allowing reprogramming to occur in our system. After 2–3
weeks, clones were manually picked to fresh culture under the
same conditions, and individual clones were expanded (Fig. 1). A
representative SOP for reprogramming is shown in supplemental
online Fig. 1.
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Characterization of Reprogrammed Cells
The xeno-free hiPSC clones were characterized morphologically
and molecularly. As shown in Figure 2, all the lines generated
expressed OCT4, NANOG, and SOX2 and were positive for
TRA1-81 and SSEA3 on their cell surface (Fig. 1). Additionally,
injection of 5–10! 106 cells into adultmurine testicles led to the
formation of teratomas containing representatives of all three
germ layers (Fig. 2). These data clearly indicated that the xeno-
free hiPSCs were pluripotent by the best assay available for hu-
man cells. Finally, each of the lines shown was subject to karyo-
typing to ensure its gross genomic stability. This analysis
indicated that all lines described here had a normal karyotype
(Fig. 2B).

To confirm reprogramming to a pluripotent state under
these xeno-free conditions at a molecular level, we performed
gene expression profiling with these new lines and existing lines
derived and grown under standard conditions. As shown in Fig-
ure 3, the xeno-free lines derived here were highly similar to

both human embryonic stem cells and induced pluripotent stem
cells derived under standard conditions by a variety of different
standard analyses. Clustering by similarity of profiles suggested
that the xeno-free linesweremore similar to each other than any
other pluripotent stem cells and suggested that perhaps differ-
ent derivation or growth conditions between pluripotent stem
cells imparts slightly different gene expression profiles (Fig. 3A).
Pearson correlation analysis showed that the xeno-free hiPSCs
were as similar to hESCs as hiPSCs derived and grown under
standard conditions (xeno-free hiPSCs and hESCs, 0.980–0.992;
standard hiPSCs with hESCs, 0.987–0.995) (Fig. 3B). In addition,
we have not yet detected any functional difference between
xeno-free and standard human pluripotent stem cells lines as all
these lines perform similarly in the teratoma assay (Fig. 2) and
directed differentiation (Fig. 4).

For clinical application of hiPSCs to become a reality, the
reprogrammed cells must either be generated free of
genomic integration of the reprogramming genes or have any

Figure 1. Characterization of Good Manufacturing Practice-derived fibroblasts reprogrammed to hiPSC cells using pluripotency markers
confirms their undifferentiated status. (A): Phase contrast images of fibroblasts and the lower panel show their respective immune-stained
hiPSC lines. #1001 and #1002 represent the human skin biopsy-derived fibroblasts. Fibrogro is xenofree fibroblasts, and XiPSC2 and XiPSC3 are
the xeno-free hiPSC clones derived from normal human dermal fibroblasts under Good Manufacturing Practices conditions. (B): Immuno-
staining for markers typical of human pluripotent stem cells indicated reprogramming of the target fibroblasts.
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genomic integration sites of the reprogramming vector(s)
carefully documented to evaluate the potential for trans-ac-
tivation of adjacent genes and/or insertional mutagenesis.
Recent evidence suggests that the integrated reprogramming
factors are not typically re-expressed upon differentiation of
hiPSCs [21]. However, it is possible that altered expression at
the loci of integration could have deleterious effects, and thus
should bemonitored before clinical application of hiPSCs. Tra-
ditional integration mapping techniques use restriction en-
zymes to digest genomic DNA to install linkers carrying re-
verse PCR priming sites into the genomic DNA. Because these
restriction-based techniques suffer from blind spots in the
genome due to the uneven distribution of restriction sites, we
used a modified nonrestrictive linear amplification-mediated
PCR (nrLAM-PCR) protocol coupled with Illumina high-
throughput sequencing tomap integrations of the reprogram-
ming vector [18].

One hiPSC linewas produced from the Fibrogro human fibro-
blast line (Millipore, Billerica, MA, http://www.millipore.com).
We detected one integration of the polycistron in the Fibrogro
hiPSC line, which occurred in an intron of the PLEC gene. Inter-
estingly, PLEC has at least seven isoforms that differ only in their
transcription start sites, and this integration is within the tran-
scription unit of only two of these seven isoforms. Microarray
expression data for PLEC showno difference in expression across
all of the lines at all time points tested, suggesting that the vector
integration does not interfere with PLEC expression, at least in
undifferentiated iPSCs and neuronal progenitor cells (Fig. 3C).

In a hiPSC line derived fromanormal donor,wedetected two
proviral integrant sites. The first occurred in the sole intron of the
ARSJ gene, whereas the second was found in intron 5 of the CBL
gene. Similar to PLEC in the Fibrogro line, neither of these genes
in the donor-derived hiPSC line differed noticeably in expression
in the cellular contexts and time points that were examined by
microarray analysis (Fig. 3C). It is also important to note that the
polycistron used is flanked by Loxp sites, allowing for excision of
the factors with introduction of Cre recombinase activity. So al-
though we show here that integration in these lines appears
benign, these integrations could also be removed post facto.

Specification and Differentiation of Reprogrammed
Cells Under GMP Conditions
To determine the potential of these xeno-free clones to generate
clinically useful cell derivatives that are amenable to purification,
the lines were subjected to neural specification. To extend the
GMP-compatible nature of these potential products, fully de-
fined, xeno-free components were used to drive neural specifi-
cation, including culture media, growth, and differentiation fac-
tors. As shown in Figure 4, neural progenitor cells were derived
that expressed the standardmarkers of this lineage (SOX2,MSI2,
and NESTIN). To completely determine the specific nature of
these NPCs, they were profiled by microarray for their gene ex-
pression. Their expression profiles were compared with NPCs
derived under standard conditions fromhESCs and hiPSCs grown
on murine feeder cells. Clustering (Fig. 4A) and Pearson analysis
(Fig. 4C) demonstrated that the xeno-free methods used here
generated NPCs that are highly similar to their counterparts
derived under standard conditions (Pearson, xeno-NPCs to
standard NPCs: 0.926–0.959).

NPCs are capable of generating both neurons and glial
cells. To ensure that the NPCs generated here under GMP-
compatible conditions also were capable of generating differ-
entiated cells types of the nervous system, we further devel-
oped xeno-free differentiation strategies. With use of defined
media and growth factors produced under xeno-free condi-
tions, the NPCs made from xeno-free hiPSCs were differenti-
ated toward neurons and glia. Immunostaining for markers of
both neurons (TUJ1 and MAP2) and astrocytes (S100 and
GFAP) indicated that these NPCs were in fact capable of gen-
erating such cells (Fig. 4D).

Generation of Standard Operating Procedures
Finally, to facilitate the general application of these procedures
and their eventual clinical application, we have generated SOPs
for each of the methods outlined here (supplemental online Fig.
S1). SOPs for the GMP laboratory have been broadly classified
into five categories: Administrative, Material Management,
Equipment, Manufacturing, and Quality Control and Assurance.

Figure 2. In vivo trilineage differentiation of Good Manufactur-
ing Practice hiPSCs. (A):H&E staining and histologic analysis of 1001-
18, 1002-15, Fibrogro, and XiPSC hiPSC lines show teratoma growth
containing cells from the three distinct germ layers. Neural rosettes
(ectoderm), glandular structures and gutlike endothelium (endoderm),
and cartilage (mesoderm) were present. (B): Karyotyping analysis on
the indicated lines demonstrated that all lineswere grossly normalwith
respect to genomic stability after reprogramming.
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Figure 3. Comparative gene expression analysis of Good Manufacturing Practice hiPSCs with hiPSCs and hESCs grown on feeders. (A): Block
in green indicates fibroblasts, orange for hESCs on feeders, yellow for hiPSCs on feeders, and blue for the different xeno-free iPSCs analyzed.
(B): Pearson analysis shows very minor differences in the global expression of genes between the xeno-free xiPSCs and iPSCs derived on
feeders at different passage numbers. (C): Mapping of integration sites for the floxable polycistron used to reprogram shows that the
STEMCCA integration is found either once or twice in two lines, and in each case is found in the intron of a gene (indicated by red bar). (D):
Expression analysis indicates that these integrations did not influence expression of these genes.
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We have generated a general platform for SOPs that addresses
the administration, material management, equipment qualifica-
tion, maintenance and quality control, and quality assurance
procedures. The SOPs for manufacturing procedures have been
customized specifically for the hiPSCs that are derived through
our current development procedures. We have generated a full
draft set of manufacturing SOPs that includes derivation and
characterization of fibroblasts frompatient skin biopsies thatwill
be used for generation of hiPSCs, derivation and characterization
of hiPSCs, and their cryopreservation as “master” and “working”
cell banks.

CONCLUSION

To our knowledge, this is the first description of procedures nec-
essary to take patient biopsies and generate NPCs, neurons, and
glia through a pluripotent intermediate in the complete absence
of either xenobiotics or feeder cells, with commercially available
reagents. As new xeno-free media formulations, and even clini-
cal grade feeders, are now regularly brought to market, it is pos-
sible that the conditions used here are not the only feasible
methods to achieve this end. This is the first report to document
the site of integration for the reprogramming factors after xeno-

free reprogramming and demonstrate that such integrations can
be benign. As a result, this work can serve as a starting point for
clinical application of hiPSCs. The presentation here of clinical-
grade SOPs could help to ensure that these methods are applied
consistently and appropriately.

The procedures and SOPs outlined here are modular; there-
fore, as reliable methods are introduced to improve this proto-
col, including the use of nonintegrative methods to reprogram
cells to the pluripotent state, new specific SOPs detailing these
approaches can easily be integrated into the existing framework.
Recent evidence demonstrated that human somatic cells can be
reprogrammed to a pluripotent state by introduction of the re-
programming factors by protein, mRNA, miRNA, plasmid DNA
transfection, adenovirus, and Sendai virus. Any of these nonin-
tegrative methods could easily be incorporated into the existing
protocols and SOPs described here.

Of course, future clinical application of hiPSCs may not re-
quire derivation under completely xeno-free conditions, as a
clinical trial was recently initiated using derivatives of an hESC
line that was initially derivedwith animal products and grown on
murine feeders [2]. However, the process bywhich hiPSCswould
need to be “cleaned up” to make them GMP compliant takes
significant resources and, more importantly, considerable time.

Figure 4. Xeno-free differentiation of reprogrammed cells: (A): Gene expression clustering of xenofree-derived NPCs compared with NPCs
derived under murine feeder cell-supported conditions from standard iPSCs and hESCs. (B): Immunocytochemical analysis of Fibrogro-XiPSC
and 1001-18-XiPSC derived NPCs. (C): Pearson correlation analysis of microarray data from xeno-free and xenobiotic produced counterparts
of iPSCs and hESCs derived NPCs. (D): Fibrogro-XiPSC and 1001-18-XiPSC derived NPCs were differentiated by growth factor withdrawal
creating neurons and glia. Abbreviations: FB, fibroblast; NPCs, neural precursor cells; HDNF, normal human dermal fibroblast.
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Instead,with the framework provided here, the testing and qual-
ity control mandated by regulatory agencies could be stream-
lined.

In the future, it will be crucial to establish standard QC tests
for pluripotent stem cells in clinical translation. However, the
establishment of standard QC procedures is challenging because
criteria need to be established for their identity, purity, safety,
and genetic stability. We have used established standard immu-
nostaining and FACS methods to verify their identity and purity.
We have also established tests for adventitious agents to ensure
that these cells are free from any contaminatingmicroorganisms
or their by-products. In supplemental online Figure 2, we outline
ourwork flow todemonstrate howeach step in theprocess relies
on successful translation of the previous step, and where QC
becomes critical in the decision to proceed.

Unfortunately, no universal standards have been established
to date to compare human pluripotent stem cells or their deriv-
atives. The currently available method to establish the pluripo-
tent status of these stem cells is the teratoma assay. However,
the immune-deficient status of the animals, the number of cells
required to make teratoma, the number of repetitions, the site
of injection, and themeaning for any negative results need to be
predefined. It is possible that high-throughput surrogates for the
teratoma assay and other QC criteria will be developed, perhaps
even bioinformatic approaches using genomic data [22]. Finally,
characterization of the final transplantable cell product is at least
as important as characterization of the undifferentiated stem
cell itself for clinical translational purposes. Hence, significant
effort and coordination will be required to establish appropriate

QC tests, which should be customized for each type of specific
final cell product.
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Chapter 6: 
 
 
 
 

Cytoreductive conditioning intensity predicts clonal diversity  
in ADA-SCID retroviral gene therapy patients 
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Introduction 

The enzyme adenosine deaminase (ADA) is required for the degradation of adenosine 

and 2’-deoxyadenosine. Humans deficient for this enzyme, unlike mice, survive through live 

birth, though pleiotropic effects of ADA deficiency begin to appear soon thereafter. The most 

pronounced phenotype is the disease ADA-deficient severe combined immunodeficiency (ADA-

SCID), characterized by a paucity of T-, B- and NK-cells as a result of adenosine and 2’-

deoxyadenosine toxicity. Because ADA is needed during DNA catabolism, the toxic metabolites 

adenosine and 2’-deoxyadenosine accumulate to especially high levels in cell types undergoing 

apoptosis, such as developing thymocytes. This early developmental block is the primary cause of 

T-cell deficiency, while B-cell deficiency appears to result from the collusion of absent T helper 

cell-mediated activation and maturation defects that have yet to be fully elucidated (Brigida et al. 

2014). Heightened adenosine and 2’-deoxyadenosine from DNA catabolism cause additional 

apoptosis, perhaps creating a positive feedback loop. 

Retroviral gene therapy trials around the world have successfully treated dozens of ADA-

SCID patients, none of whom have gone on to develop leukemia or other cancers (Aiuti et al. 

2002; Aiuti et al. 2009; Aiuti et al. 2007; Candotti et al. 2012; Gaspar et al. 2011; Otsu et al. 

2015)(Shaw et al., In Preparation). In contrast to the patients in the trial reported herein and 

despite the similarity between the retroviral vector backbones used, the majority of patients in a 

clinical trial for Wiskott-Aldrich syndrome (WAS) developed leukemias after treatment (Braun 

et al. 2014; Boztug et al. 2010). Other retroviral trials for SCID-X1 and chronic granulomatous 

disease (CGD) using vectors based on murine leukemia virus (MLV) or spleen focus forming 

virus (SFFV) have also observed vector-related leukemias and dysplastic events (Hacein-Bey 

Abina et al. 2003; Hacein-Bey-Abina et al. 2008; Howe et al. 2008; Stein et al. 2010). 
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In the present study, we report molecular evidence of genotoxicity from gamma-RV gene 

therapy in the absence of dysplasia. One patient developed a dramatic, but stable and clinically 

benign, expansion of a vector-marked clone, likely in response to Epstein-Barr virus (EBV) 

infection. RNA-seq expression analysis yielded no evidence for gene dysregulation. We also 

report a correlation between the delivered dose of the chemotherapeutic conditioning agent 

busulfan and the diversity of engrafted vector-modified cells, as well as between delivered 

busulfan and the diversity of the T-cell repertoire in peripheral blood as indicated by T-cell 

receptor beta chain rearrangement sequencing. 

 

Results 

Integration preferences and common insertion sites of therapeutic vectors 

We prepared nrLAM-PCR libraries for Illumina sequencing from 168 genomic DNA 

samples collected from 15 patients treated with ex vivo retroviral gene therapy in the context of 

an autologous bone marrow transplant. Five of these patients have been reported on previously 

(the “300 series”: 301, 303, 304, 305 and 306), and they were treated with two vectors to 

compare their efficacy (Candotti et al. 2012). The remaining ten patients were treated on a new 

trial (Shaw et al., In Preparation) using only the MND-ADA vector (the “400 series”: 401-410), 

which has performed better in laboratory and clinical studies than vectors more closely related to 

MLV (Robbins et al. 1998; Candotti et al. 2012)(Shaw et al., In Preparation). Molecular 

methods were designed to detect both vectors with equal efficiency, and except where noted, 

integrations of the two vectors are reported together. In the aggregate, we sequenced 91,680 

integration sites with 49,612,692 sequence reads. We observed a pronounced integration bias 
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around the transcription start site, consistent with that observed in other gammaretroviral gene 

therapy trials (Figure 1). 

In order to call common insertion sites (CISs) in our dataset, we implemented a 

previously reported kernel convolution approach in the Python programming language (de 

Ridder et al. 2006). This yielded 1,845 significant CISs (empirical p-value versus random data < 

0.05), which show remarkable overlap with those reported using alternative statistical methods in 

other retroviral clinical gene therapy trials (Figure 2, Table 1). A CIS near MECOM contained 

187 ISs, the most of all CISs detected in our patients (Figure 1B). Interestingly, a meta-analysis 

of IS datasets from multiple gamma-RV clinical gene therapy trials revealed that trials using 

mobilized peripheral blood-derived HSPCs had significantly more IS detected in the MECOM 

CIS target area defined by our CIS analysis, while trials using bone marrow-derived HSPCs 

without chemotherapeutic pre-conditioning had fewer ISs in the MECOM CIS target area 

(Figure 3, only vs. WAS and SCID-X1 trials for now) (Wang et al. 2010; Braun et al. 2014). 

Genes near CISs were significantly enriched for signaling functions, such as 

phosphorylation, consistent with the hypothesis that integrations dysregulate growth promoting 

genes such as kinases and cause clonal expansions (Table 2). 

 

Clonal diversity over time 

We observed a large range of clonal diversities among the fifteen patients, which can be 

appreciated qualitatively by comparing the clonality plots of patients with highly polyclonal 

reconstitution (e.g. 404, 408, 410) to those of patients with relatively oligoclonal makeup (e.g. 

301, 303, 407) (Figure 4). In general, we found clonal composition to be stable over multiple 
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years in patients with oligoclonality, while there was more turnover in patients with more diverse 

reconstitution.  

 We calculated the Shannon index using readcounts from IS sequencing to estimate clonal 

complexity and evenness over time, and we observed that most patients exhibited a relatively 

consistent Shannon index over time (Figure 5). Additionally, we made sequencing libraries from 

repeated samples of single genomic DNA samples in order to apply the Chao2 method to 

estimate total diversity within the samples (Figure 6). The patients with the lowest diversity as 

indicated by stacked color clonality plots also had the lowest Shannon index and Chao2 

estimated diversity values over time, whereas those with higher apparent diversity showed the 

highest values. In general, the 300 series patients showed lower diversity in all three metrics. 

Notably, the three patients with the highest diversity (404, 408 and 410) are the only ones with 

sufficient B-cell reconstitution to allow them to be independent of gammaglobulin replacement 

(Shaw et al. In Preparation). 

  

Genotoxicity 

 None of the patients in this trial developed leukemia or presented any signs of dysplasia. 

However, our CIS analysis revealed numerous integrations in leukemia-related genes. Although 

it is generally accepted that gamma-RV vectors with intact LTR enhancers often upregulate 

genes near the IS, there is still some doubt over whether this or preferential integration into 

certain genomic sites contributes more to the CIS observed in trials. To shed light on this issue 

in our trial, we used sequence readcounts to estimate the relative abundances of clones with 

integrations near MECOM, the most frequently observed IS-proximal gene in this trial, near a 

set known leukemia-related genes generated in another study, and near a set of genes 
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homologous to retrovirally tagged cancer gene database (RTCGD) mouse genes identified in 

hematopoietic cancers caused by retroviral and transposon mutagenesis (Hacein-Bey-Abina et al. 

2014; Suzuki et al. 2002). We compared these estimates to those of all other clones for each gene 

or gene set of interest. In each case, we found that clones with IS near genes of interest were 

statistically more abundant, as indicated by the average proportion of sequence reads they 

accounted for within samples (Figure 7). When we ranked IS within each sample by their 

readcounts and compared the distribution of ranks of IS near the genes of interest to all others, 

the ranks of cancer gene-proximal IS were statistically different and higher in their distribution 

than all others (Figure 8). 

 We observed that some IS near MECOM and LMO2 accounted for more than 1% of 

sequence read counts at some time points. In order to assess whether these IS may have caused 

clones to expand over time, we performed IS-specific ddPCR to estimate their abundances 

longitudinally. Most of these clonal abundances tracked with the total abundance of transduced 

cells over time, suggesting that these IS did not significantly alter clonal behavior over the long 

term (Figure 9). This contrasts with a gene therapy trial for CGD, in which marked expansion 

followed by clonal collapse was seen for multiple clones with IS near MECOM (Stein et al. 

2010). 

 

Stable and benign clonal dominance in a clinically well patient 

From approximately one to two years post-transplant onwards, we observed a marked 

expansion and dominance of a vector-marked clone in patient 301 via integration site sequencing 

(Figure 4). We confirmed the dominance of this clone via IS-specific ddPCR, and found that it 

has repeatedly accounted for approximately 85% of marked clones for the past seven years 
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(Figure 10). Despite this dramatic molecular phenomenon, the patient has presented no 

symptoms of dysplasia over time. The integration occurred in a gene poor region of chromosome 

21, approximately 140kb from the promoter of ETS2 and 285kb from the promoter of ERG. 

Cell lineage sorting and vector copy number measurement indicated that the majority of both 

total and IS-specific vector marked cells were in the NK lineage, and furthermore, that the 

majority of NK cells were derived from this single clone (Figure 11). 

In order to determine whether vector-mediated gene dysregulation could have played a 

role in the expansion of this clone, we performed RNA-seq on sorted T- and NK-lineage cells, 

reasoning that because these populations contained the highest fractions of the clone of interest, 

they would present the best chance of detecting any possible gene upregulation. Cells were sorted 

from two healthy donors for comparison. None of the genes near the IS, including ERG and 

ETS2, were more highly expressed in the patient samples than in the healthy donors, and no 

novel transcripts near the IS were observed either (Figures 12, 13). There was, however, a 

statistically significant higher expression of KLRC2 in the NK lineage of patient 301(Figure 12). 

This gene encodes NK cytotoxicity receptor NKG2C, which is implicated in the acute response 

to cytomegalovirus (CMV) infections (Lopez-Vergès et al. 2011; Gumá et al. 2006). We 

analyzed whole blood from the patient via flow cytometry and found a striking abundance of 

NKG2C+ cells in the CD56+CD3- NK lineage, consistent with the approximately 16-fold higher 

KLRC2 expression seen compared to healthy controls with RNA-seq (Figure 14). Though it is a 

controversial idea in the literature, we hypothesize that this expansion occurred in response to a 

chronic, low level Epstein-Barr viremia, the onset of which coincided with the beginning of NK 

lineage expansion (Figure 15) (Hendricks et al. 2014; Saghafian-Hedengren et al. 2013).  
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T-cell repertoire diversity correlates with vector integration site diversity 

 In order to estimate the adaptive immunological repertoire of these patients, we 

performed high-throughput sequencing of the CDR3 region of the T-cell receptor beta chain 

rearrangements in PBMC DNA samples via an adaptation of a reported strategy (Robins et al. 

2009). The data were analyzed with custom Python scripts and the MiTCR alignment package 

(Bolotin et al. 2013). In all, 85,395,590 sequence reads were attributed to CDR3 regions in 34 

DNA samples covering all patients. Four sequencing reactions were run on each DNA sample to 

estimate total diversity using the Chao2 mark-recapture method (Chao 1987). 

 We observed a trend similar to that in the integration site diversities among patients, in 

that the 400 series patients overall had a higher CDR3 diversity than the 300 series patients 

(Figure 16). These values track with plots of CDR3 length for rearrangements involving a single 

V segment, which show a nearly Gaussian distribution in patients with high Chao2 estimates, 

such as 410 and 408, and a skewed distribution in those with lower Chao2 estimates, such as 304 

and 301 (Figure 17). Prompted by the apparent relationship between the integration site and 

TCR rearrangement diversity metrics, we correlated the Chao2 estimates of diversity for both 

and found a significant positive correlation (Figure 18). This could indicate that the diversity of 

vector-modified clones, which is indicative of engraftment efficiency, drives T-cell repertoire, or 

perhaps that the two results rely on other common factors. 

 

Investigating determinants of the diversity of modified clone engraftment and T-cell 

development  

 We next sought to explore whether any parameters of the gene therapy procedure could 

be determinants of the varied diversities of engrafted vector-modified clones and of developing 
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T-cell clones among patients. Unlike SCID-X1 gene therapy, in which a strong selection for 

corrected cells exists because of the lack of growth factor receptors on uncorrected cells, ADA-

SCID gene therapy in humans has required the use of chemotherapeutic conditioning agents, 

such as busulfan or melphalan in order to achieve long-term and efficient engraftment of 

corrected cells (Aiuti et al. 2002; Carbonaro et al. 2012; Candotti et al. 2012). We therefore 

focused on the delivered dose of busulfan, which we estimated by HPLC measurement of 

busulfan concentrations at successive times after administration of the drug, and transduced bone 

marrow cell dose. 

 Vector integration site diversity estimates correlated positively with both busulfan area 

under the curve (AUC) and administered cell dose, though only the correlation with busulfan 

AUC was significant (Figure 19A, B). TCR rearrangement diversity estimates showed a 

significant positive correlation with both busulfan AUC and cell dose (Figure 19C, D). These 

data are consistent with the hypothesis that both conditioning intensity and transduced bone 

marrow cell dose are critical determinants of engraftment efficiency of gene therapy corrected 

cells. 

 

Discussion 

 In this study, we report that retroviral gene therapy for ADA-SCID in an autologous 

bone marrow transplant setting continues to be safe among 15 patients after 3-9 years of follow-

up. We observe an integration profile that is very similar to those reported in other clinical gene 

therapy trials, though we see significant deviations in integration site detection frequencies in 

certain genomic regions, such as MECOM, LMO2, and CCND2. These differences are likely the 

result of differences in the cell sources and cytoreductive preconditioning regimens used. For 
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example, HSPC mobilization with myeloid-stimulating cytokines may preferentially activate 

myeloid proliferation genes such as MECOM, thus rendering it a more likely target of 

integration, or it may preferentially stimulate the mobilization of myeloid-biased clones that 

either express higher levels of MECOM or are more affected by insertional upregulation of 

MECOM. These effects would be predicted to lead to the more frequent detection of clones 

bearing integration sites near MECOM observed in a retroviral trial for WAS than in this trial 

for ADA-SCID. 

 By using sequence readcount data, we also demonstrate in a more direct fashion than 

previous studies that clones bearing integration sites near cancer-related genes are more abundant 

than others. We believe this capability is afforded by our use of a newer improved non-restrictive 

nrLAM-PCR protocol, which allows for clone size estimation using sequence readcounts. 

 One patient, who remains clinically well, developed and has maintained a near 

monoclonal state in his peripheral blood mononuclear cells. Detailed characterization showed 

that this is not correlated with any detectable gene dysregulation, and we hypothesize that the 

clonal expansion occurred in an NK cell subpopulation expressing cytotoxicity receptors that 

weakly recognize an unidentified aspect of EBV infection.  

 Finally, we use statistical clonal diversity estimates from repeated sampling of genomic 

DNA to investigate potential determinants of HSPC engraftment and T-cell repertoire 

development in ADA-SCID patients receiving gene therapy. We found that the intensity of 

cytoreductive conditioning and cell dose positively correlate with the diversity of engrafted clones 

and with the diversity of the T-cell repertoire, as indicated by the estimated total number of 

TCR rearrangements. These data are consistent with the fact that ADA-SCID has seen multiple 

unsuccessful gene therapy trials without conditioning and multiple successful trials with 
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conditioning, and they further underscore the importance of effective cytoreduction in treating 

this disease with gene therapy. 
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Figure 1. Integration bias near transcription start sites of RefSeq genes. 
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Table 1. Top 20 common insertion sites. 
CIS window (hg19) # ISs Genes in CIS p-value 
chr3:168760000-169185000 187 MECOM < 1.337e-07 
chr11:33785000-34075000 155 LMO2, FBXO3, CAPRIN1 < 2.002e-07 

chr15:74955000-75560000 134 

C15orf39, GOLGA6C, PPCDC, SCAMP5, RPP25, 
COX5A, FAM219B, MPI, SCAMP2, ULK3, CPLX3, 
LMAN1L, MIR4513, CSK, CYP1A2, CYP1A1, EDC3 < 3.359e-07 

chr21:16405000-16950000 126 NRIP1 < 7.754e-07 

chr1:234570000-235225000 118 
LOC100506810, LINC00184, IRF2BP2, LOC100506795, 
TARBP1 < 1.180e-07 

chr12:11705000-12180000 108 ETV6, LOC338817 < 1.983e-07 
chr20:52150000-52730000 104 ZNF217, SUMO1P1, MIR4756, BCAS1 < 4.352e-07 

chr21:43255000-43735000 100 
C21orf128, UMODL1, ZNF295-AS1, ZBTB21, ABCG1, 
C2CD2, TFF3, PRDM15 < 7.754e-07 

chr6:36940000-37290000 95 PIM1, TBC1D22B, TMEM217, FGD2, MTCH1 < 1.558e-07 

chr2:64785000-65455000 94 
SERTAD2, LOC339807, AFTPH, LOC400958, 
SLC1A4, CEP68, RAB1A, ACTR2 < 1.115e-07 

chr2:113310000-113725000 93 
SLC20A1, FLJ42351, CKAP2L, IL1A, CHCHD5, IL1B, 
POLR1B, IL37 < 1.115e-07 

chr6:2640000-3030000 92 

WRNIP1, MYLK4, SERPINB1, MIR4645, MGC39372, 
SERPINB9, SERPINB6, LINC01011, NQO2, 
HTATSF1P2 < 1.558e-07 

chr9:20275000-20590000 91 MIR4473, MIR4474, MLLT3 < 2.379e-07 
chr2:43030000-43510000 90 ZFP36L2, LOC100129726, THADA < 1.115e-07 
chr18:60445000-61040000 90 BCL2, KDSR, PHLPP1 < 3.502e-07 
chr17:55320000-55675000 88 MSI2 < 3.412e-07 

chr17:40330000-40735000 87 

STAT5A, STAT5B, STAT3, GHDC, PTRF, HCRT, 
KCNH4, ATP6V0A1, MIR5010, NAGLU, HSD17B1, 
COASY, MLX, PSMC3IP, FAM134C < 3.412e-07 

chr5:75515000-76320000 87 
S100Z, F2RL1, CRHBP, F2R, NCRUPAR, F2RL2, 
IQGAP2, SV2C < 1.502e-07 

chr2:16405000-16870000 85 FAM49A < 1.115e-07 

chr7:2350000-3040000 84 
GNA12, AMZ1, TTYH3, IQCE, BRAT1, MIR4648, 
LFNG, CARD11, CHST12, EIF3B, SNX8 < 1.725e-07 
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Figure 2. Tag cloud of genes near retroviral integrations. Gene name size corresponds to 
frequency with which the gene’s TSS was the nearest TSS to an integration site. Red genes are 
associated with cancer in murine models or in humans. 
 
 
 

 
Figure 3. A lower proportion of ISs were near the MECOM, LMO2 and CCND2 CIS regions 
defined in the present analysis than in a retroviral Wiskott-Aldrich Syndrome trial. The 
proportion of total integrations within the MECOM CIS area called by the kernel convolution 
approach was quantified for datasets from other clinical gene therapy trials. A Fisher exact test 
was used to compare the proportions, and p-values are indicated. Error bars represent Gaussian 
approximation of a binomial 95% confidence interval. 
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Table 2. Gene ontology enrichment analysis of genes in CISs. 
GO Term FDR 

phosphorylation 6.91E-08 
phosphorus metabolic process 5.04E-07 
phosphate metabolic process 5.04E-07 
protein amino acid phosphorylation 6.24E-07 
intracellular signaling cascade 3.47E-05 
lymphocyte activation 2.41E-04 
leukocyte activation 8.17E-04 
negative regulation of signal transduction 0.001166391 
apoptosis 0.001189357 
cell activation 0.001251908 
enzyme linked receptor protein signaling pathway 0.0016406 
programmed cell death 0.001732176 
positive regulation of cellular biosynthetic process 0.001827324 
positive regulation of biosynthetic process 0.00281247 
hemopoiesis 0.003051417 
 

 
Figure 4. Clonal composition and dynamics over time. Each colored area represents a unique 
integration site over time, and the total height of the colored areas at a given time point indicates 
the vector copy number as measured by ddPCR. 
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Figure 5. Shannon index in individual patients over time. 
 
 

 
Figure 6. Chao2 estimates of total vector integration sites. 
 

30
3 

30
4 

30
5 

30
6 

40
1 

40
2 

40
3 

40
4 

40
5 

40
6 

40
7 

40
8 

40
9 

41
0 

10

100

1000

10000

100000

patient

C
ha

o2
 e

st
im

at
e

231



 
Figure 7. Clones with integrations near MECOM, near sets of leukemia-related genes and near 
a set of retrovirally tagged cancer genes (RTCGD) are more abundant on average than other 
clones. A two-sided Wilcoxon rank sum test p-value indicates the probability that the read count 
abundances of clones near the gene set of interest and those of all other clones come from the 
same distribution. Gene sets were taken from published studies (Suzuki et al. 2002; Hacein-Bey-
Abina et al. 2014). 
 
 
 

 
Figure 8. Clones with integrations near MECOM, or sets of leukemia-related or RTCGD genes 
rank higher when integration sites are sorted by sequence read count in samples. Red line 
indicates rank distribution of ISs in gene set of interest, and blue line indicates rank distribution 
of all other ISs. The Kolmogorov-Smirnov test p-value indicates the probability that the two 
rank distributions are identical. Random distribution in a ranked list would be uniform, and 
would present as a straight diagonal line in this analysis. 
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Figure 9. Integration site-specific clonal tracking via ddPCR. 
 

 
Figure 10. IS-specific ddPCR clonal tracking of dominant clone in patient 301. 
 

 
Figure 11. Total and IS-specific ddPCR VCN measurement in sorted lineages. 
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Figure 12. RNA-seq measurement of expression of patient 301 dominant IS-proximal genes. 
 

 
Figure 13. RNA-seq alignments to region near patient 301 dominant IS shows no unknown 
gene expression. 

30
1N

 NK

HD1 N
K

HD2 N
K

0

5

10

15

ETS2

Sample

FP
KM

30
1N

 NK

HD1 N
K

HD2 N
K

0

5

10

15

20

PSMG1

Sample

FP
KM

30
1N

 NK

HD1 N
K

HD2 N
K

0.0

0.5

1.0

1.5

ERG

Sample

FP
KM

30
1N

 N
K

HD1 N
K

HD2 N
K

0

50

100

150

200

250

KLRC2

Sample

FP
K
M

p = 0.0002
p = 0.0001

ETS2 PSMG1

ETS2 PSMG1

PSMG1

PSMG1

RefSeq Genes

[0 - 21]

Coverage

Alignments

40,200 kb 40,300 kb 40,400 kb 40,500 kb

391 kb

chr21

p13 p12 p11.2 p11.1 q11.1 q11.2 q21.1 q21.2 q21.3 q22.11 q22.12 q22.13 q22.2 q22.3

234



 

 
Figure 14. NKG2C+ population expansion in patient 301 compared to another ADA trial 
patient and two healthy donors. Whole blood was stained with CD3, CD19, CD11b, CD56 and 
NKG2C antibodies and analyzed via flow cytometry. A CD56-FITC vs. NKG2C-PE plot is 
shown for CD3-CD19-CD11b- cells in the characteristic lymphoid gate. 
 
 
 

 
Figure 15. EBV copy number correlates with NK cell count in patient 301. 
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Figure 16. Chao2 estimates of total TCR CDR3 rearrangements in PBMC samples. 
 
 
 

 
Figure 17. TCR CDR3 lengths for rearrangements involving V segment 12. 
 

30
1
30

3
30

4
30

5
30

6
40

1
40

2
40

3
40

4
40

5
40

6
40

7
40

8
40

9
41

0
103

104

105

106

107

108

patient

C
ha

o2
 e

st
im

at
e

to
ta

l C
D

R
3 

re
ar

ra
ng

em
en

ts

236



 
Figure 18. Linear regression of Chao2 estimates of integration site and CDR3 sequence total 
diversities. Dotted lines represent 95% confidence interval, and p value indicates probability that 
slope is zero. 
 

 
Figure 19. Correlation of integration site and TCR rearrangement diversity with conditioning 
and cell dose. Dotted lines represent 95% confidence interval, and p value indicates probability 
that slope is zero. 
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Table 3. Oligonucleotide sequences 
Oligo&name& Sequence&(5’23’)&

MNDright&linear& biotin2AGCCTCTTGCTGTTTGCATC&

MNDright&PCR& AATGATACGGCGACCACCGAGATCTACACTGGGAGGGTCTCCTCAGATTGATTG&

GCSAPright&PCR& AATGATACGGCGACCACCGAGATCTACACTGGAGGGTCTCCTCTGAGTGATTG&

GCSAPright&read&1& CACTAGGGTCTCCTCTGAGTGATTGACTACCC&

MNDright&read&1& AGATCTACACTTCCTCAGATTGATTGACTGCCC&

index&n&PCR& CAAGCAGAAGACGGCATACGAGAT2index2GTGACTGGAGTTCAGACGTGT&

read&2&linker& phosphate2AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC23C&Spacer&

P5& AATGATACGGCGACCACCGA&

P7& CAAGCAGAAGACGGCATACG&

FAM2read&2& 62FAM2TGGAGTTCA2Zen2GACGTGTGCTCTTCCGATCT2Iowa&Black&FQ&

MND/GCSAP&F& TGTTTGCATCCGAATCGTGG&

MND/GCSAP&R& CTGGGCAGGGGTCTCCA&

FAM2MND/GCSAP&U5& 62FAM2TCTGAGGAG2Zen2ACCCTCCCAAGGATCAGCGA2Iowa&Black&FQ&

uc378&F& CGCCCCCTCCTCACCATTAT&

uc378&R& CATCACAACCATCGCTGCCT&

HEX2uc378& HEX2TTACCTTGC2Zen2TTGTCGGACCAAGGCA2Iowa&Black&FQ&

30421F& TCTTCCGATAGACTGCGTCG&

30421R& AGCACAAAACCAACTAACAACCA&

30521F& GCCTCTTGCTGTTTGCATCC&

30521R& TGTAAAGGCAGAGTCATCTCAC&

30621F& TGTTTGCATCCGAATCGTGGA&

30621R& TGCCTGGGATCTCAAATCATGT&

40221F& CCTCTTGCTGTTTGCATCCG&

40221R& CCCAAATAGAGCAGAGTCGAGG&

40222F& GTTTGCATCCGAATCGTGGA&

40222R& GCTTTGATTTTGGCGTGTGT&

40223F& GCCTCTTGCTGTTTGCATCC&

40223R& CCAAAACATGAGACATGGCACT&

40224F& CTCTTGCTGTTTGCATCCGAATC&

40224R& CCTCCTACCTCCCAGCAAAAAG&

40321F& AGCCTCTTGCTGTTTGCATC&

40321R& GGGTTATGTACAAAGTAATGGGTGT&

TRBJ121& AATGATACGGCGACCACCGAGATCTACACTTTACCTACAACTGTGAGTCTGGTGCCTTGTCCAAA&

TRBJ122& AATGATACGGCGACCACCGAGATCTACACTACCTACAACGGTTAACCTGGTCCCCGAACCGAA&

TRBJ123& AATGATACGGCGACCACCGAGATCTACACTACCTACAACAGTGAGCCAACTTCCCTCTCCAAA&

TRBJ124& AATGATACGGCGACCACCGAGATCTACACTCCAAGACAGAGAGCTGGGTTCCACTGCCAAA&

TRBJ125& AATGATACGGCGACCACCGAGATCTACACTCTGTCACAGTGAGCCTGGTCCCGTTCCCAAA&

TRBJ126& AATGATACGGCGACCACCGAGATCTACACTCTGTCACAGTGAGCCTGGTCCCGTTCCCAAA&

TRBJ221& AATGATACGGCGACCACCGAGATCTACACTCGGTGAGCCGTGTCCCTGGCCCGAA&

TRBJ222& AATGATACGGCGACCACCGAGATCTACACTCCAGTACGGTCAGCCTAGAGCCTTCTCCAAA&

TRBJ223& AATGATACGGCGACCACCGAGATCTACACTACTGTCAGCCGGGTGCCTGGGCCAAA&

TRBJ224& AATGATACGGCGACCACCGAGATCTACACTAGAGCCGGGTCCCGGCGCCGAA&
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TRBJ225& AATGATACGGCGACCACCGAGATCTACACTGGAGCCGCGTGCCTGGCCCGAA&
TRBJ226& AATGATACGGCGACCACCGAGATCTACACTGTCAGCCTGCTGCCGGCCCCGAA&
TRBJ227& AATGATACGGCGACCACCGAGATCTACACTGTGAGCCTGGTGCCCGGCCCGAA&
TRBV2& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCAAATTTCACTCTGAAGATCCGGTCCACAA&&&
TRBV321& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTCACTTAAATCTTCACATCAATTCCCTGG&&
TRBV2921& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTAACATTCTCAACTCTGACTGTGAGCAACA&
TRBV9& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCACTCTGAACTAAACCTGAGCTCTCTG&&&
TRBV13& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCATTCTGAACTGAACATGAGCTCCTTGG&&&
TRBV30& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGGCAGTTCATCCTGAGTTCTAAGAAGC&&
TRBV521& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTCTGAGATGAATGTGAGCACCTTG&&&
TRBV16& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTGTAGCCTTGAGATCCAGGCTACGA&&&
TRBV421& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTAAACCTTCACCTACACGCCCTGC&&
TRBV523& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTCTGAGATGAATGTGAGTGCCTTG&&
TRBV723& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCTACTCTGAAGATCCAGCGCACAG&&
TRBV1122& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCCACTCTCAAGATCCAGCCTGCAA&&
TRBV15& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGATAACTTCCAATCCAGGAGGCCGA&&&
TRBV2021& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTGTCCACTCTGACAGTGACCAGTG&&
TRBV(422,&423)& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTATTCCTTCACCTACACACCCTGC&
TRBV(524,&525,&526,&527,&528)& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTCTGAGCTGAATGTGAACGCCTTG&
TRBV721& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCACTCTGAAGTTCCAGCGCACAC&&&
TRBV724& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCACTCTGAAGATCCAGCGCACAG&&&
TRBV727& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCACTCTGACGATTCAGCGCACAG&&&
TRBV728& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCACTCTGAAGATCCAGCGCACAC&&&
TRBV(1121,&1123)& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCACTCTCAAGATCCAGCCTGCAG&&&
TRBV(1223,&1224,&1225)& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCACTCTGAAGATCCAGCCCTCAG&&&
TRBV14& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTACTCTGAAGGTGCAGCCTGCAG&&&
TRBV18& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCATCCTGAGGATCCAGCAGGTAG&&&
TRBV722& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCACTCTGACGATCCAGCGCACAC&&&
TRBV726& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCACTCTGACGATCCAGCGCACAG&&&
TRBV729& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCACCTTGGAGATCCAGCGCACAG&&&
TRBV1022& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCCCCTCACTCTGGAGTCAGCTA&&&
TRBV1023& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCTCCTCACTCTGGAGTCCGCTA&&&
TRBV17& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTTCCACGCTGAAGATCCATCCCG&&
TRBV2421& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCCCTGTCCCTAGAGTCTGCCAT&&
TRBV28& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCCCTGATTCTGGAGTCCGCCA&&&
TRBV621& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCGCTCAGGCTGGAGTCGGCTG&&&
TRBV(622,&623)& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCGCTCAGGCTGGAGTCGGCTG&&&
TRBV627& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCCCTCAAGCTGGAGTCAGCTG&&&
TRBV1021& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCCCTCACTCTGGAGTCTGCTG&&&
TRBV2321& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCAGCCTGGCAATCCTGTCCTCAG&&
TRBV624& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCCTCACGTTGGCGTCTGCTG&&&
TRBV626& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGCTCAGGCTGGAGTTGGCTG&&&
TRBV628& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCACTCAGGCTGGTGTCGGCTG&&&
TRBV19& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCTCTCACTGTGACATCGGCCC&&
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TRBV27& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCCTGATCCTGGAGTCGCCCA&&&
TRBV625& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTCAGGCTGCTGTCGGCTG&&&
TRBV629& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGCTCAGGCTGGAGTCAGCTG&&
TRBV2521& GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCCTGACCCTGGAGTCTGCCA&&
TRBseq&121& ACAACTGTGAGTCTGGTGCCTTGTCCAAAGAAA&
TRBseq&122& ACAACGGTTAACCTGGTCCCCGAACCGAAGGTG&
TRBseq&123& ACAACAGTGAGCCAACTTCCCTCTCCAAAATAT&
TRBseq&124& AAGACAGAGAGCTGGGTTCCACTGCCAAAAAAC&
TRBseq&125& AGGATGGAGAGTCGAGTCCCATCACCAAAATGC&
TRBseq&126& GTCACAGTGAGCCTGGTCCCGTTCCCAAAGTGG&
TRBseq&221& AGCACGGTGAGCCGTGTCCCTGGCCCGAAGAAC&
TRBseq&222& AGTACGGTCAGCCTAGAGCCTTCTCCAAAAAAC&
TRBseq&223& AGCACTGTCAGCCGGGTGCCTGGGCCAAAATAC&
TRBseq&224& AGCACTGAGAGCCGGGTCCCGGCGCCGAAGTAC&
TRBseq&225& AGCACCAGGAGCCGCGTGCCTGGCCCGAAGTAC&
TRBseq&226& AGCACGGTCAGCCTGCTGCCGGCCCCGAAAGTC&
TRBseq&227& GTGACCGTGAGCCTGGTGCCCGGCCCGAAGTAC&
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Materials and methods 
 
Gene therapy procedure 

 The clinical protocol has been described previously (Candotti et al. 2012). Briefly, bone 

marrow was harvested from the iliac crest and a backup was cryopreserved. Mononuclear cells 

were obtained by density centrifugation with Ficoll-Hypaque and CD34+ cells were enriched for 

the 300 series with an Isolex 300i instrument (Baxter Therapeutics) and for the 400 series with a 

CliniMacs (Miltenyi Biotec Inc, Auburn CA). For the 300 series patients, cells were split equally 

into two culture vessels coated with recombinant fibronectin fragment CH-296 and stimulated 

for 40-48 hours in X-VIVO 15 medium (Lonza) with 50 ng/mL stem cell factor (Amgen), 300 

ng/mL Flt-3 ligand, 50 ng/mL megakaryocyte growth and differentiation factor and 1% human 

serum albumin. Cells were then pelleted and resuspended in X-VIVO 15-based retroviral 

supernatant containing one of either MND-ADA or GCsapM-ADA supplemented with the 

above cytokines, and this was repeated twice at 24h intervals. For the 400 series patients, the 

protocol was the same except for the use of a single culture vessel and only the MND-ADA 

retroviral supernatant. At the end of the transduction period, cells were washed thrice with 

Plasma-Lyte 1% HSA and suspended in 10-25 mL Plasma-Lyte 1% HSA to constitute the final 

cell product. Busulfan was administered intravenously in 1 or 2 doses during the ex vivo 

transduction procedure, and the dosage was 65-90 mg/m2 total for the 300 series patients and 90 

mg/m2 (approximately 4  mg/kg) for the 400 series patients. 

 

Vector copy number measurement 

 Droplet digital PCR (ddPCR) was performed using the Bio-Rad QX100 Droplet Digital 

PCR System. Template DNA not exceeding 100,000 copies of vector or genomic normalization 
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targets was used to set up a 20 mcL ddPCR reaction with MND/GCSAP and uc378 primers 

and probes, with 2X ddPCR Supermix for Probes (Bio-Rad), 400 nM final concentration of 

each primer, 200 nM final concentration of each probe and 1 unit of DraI enzyme (New 

England Biolabs). In the cases of integration site-specific VCN measurement, the 

MND/GCSAP primers were substituted with integration site-specific primer pairs (labeled 304-

1 through 403-1), which also flanked the FAM-MND/GCSAP U5 probe. 

 

Integration site sequencing 

Genomic DNA was extracted from cryopreserved PBMCs. Template DNA amount used 

was dependent on availability, and capped at the lesser of 75,000 proviral molecules or 150,000 

haploid genomes, as estimated by ddPCR on DNA samples. An adaptation of nrLAM-PCR 

was used to produce integration site sequencing libraries for Illumina sequencing (Paruzynski et 

al. 2010; Gabriel et al. 2009; Candotti et al. 2012; Carbonaro et al. 2014; Romero et al. 2013; 

McCracken et al. 2013; Stoyanova et al. 2013; Hoban et al. 2015). Fifty cycles of linear 

amplification were performed using AccuPrime Taq with primers MNDright linear and 

GCSAPright linear (94° 2m, 50 cycles 94° 15s 65° 5s). Linear reactions were purified using 1.5 

volumes of AMPure XP beads (Beckman Genomics) and captured onto M-280 Streptavidin 

Dynabeads (Invitrogen Dynal). Captured ssDNA was ligated to read 2 linker using CircLigase II 

(Epicentre) in a 10 microliter reaction at 65° for 1-2 hours. Thirty cycles of PCR was performed 

on these beads using Herculase II polymerase and primers MNDright PCR, GCSAPright PCR 

and index n PCR (n between 1-136), where n was used for only one sample per Illumina 

sequencing lane. PCR products were quantified by densitometry after gel electrophoresis, mixed 

in equimolar proportion, purified with 1.2 volumes of AMPure XP beads, and quantified by 
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ddPCR using P5 and P7 primers and FAM-read 2 probe. Paired-end 100nt sequencing was run 

on Illumina HiSeq 2000 instruments using v3 flow cells and an equimolar mix of custom read 1 

sequencing primers GCSAPright read 1 and MNDright read 1. Raw sequence reads were 

processed on the UCLA Hoffman2 computing cluster using a custom Python parallel pipeline 

and wrapper around Bowtie2, which was used to map vector-adjacent sequences to the hg19 

build of the human genome (Langmead & Salzberg 2012). Subsequent analyses were performed 

using the iPython scientific computing environment (Perez & Granger 2007). 

 

T-cell receptor beta chain CDR3 region sequencing 

 An adaptation of a previously reported multiplex PCR procedure was used to amplify 

CDR3 VDJ junctions from PBMC genomic DNA samples (Robins et al. 2009). The two PCR 

strategy used in the previous study was simplified into a one PCR strategy to minimize PCR bias 

and contamination risk. Fifty mcL reactions were set up with AccuPrime Taq Polymerase, 

AccuPrime buffer I, 77 nM final concentration of each J primer, 1.76 nM final concentration of 

each V primer, and 800 nM final concentration of index n primer. Template DNA amount was 

dependent on availability and capped at 150,000 haploid genomes, as estimated by ddPCR. 

Thirty-five cycles of PCR was done, and products were then quantified by densitometry after gel 

electrophoresis, mixed in equimolar ratio, purified with 1.2 volumes of AMPure XP beads, and 

quantified via ddPCR using P5/P7 primers and FAM-read 2 probe. Four PCR reactions on 

individual samples of genomic DNA were sequenced to allow for diversity estimation by Chao2 

estimation (Chao 1987). A custom Python wrapper script around the MiTCR software package 

was used to process paired end Illumina sequencing data, infer V and J segment identity, and 

extract CDR3 region nucleotide and amino acid sequences (Bolotin et al. 2013). Comparison of 
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multiplex PCR on genomic DNA and 5’ RACE PCR via the TCR-LA-MC method on RNA 

extracted from the same cell pellets of healthy donors suggested method-specific biases in 

segment detection, but all segments were detected (Ruggiero et al. 2015). 

 

Flow cytometry and fluorescence-activated cell sorting 

 Whole blood was stained with PE-Cy™7 Mouse Anti-Human CD19 (BD cat no. 

557835), APC Mouse Anti-Human CD11b/Mac-1 (BD cat no. 550019), PE Mouse Anti-

Human CD56 (BD cat no. 340363), and Brilliant Violet™ 421 Mouse Anti-Human CD3 (BD 

cat no. 562426). After red cell lysis with PharmLyse (BD cat no. 555899), sorting was performed 

on a BD FacsARIA instrument. 

 NK cell analysis was performed with NKG2C-PE clone 134591 (R&D Systems), 

CD56-FITC and CD3-BV421 antibodies. 

 

RNA-seq 

 Ovation, Encore kits. RNA and DNA were isolated from sorted NK cells using the 

AllPrep DNA/RNA Mini Kit. RNA was quantified with the RiboGreen reagent, and 10 ng was 

used to generate cDNA using the Nugen Ovation RNA-Seq System v2 kit. cDNA was then 

readied for Illumina paired-end 100bp sequencing with the Nugen Encore Rapid Library System 

and sequenced on an Illumina HiSeq 2000 using a v3 flowcell. 15,855,312, 15,543,710 and 

16,830,987 sequence reads were obtained from 301, HD1 and HD2 NK cells, respectively. Raw 

reads were aligned with STAR v2.3.0, and gene-level expression analysis and differential 

expression analysis were performed using cufflinks and cuffdiff v2.1.1 (Dobin et al. 2013; 

Trapnell et al. 2010; Trapnell et al. 2013; Roberts et al. 2011). 
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Data and statistical analyses 

 The iPython interactive computing environment was used for all statistical analyses, 

which employed the packages SciPy, NumPy, and Matplotlib (Perez & Granger 2007; van der 

Walt et al. 2011; Hunter 2007). 
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Conclusions and future directions 

The clonal tracking field has expanded considerably in the past several years, with the 

popularization and commodification of high-throughput sequencing and the dissemination of 

the complex molecular techniques required for integration site sequencing, barcoded vector 

library production, and the bioinformatics techniques needed to analyze the resulting data. In the 

past, most experimental approaches required removal of the cells of interest from the organism, 

genetic modification with either a randomly integrating element or random barcode sequence, 

and subsequent transplantation of the modified cells. More recently, researchers have begun to 

develop the methods needed to genetically tag clones in situ, thus obviating the need for ex vivo 

manipulation (Peikon et al. 2014). Early results looking at the dynamics of hematopoiesis 

suggest that some of the inferences made about hematopoiesis based on mouse and human 

transplantation experiments may need to be revised when experiments are performed on non-

transplanted clones (Sun et al. 2014). These approaches, combined with other gene vectors, may 

also soon allow for powerful clonal tracking in new tissues of interest, such as the brain, where 

results may be able to help determine the structure of the connectome (Zador et al. 2012). 

Gene therapy approaches continue to advance, and integrating viral vectors continue to 

be made safer through experiments in novel systems, such as cancer-sensitized mice with defects 

in the tumor suppressor locus Cdkn2a (Montini et al. 2006; Cesana et al. 2014). Some of these 

studies have examined the propensity of lentiviral vectors to disrupt gene splicing when they 

integrate into transcription units, as well as the effectiveness of enhancer-blocking insulator 

elements (Cesana et al. 2012). These developments will lead to new generations of lentiviral 

vectors for gene addition with further reduced probability of gene dysregulation and oncogenesis. 

Though viral vectors have been improved significantly, the rapid rise of gene editing 
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technologies threatens to render viral vector gene addition obsolete (Naldini 2015). Clonal 

tracking will continue to be important in these experiments, though, whether in a pre-clinical 

studies of nuclease accuracy or after therapy through the use of preexisting mutations or 

incorporation of barcode sequences (Tsai et al. 2014). 
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