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 Lentivirus is a type of retrovirus that can integrate viral genetic information into the 

DNA of the host cell. Lentivirus has gone through generations of engineering to become a 

safe robust gene delivery vehicle for gene and cell therapies, known as the lentiviral vectors 

(LVs). LVs demonstrate advantages over other gene delivery methods including effective 

infections of both dividing and non-dividing cells, long-term stable expression of the 

transgene, and relatively safe integration profile. Autologous hematopoietic stem cell 

transplant (HSCT) in combination with gene therapy has successfully treated multiple 

genetic blood diseases, such as sickle cell disease and severe combined 

immunodeficiency, in clinical trials. In this approach, the patient’s own HSCs are collected 

from either bone marrow or mobilized peripheral blood, genetically modified with LVs in a 

cell-culture plate, and transplanted back to the same patient, thereby avoiding many 

immune complications associated with allogeneic HSCT. The genetically modified HSCs 

with the therapeutic gene can self-renew and differentiate into different blood cells, 

therefore providing life-long therapeutic benefits for patients.  
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 The success of lentiviral gene therapy relies on several intrinsic properties of the 

LVs. The first property is the viral titer, the concentration of transduction units (TU) per 

milliliter (mL). We and others have observed that titer decreases with increasing vector 

length, making it difficult to produce LVs with high titers for diseases that require large 

transgenes. Next, infectivity or the gene transfer capacity is a measure of how well the 

vector can transfer its genome into HSCs at a given dose of TU/mL. Some LVs have limited 

gene transfer capacity that the copies of the integrated genome do not further increase with 

additional TU and cannot achieve the minimum copy number required for therapeutic 

benefits.  

 Although the vector length is a well-known factor that affects titer and infectivity, how 

the vector genome limits the lentiviral lifecycle remains elusive. In Chapter 2, we compared a 

“well-behaved” clinical LV, EFS-ADA (4 kb), and a “poorly-performing” β-globin LV, Lenti/βAS3-

FB (8.9 kb), at different steps of lentiviral lifecycle and identified several rate-limiting steps. We 

observed that the viral RNA (vRNA) of Lenti/βAS3-FB, but not vRNA of EFS-ADA, was heavily 

truncated. These truncated vRNAs failed to be reverse transcribed and subsequently cannot be 

integrated into the host cell genome. We also demonstrated that virion particle formation, 

measured by p24 ELISA, was impaired in Lenti/βAS3-FB and other reverse-oriented LVs, as 

they triggered certain cellular antiviral responses. Our findings uncovered two rate-limiting 

steps, vRNA truncation and defective virion formation, in the lentiviral lifecycle leading to low 

titer and infectivity.  

 We then developed strategies to overcome these two roadblocks. In Chapter 3, we 

focused on overcoming cellular restriction factors (RF) in the packaging cells by conducting a 

targeted CRISPR Cas9 screen to knock out potential RFs. We created a new packaging cell line 

CRISPRed HEK293T to Disrupt Antiviral Responses (CHEDAR) by knocking out OAS1, LDLR, 
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and PKR. In Chapter 4, we explored several methods to improve vRNA production, such as 

shortening the vector length, packaging with Tat, and overexpressing transcription elongation 

factors. The strategies described in Chapters 3 and 4 worked additively to increase titer and 

infectivity of different LVs, especially those with low titer or reverse-oriented transgene 

cassettes.  

 In summary, the work described in this thesis elucidates the rate-limiting steps in 

lentiviral production and demonstrates multiple strategies to increase titer and infectivity of LVs. 

We hope this work help to advance the field of gene and cell therapy by improving the 

production technology and reducing the cost to make the therapy more effective and accessible 

for patients.  
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CHAPTER 1 

INTRODUCTION  

The Development of Lentiviral Vectors in Gene and Cell Therapy  
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INTRODUCTION 

 Gene therapy enables the addition, deletion, or modification of a person’s genome with 

the intention of treating diseases, such as those caused by genetic deficiencies. Moreover, gene 

therapy can endow a cell with a new capability that doesn’t exist in the natural state. An 

example is the adoptive T cell therapy for treating cancers, which enables T cells to recognize 

antigens that the endogenous T cell receptors cannot recognize.  

Retroviral vectors are typically used as gene delivery vehicles because they result in a 

stable integration of the gene of interest to be expressed in the host cells. There are two types 

of retroviral vectors, γ-retroviruses derived from murine leukemia viruses (MLV) and lentiviruses 

derived from HIV-11. There has been a general tendency to switch from using MLV vectors to 

lentiviral vectors (LV) since the mid-2000s for several reasons: 1) unlike MLV which can only 

transduce dividing cells, lentiviruses can transduce both dividing and non-dividing cells; 2) 

lentiviruses tend to have safer integration profile compared to MLV vectors2.   

Figure 1. Autologous HSC transplant in combination with ex vivo gene therapy 
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In the past, patients with blood cell genetic diseases, such as sickle cell disease, severe 

combined immunodeficiency, chronic granulomatous disease, and many more, had limited 

treatment options. The only cure available for these patients was an allogenic HSC transplant 

from an immunologically matching donor. Although allogenic HSC transplant has been 

successful, many patients could not find an immunologically matching donor. Even when donors 

are available, the recipients face many immunological complications, including graft versus host 

disease and graft rejection. In contrast, autologous hematopoietic stem cell transplant in 

combination with gene therapy uses patients’ own HSCs for ex vivo gene modification and 

subsequently reinfuses the cells back to the same patients, thereby avoiding many immune 

complications (Fig. 1). Hematopoietic stem cell (HSC) transplant in combination with lentiviral-

based gene therapy has successfully treated various genetic blood cell diseases in clinical 

trials3–6.  

With the advances of clinical successes, several gene and cell therapy drug products 

have been approved by FDA for commercial uses. CAR T-cell therapies, Yescarta and Kymriah, 

were approved by FDA to treat aggressive B-cell lymphomas, B-cell leukemia, and relapsed or 

refractory mantle cell lymphoma. The production capability of clinical-grade LVs is a critical 

issue for the implementation of these novel therapies to become standard of care. Thus, this 

chapter discusses lentiviral biology, and the development of lentiviral vectors, and the clinical 

applications of LVs.    

 

LENTIVIRAL BIOLOGY 

LV is derived from the single-stranded RNA retrovirus, HIV-1. The basic viral genes 

required for lentiviral survival and functions are the gag, pol, and env genes7. Gag encodes the 

structural polyprotein, matrix, capsid, and nucleocapsid proteins, for the assembly of the viral 
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particles. Pol encodes several critical enzymes for lentiviral activity, including reverse 

transcriptase, integrase, and protease. Env encodes the viral surface glycoprotein gp160 that is 

cleaved into two segments: gp120 mediates viral binding to cells, and gp41 regulates the fusion 

of viral particles and cellular membrane. These components enable LVs to retain the essential 

functions of HIV-1. 

In addition to these essential genes, the lentiviral genome also contains auxiliary genes, 

such as vpr, vif, vpu, and nef, as well as regulatory genes, such as tat and rev7,8. Vpr promotes 

cell-cycle arrest and assists the infection of non-dividing cells. Vif inhibits the host cell antiviral 

factor APOBEC3G and promotes a more stable reverse transcriptase complex. Vpu facilitates 

the release of virions. Nef prevents cell suicide and enhances viral infectivity, contributing to the 

progress of HIV. Tat enhances viral RNA transcription by regulating RNA polymerase II. Lastly, 

Rev binds to the rre sequence on viral RNA and promotes the nuclear export of the transcripts. 

These components, except Rev, were generally considered to be optional for the production of 

lentiviral vectors in the third generation of the packaging system.    

The lentiviral lifecycle begins when the viral envelope glycoprotein binds to the specific 

receptor on the cellular membrane. After the initial interaction, viral transmembrane proteins 

change conformation to allow the membrane fusion of the virus and host cell. Upon entering the 

cell, the structural proteins uncoat to release the viral RNA and proteins into the cytoplasm. The 

viral RNA is reverse transcribed into double-stranded viral DNA. The viral DNA is then imported 

into the nucleus and integrated into the host cell genome. The integrated proviral genome is 

transcribed and translated using the host cell machinery, producing essential viral proteins and 

viral RNA for the assembly of new viral particles.  The viral progenies are subsequently released 

into the extracellular space from the host cell through a process known as budding. The viral 

progenies can infect other cells and repeat this lifecycle to replicate. 
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DEVELOPMENT OF LENTIVIRAL VECTORS 

Packaging Systems 

In an attempt to make lentivirus safer and less pathogenic, three generations of LV 

production system by transient transfection were developed (Fig. 2)23. The first generation of 

packaging system has all of the HIV-1 genes except the envelope. The second generation of 

packaging system further removes all the auxiliary genes, such as vpr, vif, vpu, and nef. To 

date, the third-generation packaging system remains to be the most widely used system for 

R&D and clinical purposes. It is a four-plasmid system, including the transfer plasmid encoding 

the viral RNA, envelope plasmid encoding the structural envelope protein, packaging plasmid 

encoding gag and pol, and lastly regulatory protein-encoding rev. The nonoverlapping split 

genome constructs reduce the potential of recombination, which could result in the generation of 

replication-competent lentivirus8. Tat is also deleted in the third-generation packaging system. 

Tat enhances transcription by binding to the U3 promoter of the 5’ long-terminal repeats (LTR), 

which has been replaced by a constitutively active promoter, such as cytomegalovirus (CMV) 

Figure 2. Different generations of lentiviral packaging plasmids 
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promoter 9–11 or Rous Sarcoma Virus (RSV) promoter8. The deletions of the enhancers and 

promoter in U3 also prevent the self-activation of the LV in target cells so that no full-length viral 

RNA can be transcribed after integration. These advancements in vector development minimize 

the possibility of recombination and prevent the insertional activation of cellular oncogenes or 

transcriptional interferences by the integrated viral genomes.  

 

Lentiviral Vector Production 

A common way to produce LVs is through transient transfection of HEK293T cells. The 

workflow is outlined in Fig. 3.  HEK293T are plated in tissue culture-treated plates 24 hours 

before transfection. ~70% of confluent cells are transfected with the various plasmids discussed 

above. Different transfection reagents have been tested, including calcium phosphate12, 

polyethylenimine13, and lipofectamine14. ~20 hours after transfection, cells are incubated in D10 

with 10 mM sodium butyrate and 20 mM HEPES for 6-8 hours. Sodium butyrate treatment leads 

to histone hyperacetylation, which transforms the chromatin structure into a more relaxed state 

and increases the gene transcription level. Cells are allowed to transcribe viral components for 

assembly into viral particles. LVs can be collected either as raw supernatant or concentrated 

virus. Typical raw lentiviral titer range from 105 to 107 transduction unit per mL.  

Figure 3. Workflow of packging and titering 
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Increased titers for in vivo applications can be achieved by techniques, such as 

ultracentrifugation and ultrafiltration. Ultracentrifugation is a technique used to spin LVs at a high 

speed (26,000 rpm for 90 minutes at 4oC) to isolate the smaller sized infectious particles and 

remove the excess media. Ultrafiltration uses the fluid pressure to drive the migration of the 

undesired smaller molecules through an ultrafiltration membrane with the retention of desired 

bigger molecules. LVs pseudotyped with VSVG glycoprotein have been shown to be compatible 

with both ultracentrifugation and ultrafiltration without significant loss in titer15,16. Then the LVs 

are typically titered in a cell line to determine the transduction units per mL. We typically use the 

LVs to transduce HT-29 colorectal adenocarcinoma cells and measure the vector copy number 

3 days after transduction by droplet digital PCR (ddPCR).  

HEK293T is commonly used for LV production because of the fast cell growth rate and 

high transfection efficiency in comparison to the parental HEK293 cells17. The parental HEK293 

cells were transformed into HEK293T cells by the introduction of human adenovirus 5 (hAd5) 

DNA and the expression of the large T antigen (TAg) of simian virus 40 (SV40). The TAg and 

adenovirus E1A inactivates the cellular tumor suppressor p53 and inhibits interferon (IFN) 

responses by suppressing IRF3 and other IFN-dependent transcription18–20. However, HEK293T 

cells are relatively limited in scalability because of the adherent nature of these cells. Hence, 

several adherent cell lines, like 293T, 293FT, and 293SF-3F6, have been modified into 

suspension cells by selecting them in chemically defined media (Freestyle 293 and F17)21–23. 

These suspension cells can be cultured in bioreactors, and therefore enable the industrial large-

scale production of LVs. 
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LENTIVIRAL VECTOR APPLICATIONS AND CHALLENGES  

 Functioning as a powerful and versatile vehicle for gene delivery, LV has enabled a 

broad range of applications, from biological research to human gene therapy. LVs are 

commonly used in research labs to express the gene of interest in the desired cells or express 

small interfering/short hairpin RNAs to suppress gene expressions. LVs have moved beyond the 

preclinical stage into clinical trials since the mid-2000s and have been used to effectively and 

safely treat multiple disorders. The diseases that have been treated with LVs in clinical trials 

include adenosine deaminase severe combined immune deficiency, X-linked severe combined 

immune deficiency, Wiskott-Aldrich Syndrome, chronic granulomatous disease, leukocyte 

adhesion deficiency, sickle cell disease, beta-thalassemia, Gaucher Disease, Fanconi anemia, 

and etc24. Using autologous HSCs for genetic modification avoids GVHD and reduces the 

amounts of conditioning chemotherapy required for the engraftment of HSCs, allowing improved 

safety profiles. Despite these early clinical successes, there are many challenges to overcome 

in order to translate gene and cell therapy into clinics.  

 We and others have observed that the titer and infectivity of LVs decrease with 

increasing proviral length. Low titer leads to low yield and increased production cost. Current 

platforms of vector production and purification process are not capable to package enough 

viruses for the treatment of diseases that affect many patients, such as leukemia, B-cell 

lymphoma, and sickle cell disease. Low infectivity means a larger dose of LVs is needed to 

achieve the therapeutic effect, further increasing the cost of the therapy. Moreover, a larger 

dose of LVs can potentially lead to greater side effects and elicit more intense immune 

responses in the transduced cells. In our clinical trial for sickle cell disease with the 8.9-kb Lenti/ 

βAS3FB, we observed suboptimal gene transfer (average 0.3 vector genomes/cell) in the 

patient and unfortunately did not achieve a sufficiently high copy number to correct the disease. 

The mechanisms of how increased proviral length leads to decreased titer and infectivity 
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remained elusive. Chapter 2 explores some of the mechanisms that cause low titer and 

infectivity and provides insights into how to overcome these hurdles.   

 Another challenge of the clinical use of LVs is that each disorder requires its specific 

vector with optimal expression, titer, and gene transfer efficiency. The vector development 

process takes years, as one parameter is typically optimized at the expense of the others. We 

have observed that the expression of the vector improves with increasing transgene length, 

while titer and gene transfer efficiency suffer. While finding a balance between the parameters is 

possible, vector development is an extremely time-consuming and expensive process. 

Therefore, in Chapter 3, we created a novel packaging cell line that can be applied to improve 

titers of different LVs so that expression can be prioritized in the vector development process. 

Our cell line may enable the applications of LVs with compromised titer but high expressions. 

Chapter 4 discusses several strategies to improve viral RNA production to improve titer and 

infectivity.  

 Despite the bright future that gene and cell therapy hold for treating various difficult 

diseases, many roadblocks prevent market access and large-scale applications of gene and cell 

therapy. Bluebird sets a $1.8 million price for its sickle cell disease gene therapy drug. From an 

R&D and clinical perspective, the high price is understandable because gene therapy 

development is much more costly than a conventional small molecule drug development. 

However, most patients cannot afford these gene and cell therapies without insurance 

coverage.  

 Improving titer and infectivity serves to decrease the production and treatment cost. The 

work in this thesis elucidated the mechanisms leading to low titer and infectivity and proposed 

several strategies to overcome those rate-limiting steps, resulting in improved titer and infectivity 

of LVs. We further created a versatile packaging cell line that can be readily applied to improve 
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the production of different LVs. We hope this work paves the way to decrease the cost and bring 

this technology to more patients.    
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ABSTRACT  

Lentiviral vectors (LV) commonly used for the treatment of hemoglobinopathies carry long, 

genomic β-globin sequences to achieve high-level erythroid-specific expression; the β-globin 

gene is in reverse-orientation to retain critical intronic sequences. These complex vectors often 

have low titers and suboptimal gene transfer efficiency, hindering clinical translation and 

commercialization for ex vivo gene therapy of hemoglobinopathies. Our overall objectives are to 

elucidate the mechanism(s) of the titer and infectivity reduction in complex vectors and to 

develop strategies to improve the vector design and production to create effective LVs for gene 

therapy. A systematic study of lentiviral lifecycle was conducted to compare a “well-behaved” 

simple vector, EFS-ADA (4 kb), and a “poorly-performing” complex β-globin vector, CCL-βAS3 

(8.9 kb). Many steps of the lentiviral lifecycle were examined: 1) viral RNA production in 

packaging cells, 2) viral RNA incorporation into the virions, 3) physical particle formation, and 4) 

reverse transcription. Viral RNA of the complex vector, Lenti/βAS3FB, were significantly more 

truncated in both packaging cells and LVs than viral RNAs of the simple vector, EFS-ADA. Only 

9% vRNA of the complex vector were complete vRNA that can be fully reverse transcribed and 

integrated into the host cell genomes compared to the 73% for EFS-ADA. Next-generation RNA 

sequencing was deployed to unbiasedly uncover the coverage of the full transcript. A gradual 

decrease in coverage toward the 3’ end was observed in the viral RNA of the 8.9-kb β-globin 

vector but not in the 6-kb β-globin vector, suggesting that the truncation may be caused by poor 

processivity of RNA polymerase (Pol) II. Furthermore, we observed that the complex vector with 

a reverse-orientation β-globin gene cassette had defective viral particle formation with reduced 

p24 production. Our findings uncovered an important role of complete vRNAs as substrates for 

each step of the lentiviral lifecycle and revealed that reverse-oriented Lenti/βAS3-FB had 

defective particle formation. The identification of the two rate-limiting steps in the lentiviral 

lifecycle provides insight into new strategies to improve titer and infectivity of lentiviral vectors.  
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INTRODUCTION  

 In multiple clinical trials, autologous hematopoietic stem cell (HSCs) transplantation in 

combination with gene therapy has produced clinical benefits with desirable long-term 

engraftment of gene corrected HSC and stable gene expression1–4. Despite these early 

successes, the lengthy and complex nature of some LVs has led to several challenges for 

clinical translation. We and others observed that titers of LVs decrease substantially with 

increasing proviral length5,6. The reduction in titer, especially in the vectors with complex 

expression cassettes, creates a barrier for scaling up Good Manufacturing Practices (GMP)-

grade vector production and significantly increases the production cost for clinical trials and 

commercialization7. Additionally, even when adjusted to matching transduction units, the 

complex vectors do not efficiently transduce HSCs, which are relatively resistant to LV infection, 

as efficiently as the simple vectors, often failing to achieve high vector copy number (VCN) and 

transgene expression to provide therapeutic benefits8. Low titer and infectivity associated with 

complex LVs present hurdles to the use of these LVs to treat diseases with complex transgene 

cassettes, like Duchenne muscular dystrophy (~15-kb proviral length) and sickle cell disease 

(~9-kb proviral length)9,10. 

Sickle cell disease (SCD) is one of the most common monogenic disorders worldwide 

with >250,000 new patients each year11. SCD is caused by a point mutation in the sixth codon 

of the β-globin gene, resulting in an abnormal hemoglobin molecule that aggregates at low 

oxygen tension, leading to rigid sickle-shaped red blood cells that occlude small blood vessels 

12–14. Using a dominant anti-sickling β-globin gene (e.g. T87Q or βAS3-globin) integrated into 

the patient’s own hematopoietic stem cells which are then reinfused back to the patient can 

potentially provide healthy non-sickling erythrocytes to patients throughout life. However, the 

development of β-globin LVs that allows efficient gene transfer into hematopoietic stem and 

progenitor cells (HSPCs) while maintaining stable, high-level, and lineage-specific expression of 
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the β-globin gene has been historically challenging15. Many regulatory elements from the β-

globin locus, such as 5’ and 3’ untranslated regions, introns, and parts of the β-globin locus 

control region (LCR), are necessary to maintain stable, high-level expression of the therapeutic 

gene. In addition, the β-globin gene cassette is typically placed in the anti-sense orientation 

relative to the direction of genome transcription during packaging, to prevent splicing of introns 

in the transgene. The complex nature of the β-globin LV, namely the long genome length and 

reverse orientation of the β-globin cassette, lowers the viral titer and infectivity.  

Small molecule transduction enhancers have been reported to improve the transduction 

efficiency of HSPCs16–18. Nonetheless, transduction enhancers do not affect the intrinsic 

infectious properties of the LVs, such as viral RNA transcription and infectious particle 

production. New methods to increase titer and gene transfer that can be used in combination 

with transduction enhancers will lead to additional clinical and commercial benefits.  

Although the main reason for poor infectivity and low titer has been attributed to the 

increased proviral length, the effects of complex proviral construct on lentiviral lifecycle have not 

been fully explored. Therefore, a systematic study of the lentiviral lifecycle was conducted to 

compare a “well-behaved” simple vector, EFS-ADA (4 kb), and a “poorly-performing” complex β-

globin vector, Lenti/βAS3-FB (8.9 kb). Several steps of the lentiviral lifecycle were examined: 1) 

viral RNA production in packaging cells, 2) viral RNA incorporation into virions, 3) physical 

vector particle formation, and 4) reverse transcription.  

Our results showed that the viral RNAs of long complex vectors in packaging cells were 

predominantly incomplete at the 3’ end and failed reverse transcription in target cells at the first 

strand transfer step, thus reducing the amount of vector DNA available for integration. In 

addition, we observed that the Lenti/βAS3 vector with its β-globin gene expression unit in 

reverse orientation yielded fewer virion particles (measured by p24 Gag) than were produced 

with forward-oriented vectors and even with empty vectors lacking any genome. These findings 
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may facilitate vector development and production not only with β-globin vectors but also with 

many complex vectors with low titer and infectivity.  

 

RESULTS 

Complex vectors had low titer and deficient gene transfer 

Lenti/βAS3-FB is an 8.9-kb LV carrying a complex anti-sickling β-globin gene cassette, 

as previously described by Romero et al10. The β-globin gene is driven by the endogenous β-

globin promoter and enhancers in the anti-sense (reverse) orientation, with the expression 

regulated by a “mini” locus control region (LCR) comprised of portions of the β-globin locus 

DNAse hypersensitive sites (HS) HS2, HS3, and HS4, as shown in Fig. 1A. In addition, 

Lenti/βAS3-FB contains the Woodchuck Hepatitis Virus post-transcriptional regulatory element 

(wPRE) and a 77-bp insulator in the U3 region of the 3’ LTR, termed as FB (FII-BEAD). EFS-

ADA is a 4-kb LV for treating adenosine deaminase severe combined immunodeficiency (ADA-

SCID) that is capable of high-level and consistent ADA gene transfer and expression19,20. The 

EFS-ADA vector consists of the human elongation factor-α gene “short” promoter (EFS) driving 

the expression of a codon-optimized human ADA gene cassette followed by the wPRE, all in the 

sense (forward) orientation. Both vectors consist of a pCCL backbone and differ only by the 

internal promoters and transgene cassettes21. We defined Lenti/βAS3-FB as a complex LV 
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because of the lengthy viral genome, additional enhancer elements for lineage-specific 

expression, and anti-sense orientation of the transgene cassette.  

Figure 1. Complex ß-globin vector, Lenti/ßAS3-FB, had low titer and infectivity in human bone marrow 
CD34+ hematopoietic stem and progenitor cells (HSPCs). (A) Maps of the proviral forms of EFS-ADA and 
Lenti/ßAS3-FB lentiviral vectors (LV). Both vectors consist of a pCCL backbone and differ only by the internal 
promoters and transgene cassettes. LVs are flanked by the 5’ and 3’ long terminal repeats (LTR). The EFS-
ADA provirus contains the mutated Woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) 
and codon-optimized adenosine deaminase (ADA) gene cassette driven by the EFS promoter. The 
Lenti/ßAS3-FB provirus contains the human ß-globin promoter (P) and the locus control region (LCR) 
hypersensitive sites (HS), HS2, HS3, and HS4 in anti-sense orientation driving the expression of the ß-globin 
gene cassette with 3' untranslated region (UTR) enhancer. The 3' LTR of Lenti/ßAS3-FB contains the 77 bp 
FB (FII-BEAD) insulator. (B) Viral titers of unconcentrated LVs (bars represent mean with SEM; n=6-9 from 3 
independent experiments; wilcoxon rank sum test; p<0.001). LVs in viral supernatant were assayed for titer by 
transducing HT29 cells at 10-fold serial dilution and vector copy number (VCN) measured by ddPCR. The 
MND-GFP (3.4 kb) provirus contains the GFP gene cassette driven by a ubiquitous, gamma-retroviral 
promoter, MND. Empty particle (EP) are vectors packaged without vector transfer plasmids. (C) Transduction 
of human bone marrow (BM) CD34+ HSPCs by LVs at three doses of transduction units (TU) per mL (bars 
represent mean with SEM; n=3 independent donors from 3 independent experiments; linear regression, 
comparison of slopes, p<0.01). 1e6 cells/mL of human BM CD34+ HSPCs cells were pre-stimulated with 
cytokines for 24 h and transduced with LVs at three doses of TU at MOI=1, 10, 100 for an additional 24 h. 
Cells were cultured in an in vitro myeloid differentiation condition, and VCN was measured 12 days after 
transduction. 
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To evaluate the viral titer of the Lenti/βAS3-FB LV in comparison to the EFS-ADA vector, 

LVs were packaged concurrently in 293T cells, and the titers of the unconcentrated viral 

supernatants were tested in parallel with the HT-29 cell line. The titer of Lenti/βAS3-FB was 

~12-fold lower than the titer of EFS-ADA (p<0.001, Wilcoxon rank-sum test) (Fig. 1B).  

To characterize the gene transfer efficiency of these vectors in clinically relevant target 

cells, prestimulated human BM CD34+ HSPCs from healthy donors were transduced at three 

doses of transduction units (TU), and the integrated VCN was measured by ddPCR 12 days 

after transduction. Lenti/βAS3-FB displayed less efficient gene transfer to human BM CD34+ 

cells than EFS-ADA (comparison of the slopes by linear regression, p=0.006), especially at 

higher doses (Fig. 1C). At the highest dose tested, 1x108 TU/mL, the average VCN of 

Lenti/βAS3-FB was 0.88 ± 0.23 versus 3.51 ± 0.83 for EFS-ADA in three independent donors, 

resulting in a 4-fold difference in transduction between the two LVs despite the use of the same 

MOIs. We subsequently used Lenti/βAS3-FB and EFS-ADA as examples of complex and simple 

LVs to study different steps of the lentiviral lifecycle, identify the blocks that restrict the 

performance of complex vectors and develop strategies to improve the titer and infectivity of 

complex vectors.  

 

Viral RNA of the complex vectors was truncated in packaging cells and vector particles  

To quantify RNA species at different stages of transcription, we designed multiple 

ddPCR primers and probes along with the viral RNA. Because transcription of vector plasmids 

starts at the 5’ LTR driven by the CMV promoter, RNA is transcribed in the following order: 

R/U5, primer binding site (PBS), transgene, and U3/R. R/U5 primers and probe were used to 

quantify Initial RNA, PBS primers and probe were used to quantify Intermediate RNA, and U3/R 

primers and probes were used to quantify Complete RNA (Fig. 2A). RNA was extracted from 
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both packaging cells and vector particles three days post-transfection in the packaging process. 

Equal masses of viral RNA were treated with DNAse and reverse transcribed with random 

primers. Amplifications of R/U5, PBS and U3/R regions were conducted to quantify the Initial, 

Intermediate, and Complete viral RNA by ddPCR. The sequences of the primers and probes 

were listed in Table 1.  

As shown in Fig. 2B, two simple vectors, EFS-ADA and MND-GFP, displayed similar 

levels of all three RNA species. The complex vector, Lenti/βAS3-FB, had similar levels of Initial 

and Intermediate RNA as EFS-ADA. Lenti/βAS3-FB had 15.4-fold fewer Complete RNA species 

than EFS-ADA. Only ~9.2% of Lenti/βAS3-FB RNA transcripts initiated at the 5’ LTR have intact 

3’ LTR RNA detected by the U3/R primers and probe, whereas ~72.9% viral RNA was complete 

in EFS-ADA (Fig. 2C). The amplification efficiencies by the three sets of primers and probes 

were assessed using plasmids and gave similar efficiency, suggesting that the decrease in 

Complete RNA in Lenti/βAS3-FB was not a PCR artifact (Fig. 3A, B, C).  

We further quantified the viral RNA content in vector particles to assess whether the 

RNA truncation was also observed in vector particles. EFS-ADA and MND-GFP displayed minor 

decreases in the RNA content from 5’ to 3’, whereas Lenti/βAS3-FB showed a substantial 

decrease in the level of Complete RNA, resulting in 42.9-fold lower Complete RNA in 

Lenti/βAS3-FB than in EFS-ADA (Fig. 2D). Lenti/βAS3-FB consisted of only 8% Complete viral 

RNAs in contrast to the 35.9% Complete RNA in EFS-ADA demonstrating that the RNA 

truncation was observed in both packaging cells and vector particles (Fig. 2E).   

The R/U5 primer and probes for quantification of Initial RNA may additionally pick up 

read-through transcripts through the 3’ LTR and introduce a systematic enrichment of R/U5 

sequences. To investigate the extent of transcription readthrough, we quantified the abundance 

of the sequences from the 3’ LTR U5 region to the SV40 polyadenylation site of the plasmid 

backbone by high-throughput RNA sequencing of the viral RNA (Fig. 3D). The read-through to 
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U5 was relatively low compared to transcription through the 5’LTR and therefore should not 

significantly over-estimate the R/U5 reads from the 5’LTR. In addition, the read-through 

Figure 2. Lenti/ßAS3-FB had reduced levels of Complete RNA in packaging cells and vector 
particles. (A) Schematic representation of viral RNA and the PCR primers and probes used to quantify 
each RNA species by ddPCR. Transcription starts at the 5' LTR driven by the CMV promoter, and RNA is 
transcribed in the following order: R/U5, PBS and U3/R. R/U5 primers were used to quantify Initial RNA, 
PBS primers quantify Intermediate RNA, and U/3R primers quantify Complete RNA. (B) The absolute 
quantification of viral RNA in 293T packaging cells measured by ddPCR and (C) the percentages of 
Intermediate and Complete viral RNA in 293T cells. Cells were harvested three days post transfection. 
Total RNA was extracted from 293T cells, treated with DNAse and reverse transcribed with random 
primers. The amounts of viral RNA species were quantified by ddPCR. The percentage of Intermediate 
RNA was calculated as Intermediate RNA/Initial RNA*100%, and the percentage of Complete RNA was 
calculated as Complete RNA/Initial RNA*100%. (D) The absolute quantification of viral RNA in 
unconcentrated viral supernatant measured by ddPCR and (E) the percentages of Intermediate and 
Complete RNA in vector particles (bars represent mean with SEM; n=5 dishes of identical cultures treated 
and analyzed in two independent experiments). 
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transcription would be a consistent systematic bias that should not affect the overall 

conclusions. 

Figure 3. Quantification of ddPCR primer amplification efficiencies and viral RNA transcription 
readthrough. (A) Schematic representation of primer binding sites in vector plasmids. (B) Copy 
number/ul by R/U5, PBS, and U3/R primers and probes in Lenti/ßAS3-FB plasmids (n=2 independent 
experiments). (C) Normalized copy number/ul. R/U5 copy number was divided by two because plasmids 
contain two copies of R/U5 (bars represent mean with SEM; n=2 independent experiments). (D) 
Alignment of RNA-seq reads to 3’LTR to SV40 polyadenylation sites in Integrative Genomics Viewers. 
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Table 1. Sequences of primers and probes  

Name Sequence 5’→3’ 

R/U5 FWD GCTAACTAGGGAACCCACTGCT 

R/U5 REV GGGTCTGAGGGATCTCTAGTTACCA 

R/U5 Probe FAM- CTTCAAGTAGTGTGTGCCCGTCTGT-31ABFQ 

PBS FWD AAGTAGTGTGTGCCCGTCTG 

PBS REV CCTCTGGTTTCCCTTTCGCT 

PBS Probe FAM-

CCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAG-

31ABFQ 

U3/R FWD AGCAGTGGGTTCCCTAGTTAG 

U3/R REV GGGACTGGAAGGGCTAATTC 

U3/R Probe FAM-AGAGACCCAGTACAAGCAAAAAGCAG-31ABFQ 

Psi FWD CTTGAAAGCGAAAGGGAAACC 

Psi REV CGCACCCATCTCTCTCCTTCT 

Psi Probe FAM-AGCTCTCTCGACGCAGGACTCGGC-31ABFQ 

SDC4 FWD CAGGGTCTGGGAGCCAAGT 

SDC4 REV GCACAGTGCTGGACATTGACA 

 

SDC4 Probe FAM - CCCACCGAACCCAAGAAACTAGAGGAGAAT - 

TAMRA 
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RNA-seq to examine the frequency of the viral RNA sequences across the entire 

transcript  

            We next explored the relationship between vector proviral length and viral RNA 

transcript completeness. A series of β-globin LVs of different lengths were packaged and titered 

concurrently, and the levels of Complete RNA in the unconcentrated viral supernatant were 

quantified. The proviral maps of the vectors used were listed in Figure 4.  
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           As expected, the titer of the LVs negatively correlated with the vector length (Pearson 

correlation, r2=0.81, p<0.01) (Fig. 5A). The concentration of Complete RNA also decreased with 

increasing vector length in all LVs (Pearson correlation, r2=0.68, p<0.05) (Fig. 5B). The 

decrease in Complete RNA in complex LVs could be caused by the presence of specific 

sequences, which lead to discrete termination of vector transcripts, such as cryptic 

polyadenylation signals or splice signals. Alternatively, there may be progressive termination of 

transcription in a length-dependent manner, consistent with a previous study that demonstrated 

that inefficient transcription of the HIV provirus is associated with premature termination of viral 

RNA, attributed to poor processivity of RNA Polymerase (Pol) II22.  To identify the mechanisms 

that truncate viral RNA, we characterized the frequency of the viral RNA sequences across the 

entire transcripts using Illumina RNA sequencing.  

          Viral RNA was extracted from unconcentrated viral supernatants packaged from three 

independent experiments, and sequencing library preparations were produced and sequenced 

by the UCLA Technology Center for Genomics & Bioinformatics. Two β-globin LVs of different 

lengths, Globe-AS3-FB (6.4-kb) and Lenti/βAS3-FB (8.9-kb), and the EFS-ADA LV (4.2-kb) 

were analyzed. Reads were aligned to the vector genome and plotted as the percentage of 

maximum reads versus the mapping position of the vector genome (Fig. 5C). All LVs had the 

most abundant reads at the 5’ LTR which progressively decreased in abundance toward the 3’ 

end. No discrete termination of viral transcripts was observed, suggesting the termination was 

not caused by the presence of specific problematic sequences. The reads of both Globe-AS3-

FB and EFS-ADA maintained at ~50% of the maximum reads at the 3’ LTR, whereas 

Figure 4. Maps of the lentiviral vector proviruses. All vectors consist of a pCCL backbone and differ only 
by the internal promoters and transgene cassettes. ΔU3, R, U5 are long terminal repeats (LTR). FB, FII-
BEAD insulator. Ψ, packaging signal. RRE, Rev response element. cPPT, central polypurine tract. 3’ UTR, 
ß-globin gene 3’ UTR enhancer elements. P, promoter. G, Gata1 erythroid transcription factor binding site. 
A, ankyrin-1 barrier insulator element. HS2, HS3, HS4, ß-globin locus hypersensitive sites 2, 3 and 4. EC2, 
EC3, EC4, enhancer core elements. WPRE, mutated woodchuck hepatitis virus post-transcriptional 
regulatory element. ß-Globin, ß-Globin gene cassette. UBC, ubiquitin C promoter. EFS, elongation factor 1 
alpha promoter. ADA, codon-optimized adenosine deaminase cDNA. BGH-ADA is shown in its RNA form 
because it is a truncated vector that cannot integrate.  
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Lenti/βAS3-FB experienced a further decrease after 6-kb, resulting in ~25% RNA with 3’ LTR. 

Figure 5. Viral RNA of LVs showed length-dependent decrease in completeness and coverage in 
RNA sequencing. (A) Comparison of titer vs vector length (bars represent mean with SEM; n=3 
independent experiments; Pearson correlation, r=-0.86, p<0.01) and (B) complete RNA vs vector length in 
a panel of ß-globin vectors of different lengths (Bars represent mean with SEM; n=3 independent 
experiments; Pearson correlation exclude Globe-AS3, r=-0.67, p<0.05). All ß-globin vectors were 
packaged and assayed concurrently. Viral RNA was extracted from vector particles. (C) Percentage of 
maximum reads of EFS-ADA, Globe-AS3-FB, and Lenti/ßAS3-FB vs vector length (n=3 independent 
experiments). Schematic representation of the viral RNA is displayed below. LVs were packaged in three 
independent experiments. Total RNA was extracted from 140 µL unconcentrated viral supernatant followed 
by DNAse treatment. RNA was fragmented to an average of 400 bp, reverse transcribed by random 
priming, and sequencing adaptors ligated. The library was sequenced on illumina HiSeq 3000.  
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The decrease in coverage from 6 to 9 kb in the two β-globin vectors with similar sequences but 

different lengths suggested that the RNA truncation is length-dependent and is likely to be 

caused by poor processivity of RNA Pol II.  

 

Truncated RNA failed reverse transcription at the first strand transfer  

        We next investigated the reverse transcription kinetics of Lenti/βAS3-FB and EFS-ADA in 

target cells to elucidate the inhibitory effect of truncated RNA. The steps of reverse transcription, 

locations of ddPCR primers and probes, and the reverse transcribed products are illustrated in 

Figure 6A. A tRNA serves as a primer and binds to a complementary sequence on the 5’ end of 

the viral RNA genome termed as the primer binding site (PBS) to initiate reverse transcription 

(first strand priming). First strand synthesis proceeds from 5’ to 3’ to make the single-stranded 

DNA copy of the R and U5 regions, and then RNAse H degrades the R and U5 regions on the 5’ 

end of the viral RNA. The newly formed first strand viral DNA then finds the complementary R 

on the 3’ end of the viral genome (first strand transfer) and resumes the first strand synthesis 

from 5’ to 3’ using the viral RNA as a template.  First strand viral DNA elongates to generate the 

U3 region first and, in the end, the Psi region. Therefore, primer and probes spanning the R/U5 

region were designed to quantify early reverse transcribed products (first strand priming), primer 

and probes spanning the U3/R region were designed to quantify intermediate reverse 

transcribed products (first strand transfer), and primer and probes spanning the Psi region were 

designed to quantify late reverse transcribed products (first strand elongation). Since the R 

sequence in the 3’ LTR is absent in truncated RNA, we hypothesized that incomplete RNA in 

Lenti/βAS3-FB failed reverse transcription at the first strand transfer step (Fig. 6B).  

        A primitive human hematopoietic myeloid progenitor cell line, KG1a, was chosen as the 

target cells because of its relative resistance to LV transduction, similar to that of primary human  
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Figure 6. Lenti/ßAS3-FB failed reverse transcription at the first strand transfer step. (A)  
Schematic representation of the mechanism of reverse transcription (RT) and the ddPCR assay used to  
quantify reverse transcribed products. The ddPCR primers and probes were designed to quantify different  
stages of RT when RT products become detectable. The R/U5 primers quantify initial reverse transcribed  
products, the U3/R primers quantify intermediate reverse transcribed products, and the Psi primers  
quantify late reverse transcribed products. Blue box: viral RNA. Gray box: viral DNA. (B) Proposed  
mechanism of truncated RNA failing reverse transcription at the first strand transfer step. (C) Schematic  
representation of the vector RNA of EFSADA and the truncated version BGHADA. (D) Quantification of  
reverse transcribed products of Lenti/ßAS3-FB, EFS-ADA and BGH-ADA LVs in KG1a cells (bars  
represent mean with SEM; n=5 dishes of identical cultures from 2 independent experiments; unpaired t  
test, *p<0.05, **p<0.01, ***p<0.001). BGH-ADA is a truncated form of EFSADA LV with the Bovine  
Growth Hormone (BGH) polyadenylation signal between WPRE and 3'LTR. KG1a cells were transduced  
with Lenti/ßAS3-FB, EFS-ADA, or BGH-ADA LVs at equal levels of Initial RNA in the presence of  
PGE2, poloxamer, and benzonase. Cells were harvested at 24 h for gDNA extraction. Reverse  
transcription products were quantified by ddPCR with R/U5, U3/R, Psi, and SDC4 primers. 
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CD34+ HSPC23. A control vector, BGH-ADA, was a truncated version of EFS-ADA made by 

inserting the bovine growth hormone polyadenylation signal upstream of the 3’LTR (Fig. 6C). 

KG1a cells were transduced with equal amounts of Initial viral RNA of Lenti/βAS3-FB, EFS-

ADA, and BGH-ADA vector particles and collected 24 hours after infection for analysis of serial 

reverse transcription products.  

 As expected, all three vectors displayed similar kinetics for the production of early 

reverse transcribed products, because equal amounts of Initial RNA were used to infect cells 

(Fig. 6D). Interestingly, compared to EFS-ADA, Lenti/βAS3-FB produced 4-fold fewer 

intermediate reverse transcribed products and 3-fold fewer late reverse transcribed products, 

similar to the truncated vector BGH-ADA. These data strongly suggest that truncated RNA failed 

to find the complementary R at the 3’ LTR of the viral RNA and resulted in premature 

termination of reverse transcription at the first strand transfer step.  BGH-ADA displayed low 

levels of intermediate and late reverse transcribed products. It was likely to be caused by the 

transcriptional read-through of the polyadenylation signal, and full-length RNA was produced at 

a low level. 

 

Lenti/βAS3-FB had defective particle formation 

       Although EFS-ADA and Lenti/βAS3-FB had similar levels of Initial and Intermediate RNA in 

293T packaging cells, Lenti/βAS3-FB had substantially reduced Initial and Intermediate RNA 

species in viral supernatant compared to EFS-ADA, as shown in Fig. 2B and Fig. 2D. We, 

therefore, assessed the RNA export efficiency as indicated by the ratios of copies of Initial RNA 

in vector particles to copies of Initial RNA in packaging cells (Fig. 7A). Surprisingly, the export 

efficiency was 4.6-fold higher for EFS-ADA than for Lenti/βAS3-FB. We next assessed the 

physical vector particle production by measuring the p24 concentration in the viral supernatant. 
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Surprisingly, despite the fact that equal amounts of GAG/POL plasmids were used at 

packaging, the p24 concentration of Lenti/βAS3-FB was considerably lower than the p24 

concentrations of the three controls, including empty particles, which were packaged without 

vector transfer plasmids (Fig. 7B). When we normalized viral RNA export efficiency to p24 

concentration, EFS-ADA and Lenti/βAS3-FB had nearly equal RNA export efficiency from cells 

to particles, suggesting that RNA export was not the primary limiting factor (Fig. 7C). Instead, 

physical particle formation by Lenti/βAS3-FB seemed to be impaired.   

 

DISCUSSIONS 

        The advances in clinical and scientific understanding of lentiviral gene therapy in the past 

decades have enabled the first wave of clinical gene therapy successes for multiple diseases1–4. 

However, low titer and poor gene transfer of complex vectors remain critical challenges for the 

successful clinical application of these vectors. Viral titer is a critical factor in the costs of 

production, and the titers of complex vectors are typically 1-2 log-orders lower than the titers of 

simple vectors. Additionally, even when adjusted to the same TU, transduction of HSPCs with 
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Figure 7. Lenti/βAS3-FB had defective physical particle formation. (A) The export efficiency of Initial 
RNA from cells to vector particles of EFS-ADA and Lenti/ßAS3-FB (bars represent mean with SEM; n=5 
dishes of identical cultures from 2 independent experiments). RNA export efficiency was defined as the 
ratios of copies of Initial RNA in vector particles to copies of Initial RNA in packaging cells. (B) p24 
concentration quantified by ELISA of EP (empty particle), MND-GFP, EFS-ADA and Lenti/ßAS3-FB 
unconcentrated viral supernatant (bars represent mean with SEM; n=5 dishes of identical cultures from 2 
independent experiments). (C) The export efficiency normalized for the fold difference in p24 concentration 
(bars represent mean with SEM; n=5 dishes of identical cultures from 2 independent experiments). 
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complex vectors results in lower VCNs that barely increase with the use of more infectious 

particles. The low titer and poor gene transfer may be caused by the lengthy and complex 

nature of the genome, but the exact mechanisms that restrict complex vectors to perform as 

efficiently as simple GFP vectors have remained elusive. Herein, we demonstrated that viral 

RNA and protein production were impaired in complex vectors such as Lenti/βAS3-FB. 

         The majority of viral RNA of Lenti/βAS3-FB was truncated and was not fully reverse 

transcribed, thus resulting in fewer complete linear forms of viral DNA for nuclear translocation 

and integration. The RNA truncation was observed in a length-dependent manner, suggesting 

that the truncation may be caused by the poor processivity of RNA Pol II during transcription 

elongation. Multiple studies demonstrated that inefficient transcription of the HIV provirus is 

associated with premature termination of transcription22,24–27. Future studies to improve RNA Pol 

II processivity or to identify additional problematic sequences that truncate RNA are needed.  

           We also observed that Lenti/βAS3-FB had low p24 production compared to the control 

vectors. Our observations were consistent with others that bidirectional vectors had low titer due 

to the formation of dsRNA28. One hypothesis is that specific cellular factors are activated to 

inhibit protein translation for bidirectional vectors. A potential restriction factor is protein kinase 

R, which was explored in Chapter 4.  

           In summary, the complex and lengthy nature of the viral genome of Lenti/βAS3-FB led to 

RNA truncation in a length-dependent manner and triggered specific cellular responses to inhibit 

viral protein production during the packaging phase. This study elucidates the mechanisms of 

low titer and infectivity caused by the long proviral length and provides insights into overcoming 

current limitations with the complex LV. This study may further support the clinical translation of 

novel lentiviral autologous gene therapy for treating genetic blood cell disorders.  
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METHODS 

LV production and titration  

LVs used in this study included EFS-ADA, Lenti/βAS3-FB, GLOBE-AS3, Lenti/βAS3-FB (-

HS4/+HPRT), Lenti/βAS3-FB (-HS4), CoreGA-AS3-FB, Core-AS3-FB, UV-AS3, Mini-G, MND-GFP, 

and a version of EFS-ADA designed to not generate any full-length LV genomes by inserting the 

bovine growth hormone polyadenylation sequence (BGH-ADA) upstream of the 3’ LTR (Fig. 

4)6,10,19,29–31. 

The packaging protocol was previously described in Masiuk et al16. Briefly, LVs were 

packaged by transient transfection of 293T cells with fixed amounts of HIV Gag/Pol, Rev, and VSV-

G expression plasmids and equimolar amounts of each of the different vector transfer plasmids 

using TransIT-293 (Mirus Bio, Madison, WI). To determine the titers of the LVs, the HT-29 human 

colon carcinoma cell line was transduced with different dilutions of the LVs and harvested ~60 hours 

after transduction. Genomic DNA was extracted using the PureLink Genomic DNA Mini Kit 

(Invitrogen, Waltham, MA). VCN was measured by Droplet Digital PCR (ddPCR), as previously 

described in Masiuk et al, and viral titers were calculated based on VCN16.  

 

LV infection in human BM CD34+ HSPCs   

Human CD34+ HSPCs were isolated from healthy donor bone marrow (BM) aspirates using 

Ficoll-Hypaque gradient separation and a CD34 MicroBead Kit (Miltenyi Biotech, Bergisch 

Gladbach, Germany). The processed cells were cryopreserved in liquid nitrogen with BamBanker 

(Wako Chemicals, VA, USA).  

CD34+ HSPCs were thawed at 37°C and plated at 1x106 cells/mL in non-tissue culture 

treated plates coated with RetroNectin (20 µg/mL; Takara Shuzo Co., Otsu, Japan). The cells were 
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pre-stimulated for 24 h in X-Vivo-15 (Lonza, Basel, Switzerland) with 1 X L-glutamine-penicillin-

streptomycin (Gemini BioProducts, West Sacramento, CA, USA), 50 ng/mL SCF, 50 ng/mL TPO, 50 

ng/mL Flt3L and 20 ng/mL IL-3 (PeproTech, Rocky Hill, NJ, USA). Prestimulated cells were 

transduced with concentrated viral supernatants, and 24 h after transduction, cells were collected for 

in vitro myeloid differentiation cultures, as described below.  

 

In vitro myeloid differentiation cultures 

Transduced human BM CD34+ HSPCs were cultured in Basal BM Medium (BBMM: 

Iscove’s Modified Dulbecco’s Medium [IMDM] [Life Technologies, Grand Island, NY], 1 X L-

glutamine-penicillin-streptomycin, 20% fetal bovine serum, 0.52% Bovine Serum Albumin) with 

recombinant human cytokines of 5 ng/ml interleukin-3, 10 ng/ml interleukin-6, and 25 ng/ml cKIT 

ligand (hSCF) (PeproTech) at 37°C, 5% CO2. Cells were maintained in culture for 12 days with the 

addition of fresh BBMM and cytokines every 4 days. After 12 days, the cells were harvested for 

genomic DNA extraction and VCN analysis by ddPCR as described above.  

 

Viral RNA analysis by ddPCR  

RNA was extracted from either 2 x 106 293T cells or 140 uL unconcentrated viral 

supernatant three days after transfection for vector packaging. Cellular RNA was extracted 

using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany), and RNA from the viral supernatant 

was extracted using the QIAmp Viral RNA Mini Kit (Qiagen). Equal masses of RNA were treated 

with DNAse I (Invitrogen, Waltham, MA) to remove any traces of genomic or plasmid DNA 

contamination and then reverse transcribed using random primers, M-MLV reverse 

transcriptase, and RNAseOUT Recombinant Ribonuclease Inhibitor (all from Invitrogen), 

following the manufacturer’s protocol. Amplification of R/U5, PBS, and U3/R regions by ddPCR 
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were conducted to quantify the Initial, Intermediate, and Complete viral RNA. The cycling 

conditions were 95°C for 10 min for one cycle, (94°C for 30 s and 60°C for 1 min) for 40 cycles, 10 

min at 98°C for one cycle, and a 12°C hold.  

 

p24 Assay 

p24 antigen concentration in vector supernatants was measured by the UCLA/CFAR 

(Center for AIDS Research) Virology Core using the Alliance HIV-1 p24 Antigen ELISA Kit (cat# 

NEK050, PerkinElmer, Waltham, MA), following the manufacturer’s manual.  

 

RNA-Seq 

Total RNA was extracted from raw viral supernatant using the QIAmp Viral RNA Mini Kit 

(Qiagen). Viral RNA was treated with TurboDNAse (Invitrogen) and sent to the UCLA 

Technology Center for Genomics and Bioinformatics Core for downstream library preparation. 

cDNA library was prepared using the KAPA RNA HyperPrep Kit with RiboErase (Roche 

Sequencing, Pleasanton, CA) following the manufacturer’s manual without rRNA depletion to 

avoid bias. Briefly, RNA was fragmented into ~400 bp fragments; 1st strand cDNA was 

synthesized with random priming followed by 2nd strand synthesis. 150 bp paired-end reads 

were sequenced on HiSeq 3000 (Illumina, San Diego, CA). The reads were aligned to the 

designed vectors via Burrows-Wheeler Aligner (version 0.7.17) using parameters “bwa mem -t 

16 -k 100 -A 1 -B 30 -O 10 -E 10”. Bigwig files were generated on the bam files using the 

bamCoverage function from deepTools. The numbers of reads for each location were extracted 

from the bigwig files into R, and the average of the upstream and downstream 450 bp was 

calculated as the coverage score. The coverage scores were then normalized to the maximum 

value for each sample. 
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Reverse Transcription Assay  

Raw viral supernatants of EFS-ADA, Lenti/βAS3-FB, and BGH-ADA vectors with the 

same amounts of Initial RNA were used to transduce KG1a cells. Benzonase, 50 U/mL 

(MilliporeSigma, Burlington, MA) and transduction enhancers, Poloxamer 1 mg/mL (Kolliphor 

P338; BSAF, Ludwigshafen, Germany) and PGE2 10 µM (Cayman Chemicals, Ann Arbor, MI, 

USA) were added to the cells at the same time as the addition of LV. The preparation of 

transduction enhancers was previously described in Masiuk et al16. Cells were harvested 24 

hours after transduction, and DNA was extracted using Qiagen Blood and Cell Culture DNA Mini 

Kit (Qiagen).  

The copies of reverse-transcribed DNA products were measured by ddPCR, calculated 

as the ratio of the copies of the viral genomes to the copies of the SDC4 endogenous reference 

gene. Different PCR primers were used to quantify early, intermediate and late reverse 

transcribed products. The R/U5 primers and probe were used to quantify early reverse 

transcribed products, and the U3/R primer and probe were used to quantify intermediate 

reverse transcribed products, as described earlier. The cycling conditions for ddPCR consisted 

of 95°C for 10 min for one cycle, (94°C for 30 s and 60°C for 1 min) for 40 cycles, 10 min at 

98°C for one cycle, and a 12°C hold. 

 

Statistical Analysis 

Descriptive statistics such as the number of observations, mean and standard error were 

reported and presented graphically for quantitative measurements. Unpaired t-tests were used 

to compare between vectors for outcome measures such as titers, VCN, copies, and 

percentage of Initial/Intermediate/Complete RNA. In the case of normality assumption violation, 

nonparametric Wilcoxon rank-sum tests were used.  Evaluation of infectivity of vectors was 
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done by comparing the slopes of respective regression lines. Pearson’s correlation was used to 

correlate the titer of the LVs with the proviral length. For all statistical investigations, significance 

tests were two-tailed. A p-value of less than the 0.05 significance level was considered to be 

statistically significant. All statistical analyses were carried out using statistical software SAS 

version 9.4 (SAS Institute Inc. 2013) and GraphPad Prism version 8.3.0 (GraphPad Software, 

San Diego, California, USA).  

 

Data and Code Availability  

The RNA sequencing data can be accessed via the GEO repository number GEO: GSE158252 
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ABSTRACT  

A major obstacle for clinical applications of lentiviral vectors (LV) is the capability to produce a 

large number of vectors with high titer and infectivity. Improvements in the packaging platform or 

protocol that can be applied to the production of many different LVs are needed. In this study, 

we identified three host restriction factors that impeded LV production, PKR, OAS1, and LDLR. 

Knocking out these three genes separately led to a 2~5-fold increase in viral titer. We created a 

monoclonal cell line by knocking out OAS1, LDLR, and PKR. The resulting cell line led to a 4~8-

fold increase in viral titer, full-length viral RNA, and physical particles. We named this cell line 

CRISPRed HEK293T to Disrupt Antiviral Responses (CHEDAR). CHEDAR can be applied to 

improve the production of various LVs, especially the vectors with low titers or with internal 

promoters in the reverse orientation.  

 

INTRODUCTION  

Hematopoietic stem cell transplant in combination with lentiviral-based gene therapy has 

successfully treated various genetic blood cell diseases in clinical trials1–4. Lentiviral vectors 

(LVs) allows the integration of viral DNA into the host cell genomes of both dividing and 

nondividing cells, providing long-term stable expression of the gene of interest. However, we 

and others have observed that titer and infectivity decrease with increasing proviral length, 

resulting in barriers for scaling up Good Manufacturing Practices (GMP)-grade vector production 

and high costs for clinical and commercial applications. While optimizing the expression 

cassette is a viable strategy to create LVs with optimal titer, infectivity, and expression5,6, this 

process requires years of redesigning and testing for individual LVs. Improvements on the 

packaging platform or protocol that can provide a global solution to the production of many 

different LVs are needed.  
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Recent research has shown that many cellular restriction factors (RFs) inhibit specific 

steps of the lentiviral life cycle7–9. Some RFs are inducible by sensing viral components and 

activating the interferon (IFN) signaling cascade, while other RFs are ubiquitously expressed for 

direct antiviral functions. Ferreira et al reported that LV production titer is not limited by induced 

intracellular innate immunity in HEK293T cells, because there was no detectable IFN cytokine 

release during the packaging process10. This is likely due to the large T-antigen (TAg) and 

adenovirus E1A expressed in HEK293T, which inactivate the tumor suppressors p53, IRF3, and 

other IFN-dependent transcription downstream of RNA and DNA sensing11–14. On the other 

hand, constitutively expressed antiviral effectors appeared to regulate vector production in 

HEK293T cells. An example is protein kinase R (PKR), an interferon-stimulated gene that 

regulates protein synthesis. PKR is constitutively expressed in all tissues in an inactive form and 

is upregulated by type I and type III IFNs15. PKR can be activated by TAR sequence or double-

stranded RNA to inhibit general translation and therefore viral protein production16,17. Based on 

these previous studies, it is conceivable that the constitutively expressed antiviral effectors can 

still restrict LV production in HEK293T cells.   

Moreover, RFs are not only limited to antiviral effectors but also include genes that 

regulate the lentiviral lifecycle. To date, the most common envelope glycoprotein used to 

pseudotype LVs remains to be vesicular stomatitis virus spike protein G (VSVG) due to its 

robust and pantropic infectivity. The low-density lipoprotein receptor (LDLR) serves as the major 

entry port of VSVG-pseudotyped LVs, while other LDLR family members serve as alternative 

receptors20,21. Otahal et al showed that LDLR prematurely interacts with VSVG in ER-Golgi 

intermediate compartment and reroutes the LDLR-VSVG complex to 

aggresome/autophagosome degradation prior to particle release22. Therefore, LDLR is likely to 

be an RF that regulates the VSVG level. The effects of RFs that regulate antiviral responses as 

well as the lentiviral lifecycle on vector production remain to be explored.  
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Herein we conducted a CRISPR-Cas9-mediated knockout (KO) screen in HEK293Ts to 

negate restriction factors (RFs) inhibiting specific steps of the lentiviral life cycle. We showed 

that knocking out PKR, OAS1, and LDLR additively increased the titer of various LVs, 

particularly complex and lengthy LVs with low titers. In addition, overexpressing transcription 

elongation factors, SPT4 and SPT5, improved vRNA completeness, thereby increasing the titer 

of LVs and infectivity in CD34+ HSPCs.  

 

RESULTS 

Knocking out PKR in packaging cells rescued vector protein production and increased 

titer and infectivity of reverse orientation vectors 

       In Chapter 2, we observed that Lenti/βAS3-FB had defective particle formation, resulting in 

low titer. It is conceivable that Lenti/βAS3-FB, but not EFS-ADA and MND-GFP, triggered a 

cellular response to inhibit p24 production. Protein kinase-R (PKR) is an interferon-induced, 

double-stranded RNA-activated protein kinase that protects cells against viral infections (Pindel 

et al., 2011). Vectors with internal expression cassette in the reverse orientation were shown by 

Kafri and colleagues to trigger PKR response to inhibit protein translation18. To test whether 

PKR was activated by Lenti/βAS3-FB, we knocked out PKR in 293T cells via CRISPR-Cas9, 

generated an isogenic PKR-/- cell clone, and confirmed the allelic disruption by TIDE 

sequencing and protein expression by western blot (Fig. 1A, B).  

Two forward-oriented vectors bearing expression cassettes in the sense direction, MND-

GFP, and EFS-ADA, and two reverse-oriented vectors bearing expression cassettes in the 

antisense direction, Lenti/βAS3-FB, and roUBC, were packaged in either parental 293T cells or 

PKR-/- 293T cells. roUBC (4.2-kb) consists of a reverse-oriented GFP expression cassette 

driven by the Ubiquitin C (UBC) promoter.  
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Knocking out PKR restored the p24 production by both reverse-oriented vectors 

(unpaired t test, ***p<0.001) (Fig. 1C). In addition, packaging in PKR-/- cells significantly 

increased the level of all three RNA species from either reverse-oriented vectors without 

changing the percentage of RNA (unpaired t test, *p<0.05, **p<0.01, ***p<0.001) (Fig. 1D, E). 

Packaging in PKR-/- cells led to a 5-fold increase in titer for Lenti/βAS3-FB and an 11-fold 

increase in titer for roUBC, and the titer of the reverse-oriented GFP vector roUBC matched to 

the titer of the forward-oriented GFP vector MND-GFP (unpaired t test, *p<0.05, **p<0.01, 

***p<0.001) (Fig. 1F). Notably, packaging in PKR-/- cells also increased the titer of the forward-

oriented vectors by 2~3 fold (unpaired t test, MND-GFP p=0.002, EFS-ADA p=0.02). These 

data strongly suggest that PKR was activated and inhibited the p24 production in reverse-

oriented vectors. The increase in titer of forward-oriented vectors was likely caused by 

overcoming the antiviral effect of PKR recognizing single-stranded viral RNA species from these 

vectors, such as HIV TAR 43, 44. 

Lastly, we characterized the infectivity of the LVs packaged in PKR-/- cells in human BM 

CD34+ cells. We observed an increase in infectivity of both EFS-ADA and Lenti/βAS3-FB LVs 

that were packaged in PKR-/- cells compared to the LVs packaged in parental 293T cells (linear 

regression, comparison of the slopes, EFS-ADA p=0.29, Lenti/βAS3-FB p=0.0016) (Fig. 1G).  
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Figure 1. Knocking out PKR in 293T cells rescued p24 production and increased vector titers and 
CD34+ cell infectivity. (A) PKR protein expression in parental and PKR-/- cells measured by Western 
blot. PKR was knocked out by CRISPR-Cas 9, and a single cell clone with no parental PKR alleles was 
expanded for protein expression analysis by Western blot. ß-actin was used as the loading control. LVs 
were packaged in either parental (Par) or PKR-/- (KO) 293T cells. Viral supernatant was harvested for (B) 
Assessment of genome disruption by TIDE sequencing of the PKR-/- isogenic 293T cell line. Cas9 and 
guide RNA was introduced to the cells by lipofection of PX330 plasmids bearing the Cas9 and guide RNA 
sequence targeting PKR. Cells were sorted for single cell clones, and the isogenic cell clones were 
harvested three weeks later for genomic DNA extraction and Tide sequencing analysis. (C) p24 
concentration, (D) the absolute quantification of Complete RNA, and (E) the percentage of Complete RNA 
(F) viral titers (bars represent mean with SEM; unpaired t test, *p<0.05, **p<0.01, ***p<0.001; n=4-9 
dishes of identical cultures from 3 independent experiments). (G) Infectivity of EFS-ADA and Lenti/ßAS3-
FB packaged either in parental or PKR-/- 293T cells in three independent human BM CD34+ HSPCs (bars represent 

mean with SEM; n=3 independent experiments; linear regression, comparison of the slopes, EFS-ADA p=0.29, 
Lenti/βAS3-FB p=0.0016). 1e6 cells/mL of HSPCs were transduced at MOI=3, 10, 30. 

 

Knocking out IFNAR1, ATR, OAS1, and LDLR in 293T cells increased titers 
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 To identify other RFs that restrict LV production, we conducted a targeted CRISPR-Cas9 

knockout screen in HEK293T cells with a focus on 16 genes, each of which regulates one of the 

following biological properties: the immune response, DNA damage response, receptor-

mediated virus entry, and transcription. The Cas9 and single-guide RNAs (sgRNAs) were 

delivered to HEK293T cells as ribonucleoprotein (RNP) via electroporation, and the edited cells 

were sorted for single-cell clones (Fig. 2A). Knockout (KO) or knockdown (KD) clones were 

validated on the genomic level by ICE analysis and the protein level by western blot or flow 

cytometry. The sequences of the sgRNAs used in this study and the genomic profile of the 

clones were listed in Table 1. These single-cell clones were expanded to test whether they 

increased the titer of Lenti/βAS3-FB, which is known to have low titer and infectivity. In addition, 

Lenti/βAS3-FB contains the Woodchuck Hepatitis Virus post-transcriptional regulatory element 

(wPRE) and a 77-bp insulator in the U3 region of the 3’ LTR, termed as FB (FII-BEAD). PKR-/- 

cells were used as a positive control for the packaging process because we previously showed 

that knocking out PKR increased the titer of reverse-oriented LVs24.  

Because homozygous deletion of ATR leads to chromosome breaks and proliferative 

failure in culture25–27, we selected an ATR knockdown (KD) clone with 63% indel and 63% KO 

score that showed a significant reduction in protein expression (Table 1 and Fig. 2B). IFNAR1, 

OAS1, and LDLR were successfully knocked out as shown in Fig. 2B and C. Unstimulated 

CD34+ HSPCs are known to have no or low expression of LDLR28 and therefore were used as a 

negative control when measuring LDLR expression in the LDLR KO cells by flow cytometry (Fig. 

2C).  

The targeted CRISPR-Cas9 screen revealed that the disruption of PKR, IFNAR1, OAS1, 

ATR and LDLR genes increased titer by 2~3-fold (Fig. 2D; n=9-29 dishes of identical cultures 

from 3-10 independent experiments; bars represent mean with SD; unpaired t-test, ∗p < 0.05, 

∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001)). The PKR-/- cells increased titer by 4.1 ± 1.1-fold. 
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The IFNAR1-/- cells increased titer by 2.4 ± 0.7 -fold. The OAS1-/- cells increased titer by 2.3 ± 

0.8-fold. The ATR knockdown cells increased titer by 2.2 ± 0.8-fold. The LDLR-/- cells increased 

titer by 2.8 ± 0.9-fold. Knocking out RLR, RIG-I, MDA5, STING, TLR3, APOBEC, TRIM5a, 

TRIM56, ZAP, TASOR, and PCF11 in HEK293T cells did not increase the titer of Lenti/βAS3-FB 

more than 2-fold (Fig. 2E; n=3-22 dishes of identical cultures from 1-6 independent 

experiments; bars represent mean with SD). A potential explanation is that HEK293T cells do 

not have intact cellular pathways of these genes. Nonetheless, we decided to not prioritize 

these targets for this study.   
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 Figure 2. Targeted restriction factor knockout screen in HEK 293T cells. A) The workflow of the 
CRISPR-Cas9 screen. Single guide RNAs (sgRNA) were designed using the Benchling CRISPR online tool, 
and oligonucleotides were synthesized by Integrated DNA Technologies (San Diego, CA). The oligos were 
in vitro transcribed into the RNA form. Cas9 and sgRNA were delivered to 293T cells as RNP via 
electroporation. A portion of the edited cells was pelleted for gDNA extraction, PCR, Sanger sequencing, 
and ICE analysis for the KO score 24-48 hours after electroporation. The edited cells with greater than 20% 
indel were single-cell sorted. After two weeks of clonal expansion, the KO clones were selected by Sanger 
sequencing and then used for packaging to test whether they increased the titer of Lenti//βAS3-FB. If the KO 
clones successfully increased titer, the gene disruption was further validated on the protein level by western 
blot or flow cytometry. B) IFNAR1, ATR, and OAS1 protein expression in parental and gene-edited cells 
measured by western blot. HEK293T cells were edited by CRISPR-Cas9 targeting each of the genes. The 
edited cells were sorted for single-cell clones, and an isogenic clone with no parental allele, except ATR, 
was expanded for protein expression analysis. Because ATR is an essential gene for cell survival, an ATR 
knockdown (KD) clone with 33% parental allele remaining was selected. β-Actin and Vinculin were used as 
the loading controls. C) LDLR protein expression in parental, LDLR-/- 293T cells, and unstimulated CD34+ 
hematopoietic stem and progenitor cells (HSPCs) measured by flow cytometry. Unstimulated CD34+ HSPCs 
are known to not express LDLR and were used as a negative control. A mouse IgG1 antibody was used as 
the isotype control.  D) Titers of Lenti/βAS3-FB packaged in parental and gene-edited cells (n=9-2931 dishes 
of identical cultures from 3-10 independent experiments; bars represent mean with SD; unpaired t-test, ∗p < 

0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001). E) Titers of Lenti//βAS3-FB in KO or KD clones (n=3-22 
dishes of identical cultures from 1-6 independent experiments; bars represent mean with SD). 
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Table 1. Genomic profile of KO/KD clones measured by ICE Analysis.  

Gene  sgRNA sequence Indel % Knockout Score Indel Pattern  

IFNAR1 AAACACTTCTTCATGGTATG 99 99 99% +1 

OAS1  CTGAAGGAAAGGTGCTTCCG 96 96 49% +2 
47% +1 

ATR AAAGTGCTAGCTGGTTGTGC 63 63 35% -2 
33% 0  
28% -13 

LDLR GACAACGGCTCAGACGAGCA 93 93 48% +1 
45% -11 

STING 
 

CGGGCCGACCGCATTTGGGA 96 96 39% -20 
21% -11 
16% -8 
8% -11 
6% -8 
4% -11 
2% -8 

RNAseL TTATCCTCGCAGCGATTGCG 95 76 52% +1 
20% -6  
23% -1 

RLR3 
 

TGGACCGTGACAACCCTGAG 97 97 32% +1 
29% -4 
22% -20 
6% -4 
5% -20 
3% -20 

RIG-I AAACAACAAGGGCCCAATGG  99 99 99% +1 

MDA5 CGAATTCCCGAGTCCAACCA  100 100 100% -4 

TASOR GATAGGCAAAAAAGCACGAG  98 98 98% +1 

PCF11 TCTGCTCTGACATTGCGCCG  57 57  57% -8  

TLR3 GTACCTGAGTCAACTTCAGG 95 95 37% -20 
23% -11 
16% -11 
7% -11 
7% -20 
3% -20 
2% -11 

TRIP12 GGTCACTGCGACGTTCACAG 98 98 98% +1 

TRIM5a GATCTGAGATGAGCTCTCTC 100 100 71% -4 
29% -4 

TRIM56 GAAGAAGTTGGTCTTGAAGG 95 95 47% +1 
30% -11 
18% -11 

ZAP GCAACTATTCGCAGTCCGAG 97 97 33% -2 
32% -4 
32% -13 

APOBEC3G CTGTCCTAAAACCAGAAGCT 94 94 73% -13 
21% -14 
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Decreased Titers Are Associated with Rescued LDLR and OAS1 Expressions  

 To validate these RFs that increased titer, we restored the protein expressions of the 

four RFs in the KO clones. The WT cDNA of the longest open reading frame was cloned into a 

lentiviral backbone with ires-GFP driven by an MND promoter. The KO cells were transduced 

with a lentivirus encoding the wildtype (WT) cDNA linked to ires-GFP or a lentivirus encoding 

MND-GFP as a transduction control. The cells were subsequently sorted for the GFP+ 

population to exclude the non-transduced cells.  

 We first confirmed the restoration of the protein expressions of LDLR, OAS1, ATR, and 

IFNAR1 in the KO/KD cells by western blot or flow cytometry (Fig. 3A, B, D; Fig. 4A, C). The 

cells transduced with lentivirus encoding the WT cDNAs showed protein expressions that were 

comparable to the expressions in the parental HEK293T cells, while the cells transduced with 

MND-GFP did not show restoration of the target proteins. Next, we packaged Lenti/βAS3-FB in 

the parental HEK293T, KO cells, KO cells transduced with MND-GFP, and KO cells transduced 

with lentivirus encoding the corresponding cDNA. Restoring the LDLR expression decreased 

the titer to the wild-type level, while the LDLR-/- cells transduced with MND-GFP still showed an 

increase in titer (Fig. 3C; n=9 dishes of identical cultures from 3 independent experiments; bars 

represent mean with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001)). 

Restoring the OAS1 expression decreased titer compared to the OAS1-/- cells and OAS1-/- 

cells transduced with MND-GFP (Fig. 3E; n=12 dishes of identical cultures from 4 independent 

experiments; bars represent mean with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, 

∗∗∗∗p < 0.0001). The decrease in titer in the LDLR and OAS1 restored cells suggested that the 

titer changes were associated with these genes. Although we observed titer increase in multiple 

IFNAR1-/- clones (data not shown), restoring IFNAR1 and ATR did not decrease titer (Fig. 4B, 

D; n=8-9 dishes of identical cultures from 3 independent experiments; bars represent mean with 

SD; unpaired t-test; ns, not significant). This could be due to a different isoform of the protein, 
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which was not responsible for the antiviral activity, was re-expressed. Nonetheless, we decided 

not to prioritize IFNAR1 and ATR in the rest of the study.     

Figure 3. Restoring protein expression of LDLR and OAS1 decreased titers. A) LDLR protein 
expression in parental 293T, LDLR-/- 293T, LDLR-/- 293T transduced with Lenti/GFP, and LDLR-/- 293T 
transduced with Lenti/LDLR measured by flow cytometry. LDLR-/- cells were transduced with an LV 
encoding LDLR gene to restore the LDLR expression or an LV encoding GFP as a transduction control. 
B) Percentage of LDLR+ cells in parental, LDLR-/-, and LDLR restored cells measured by flow cytometry. 
C) Titers of Lenti/βAS3-FB packaged in parental 293T, LDLR-/- 293T, LDLR-/- 293T transduced with 
Lenti/GFP, and LDLR-/- 293T transduced with Lenti/LDLR. Because Lenti/LDLR carries an ires-GFP 
cassette, all transduced cells were sorted for the GFP+ population. The sorted GFP+ cells were 
expanded for VCN analysis by ddPCR and packaging (n=9 dishes of identical cultures from 3 
independent experiments; bars represent mean with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 
0.001, ∗∗∗∗p < 0.0001). D) OAS1 protein expression in parental 293T, OAS1-/- 293T, OAS1-/- 293T 
transduced with Lenti/GFP, and OAS1-/- 293T transduced with Lenti/OAS1 measured by western blot. E) 
Titers of Lenti/βAS3-FB packaged in parental 293T, OAS1-/- 293T, OAS1-/- 293T transduced with 
Lenti/GFP, and OAS1-/- 293T transduced with Lenti/OAS1 (n=12 dishes of identical cultures from 3 
independent experiments; bars represent mean with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 

0.001, ∗∗∗∗p < 0.0001). 
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Figure 4. Restoring protein expressions of IFNAR1 and ATR did not decrease titer. A) ATR protein 
expression in parental HEK293T, ATR KD 293T, ATR KD 293T transduced with Lenti/GFP, and ATR KD 
293T transduced with Lenti/ATR measured by western blot. B-actin was used as a loading control. ATR 
KD cells were transduced with an LV encoding MND-ATR-ires-GFP or an LV encoding MND-GFP as a 
transduction control. Two days after transduction, the transduced cells were sorted for the GFP+ 
population. The GFP+ cells were rested for an additional 12 days, measured for VCN analysis by ddPCR, 
and used for packaging of Lenti/βAS3-FB. B) Titers of Lenti/βAS3-FB packaged in parental HEK293T, 
ATR KD 293T, ATR KD 293T transduced with Lenti/GFP, and ATR KD 293T transduced with Lenti/ATR. 
(n=9 dishes of identical cultures from 3 independent experiments; bars represent mean with SD; one-way 
ANOVA; ns, not significant). C) Protein expression of IFNAR1 in parental 293T, IFNAR1-/- 293T, IFNAR1-
/- 293T transduced with Lenti/GFP, and IFNAR1-/- 293T transduced with Lenti/IFNAR1 measured by 
western blot. B-Actin was used as a loading control. D) Titers of Lenti/βAS3-FB packaged in parental 
293T, IFNAR1-/- 293T, IFNAR1-/- 293T transduced with Lenti/GFP, and IFNAR1-/- 293T transduced with 
Lenti/IFNAR1 (n=9 dishes of identical cultures from 3 independent experiments; bars represent mean with 
SD; one-way ANOVA; ns, not significant). 
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Combining OAS1, LDLR, and PKR knockouts improved titer, RNA production, and 
physical particle formation 

 Because OAS1, LDLR, and PKR are likely to have nonredundant functions, it is 

conceivable that knocking out multiple restriction factors may additively improve the vector 

production process. Next, we consecutively knocked out these restriction factors to study the 

effect on titer. Cas9 and sgRNA targeting OAS1 were electroporated into the PKR-/- isogenic 

clone. After confirming the cutting efficiency, some of the edited cells were sorted for single-cell 

clones, and the other cells were electroporated with Cas9 and sgRNA targeting LDLR. These 

cells were used again to further knock out IFNAR1 and in the end, knock down ATR. 

Electroporation of two sgRNAs simultaneously was avoided to prevent chromosome 

translocation. The sgRNAs were introduced in the following order—PKR, OAS1, LDLR, 

IFNAR1, and ATR—to generate single, double, triple, quadruple, and quintuple KO/KD cells.  

Lenti/βAS3-FB was packaged in the single, double, and triple KO cells in parallel and 

titered the unconcentrated viruses in HT-29 cells. As shown in Fig. 5A (n=9 dishes of identical 

cultures from 3 independent experiments; bars represent mean with SD; unpaired t-test, ∗p < 

0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001), the OAS1 PKR double KO cells increased titer 

by 5.9 ± 1.8-fold over the parental 293T cells. The OAS1 PKR double KO cells slightly 

increased titer compared to the PKR-/- cells (4.5 ± 1.5-fold over the parental 293T cells). 

Furthermore, the OAS1 PKR LDLR triple KO cells showed a significant increase in titer 

compared to the single KO cells, resulting in a 6.7 ± 0.7-fold increase over parental 293T cells. 

OAS1 PKR LDLR IFNAR1 quadruple KO cells as well as OAS1 PKR LDLR IFNAR1 ATR 

quintuple KO/KD cells did not further increase titer (Fig. 6; n=3 dishes of identical culture from 1 

independent experiment; base represent mean with SD). These data suggest that OAS1, PKR 

and LDLR triple KO led to the highest titer, and the data were reproducible in more than one 

clone (Fig. 6). We also showed that these edited cells shared a similar morphology and growth 

rate as the parental 293T cells (Fig. 7).  



55 
 

  

 

 

P
ar

 

O
A
S1-

/-

LD
LR

-/-

P
K
R
-/-

O
A
S
1 

P
K
R
-/-

O
A
S1 

P
K
R
 L

D
LR

-/-

0

5×101

1×102

1.5×10 2

2×102

Copies of Complete vRNA

C
o

p
ie

s
/u

L

✱

✱✱✱✱

P
ar

 

O
A
S1-

/-

P
K
R
-/-

LD
LR

-/-

O
A
S
1 

P
K
R
-/-

O
A
S1 

P
K
R
 L

D
LR

-/-

0

1×101

2×101

3×101

4×101

% Complete vRNA

%
 C

o
m

p
le

te
  
R

N
A

ns

P
ar

O
A
S1-

/-

LD
LR

-/-

P
K
R
 -/

-

O
A
S
1 

P
K
R
 -/

-

O
A
S1 

P
K
R
 L

D
LR

-/-

0

1×1010

2×1010

3×1010

4×1010

5×1010

Physical Particle

P
h

y
s
ic

a
l 
P

a
rt

ic
le

/m
L

✱✱✱✱

P
ar

C
H
E
D
A
R

P
ar

C
H
E
D
A
R

P
ar

C
H
E
D
A
R

P
ar

C
H
E
D
A
R

0

2×106

4×106

6×106

Titer

T
it

e
r 

(T
U

/m
L

)

Lenti/ßAS3-FB

PYC-CAR

EFS-ADA

Mini-G

✱✱✱✱ ✱✱✱✱

✱✱✱✱

✱✱✱✱

A B C

D E

P
ar

 

O
A
S1-

/-

LD
LR

-/-

P
K
R
-/-

O
A
S
1 

P
K
R
-/-

O
A
S1 

P
K
R
 L

D
LR

-/-

0

2

4

6

8

10

Titer -  Fold Difference
F

o
ld

 D
if

f 
o

v
e

r 
P

a
r

✱✱✱

✱✱✱✱

Figure 5. Knocking out PKR, OAS1, and LDLR in 293T cells additively increased titer, RNA, and 
physical particles. A) OAS1, PKR, LDLR protein expression in parental, OAS1 and PKR double KO, and 
OAS1, PKR, and LDLR triple KO cells measured by western blot and flow cytometry. The double KO 
isogenic clones were created by electroporating RNP targeting the OAS1 gene in the PKR-/- isogenic 
clones and selecting an isogenic clone with OAS1 and PKR knocked out. The triple KO isogenic clones 
were created by electroporating RNP targeting LDLR gene in the PKR and OAS1 double KO clone and 
selecting an isogenic clone with OAS1, PKR, and LDLR knocked out. B) Fold difference of titers of 
Lenti/βAS3-FB packaged in single, double, and triple KO cells (n=12 dishes of identical cultures from 4 
independent experiments; bars represent mean with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 

0.001, ∗∗∗∗p < 0.0001). C, D) The absolute quantification and percentage of complete viral RNA in 
Lenti/βAS3-FB viral particles measured by ddPCR (n=9 dishes of identical cultures from 3 independent 
experiments; bars represent mean with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 
0.0001). E) Concentrations of physical particles in Lenti/βAS3-FB unconcentrated virus quantified by by 
p24 ELISA (n=9 dishes of identical cultures from 3 independent experiments; bars represent mean with 
SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001). F) Titers of Lenti/βAS3-FB, 
PYC-CAR, EFS-ADA, and Mini-G packaged in parental 293T and OAS1, PKR and LDLR KO cells (n=9 
dishes of identical cultures from 3 independent experiments; bars represent mean with SD; unpaired t-
test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001). 
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Figure 6. Additional KO of IFNAR1 and ATR did not increase titer. To create double KO, Cas9 and 
sgRNA targeting OAS1 were electroporated into the PKR-/- isogenic clone. After confirming the cutting 
efficiency, some of the edited cells were sorted for single-cell clones, and the other cells were 
electroporated with Cas9 and sgRNA targeting LDLR. This process was repeated to further knock out 
IFNAR1 and at the end knock down ATR. Electroporation of two sgRNA simultaneously was avoided to 
prevent chromosome translocation. The sgRNA were introduced in the following order—PKR, OAS1, 
LDLR, IFNAR1, and ATR—to generate single, double, triple, quadruple, and quintuple KO/KD cells. All 
the edited cells were sorted for single-cell clones. The clones with no parental allele or 30% parental 
allele for ATR were expanded for packaging of Lenti//βAS3-FB. OPL, OAS1 PKR LDLR. OPLI, OAS1, 
PKR, LDLR, IFNAR1. OPLIA, OAS, PKR, LDLR, IFNAR1, ATR. The numbers after the names are the 
clone numbers. 
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 Next, we investigated the viral RNA completeness and physical particle formation of the 

LVs produced from these genome-engineered cells. Using the method previously described in 

Han et al24 to quantify Complete vRNA, we observed that the OAS1 PKR LDLR triple KO cells 

led to the highest level of Complete vRNA, which was significantly more than the double KO 

cells and the parental cells (Fig. 5B; n=9 dishes of identical cultures from 3 independent 

experiments; bars represent mean with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, 

∗∗∗∗p < 0.0001). All the different genome modifications did not affect the RNA completeness 

(Fig. 5C, n=9 dishes of identical cultures from 3 independent experiments; bars represent mean 

with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001). All the genome 

modifications on the packaging cell improved physical particle formation, especially PKR KO 

(Fig. 5D, n=9 dishes of identical cultures from 3 independent experiments; bars represent mean 

Figure 7. Morphology and growth rate of CHEDAR. A) The morphology of parental HEK293T cells and 
the CHEDAR cell line at 40X. B) The growth rate of parental HEK293T cells and the OAS1, PKR, LDLR 
triple KO cells. The cells were plated at equal density, and the cell number was monitored every 24 hours 
for three days (n=3 dishes of identical cultures). 
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with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001). The triple KO 

cells did not further increase physical particles compared to the PKR KO alone. These data 

suggested that the OAS1 PKR LDLR triple KO cells produced LVs with higher titer, higher 

absolute Complete vRNA yet the similar percentage of Complete vRNA, and more physical 

particles.  

 To test whether the engineered packaging cell can be used to improve the titer of other 

LVs, we packaged four different LVs in the OAS1 PKR LDLR triple KO cells. The vector maps 

are shown in Fig. 8. PYC-CAR is an LV encoding a chimeric antigen receptor (CAR) that targets 

B-cell maturation antigen (BCMA), an antigen that presents on multiple myeloma cells29. The 

CAR was constructed with four anti-BCMA single-chain variable fragments, fused to the CD137 

(4-1BB) co-stimulatory and CD3ζ signaling domains under the control of an MND promoter29. 

Mini-G is a reverse-oriented β-globin vector with redefined enhancer element boundaries of the 

β-globin locus control region6. The EFS-ADA vector consists of the human elongation factor-α 

gene “short” promoter (EFS) driving the expression of a codon-optimized human ADA gene 

cassette followed by the wPRE, all in the sense (forward) orientation30. 

 Our engineered cell line was able to improve the titer of all four LVs (Fig. 5E). We were 

able to improve the titer of Lenti/βAS3-FB by 5.9 ± 1.7-fold, PYC-CAR by 4.2 ± 0.9-fold, EFS-

ADA by 1.8 ± 0.3-fold, and Mini-G by 3 ± 0.5-fold (n=9 dishes of identical cultures from 3 

independent experiments; bars represent mean with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, 

∗∗∗p < 0.001, ∗∗∗∗p < 0.0001). These data suggest that the OAS1 PKR LDLR triple KO cells 

can be used to improve the packaging process for different LVs, especially LVs with low titer 

and LVs in reverse orientation. We decided to name the OAS PKR LDLR triple KO cells as 

CRISPRed HEK293T to Disrupt Antiviral Restrictions or in short CHEDAR.  
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Figure 8. Maps of lentiviral vector proviruses. Long terminal repeats (LTR) include the ΔU3, R, U5 
sequences. FB, FII-BEAD insulator. 3’ UTR, ß-globin gene 3’ UTR enhancer elements. P, promoter. HS2, 
HS3, HS4, ß-globin locus hypersensitive sites 2, 3, and 4. EC2, EC3, EC4, enhancer core elements. 
WPRE, mutated woodchuck hepatitis virus post-transcriptional regulatory element. ß-Globin, ß-Globin 
gene cassette. EFS, elongation factor 1 alpha promoter. ADA, codon-optimized adenosine deaminase 
cDNA. PYC-CAR encodes the CD8 signal peptide, VL, linker, VH, CD8-alpha hinge, and transmembrane 
(TM), CD137 (4-1BB) co-stimulatory cytoplasmic signaling domain, and CD3-zeta cytoplasmic signaling 
domain expressed under the control of the MND promoter.  

 

DISCUSSIONS 

 Low titer and infectivity of complex lentiviral vectors, like β-globin LVs and CAR-T LVs, 

create barriers for clinical and commercial applications of gene and cell therapy. We elucidated 

the mechanisms leading to low titer and infectivity: 1) restriction factors impeding various steps 

of the lentiviral lifecycle; 2) viral RNA truncations. In this chapter, we focused on negating 

restriction factors to rescue titer and infectivity. Restriction factors are not only interferon-

dependent genes in innate immunity but also cellular proteins inhibiting the lentiviral lifecycle. 

We first conducted a CRISPR-Cas9 mediated KO screen focusing on genes in the immune 
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response, receptor-mediated virus entry, transcription, and DNA damage response pathway. 

We showed that knocking out OAS1, LDLR, and PKR in the HEK293T cells increased the titer 

of lentiviral vectors and knocking out all three genes in a monoclonal cell line, CHEDAR, further 

increased titer of Lenti/βAS3FB 4~8-fold higher than the titer of the vectors produced from the 

parental HEK293T cells.     

 We observed that Lenti/βAS3-FB triggered an antiviral response mediated by PKR to 

inhibit virion formation. Double-stranded RNA (dsRNA)-activated PKR inactivates the eukaryotic 

translation initiation factor 2A, resulting in the inhibition of mRNA translation initiation43, 44. 

Although LVs are single-stranded RNA viruses, non-lineage-specific activation of the internal β-

globin promoter in the reverse orientated Lenti/βAS3-FB may lead to the production of viral RNA 

in the anti-sense orientation; hybridization of the sense RNA driven by the CMV promoter and 

anti-sense RNA driven by the internal promoter can lead to the production of dsRNA and PKR 

response. Our observations were consistent with others that bidirectional vectors had low titer 

due to the formation of dsRNA45. 

 Previous studies have shown that knocking out certain cellular factors improved the 

production of LVs18,46. In this study, we showed that knocking out PKR in the packaging cells 

restored p24 production in the reverse-oriented vectors, suggesting that PKR was activated to 

inhibit P24 production in reverse-oriented LVs. Furthermore, we demonstrated potentially 

additive effects of combining the three strategies: shortening the vector, packaging with Tat, and 

knocking out PKR to increase titer by ~30-fold and infectivity by 3-fold for the β-globin vector. 

These modifications were able to increase the production of viral substrates that are essential 

for the remaining steps of the lentiviral lifecycle. 

 LDLR serves as the major cellular entry port of VSVG-pseudotyped LVs, and other 

LDLR family proteins serve as the alternative, yet less effective, binding target34. One initial 

hypothesis of the LDLR-dependent decrease of vector titer is that LVs interact with HEK293T 
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LDLR at the plasma membrane and re-enter the packaging cells, resulting in the loss of LVs. 

However, Otahal Et al. showed that VSVG granules colocalized with LDLR in the ER-Golgi 

intermediate compartment (ERGIC) and aggresome/autophagosome35. They proposed a model 

that LDLR and VSVG interact prematurely in ERGIC, and these VSVG-LDLR complex are 

subsequently rerouted to be degraded in aggresome/autophagosome35. We also observed that 

the LDLR-/- cells were equally infected as the parental HEK293T cells (data not shown), 

suggesting that knocking out LDLR did not prevent LVs from reentering the cells. The latter 

hypothesis of aggresome/autophagosome degradation of LDLR-VSVG complex is more likely to 

explain the increase in titer in the LDLR-/- cells.  

The 2’-5’ oligoadenylate synthetases (OAS) are a family of antiviral proteins consisting of 

OAS1, OAS2, OAS3, and OASL. The OAS proteins are expressed at low levels and are 

augmented upon IFN induction36. The OAS1, OAS2, and OAS3 proteins can be activated upon 

detecting double-stranded RNA (dsRNA) to produce 2’-5’ oligoadenylates (2-5As)37, which 

subsequently activates RNAse L38.  RNAse L degrades both cellular and viral RNA, thereby 

inhibiting viral replication39. While OAS1-3 proteins are well known for their RNAseL-dependent 

activity, recent evidence suggests that OAS1 can directly inhibit viral replication independent of 

RNAse L40. Kristiansen et al reported that OAS can be released to the extracellular space and 

acts as a paracrine antiviral agent without activation of RNAseL. In our study, we did not 

observe an increase in titer packaging in RNAseL KD 293T cells, suggesting that the RNAse L 

independent antiviral activity may explain the increase in titer with the OAS1-/- 293T cells. 

Future studies to explore the mechanisms leading to the titer increase in OAS1-/- cells are 

needed. Although the interferon signaling is uncoupled from cytokine secretion in 293T cells, we 

showed that some of the antiviral effectors, such as OAS1 and PKR, are still active in 293T 

cells, and knocking them out improved packaging efficiency.  



62 
 

In summary, we present a new packaging cell line, CHEDAR, with OAS1, LDLR and 

PKR knocked out to prevent the antiviral responses and inhibition on the lentiviral lifecycle. 

CHEDAR increased the titer of Lenti/βAS3FB 4~8-fold higher than the titer of the vectors 

produced from the parental HEK293T cells.     
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METHODS  

LV Production and Titration 

The LVs used in this study include roUBC47, EFS-ADA30, Lenti/βAS3-FB23, Mini-G6, and 

PYC-CAR48. The LV packaging and titration protocols were previously described in Han et al24. 

Briefly, genetically modified and wild-type 293T cells were plated in 6-well plates and transiently 

transfected with a fixed amount of HIV Gag/Pol, Rev, VSV-G expression plasmids, and 

equimolar amounts of transfer plasmids with TransIT-293 (Mirus Bio, Madison, WI). For certain 

experiments, SPT4 and SPT5 expression plasmids or a non-packageable GFP plasmid were 

added to the transfection mix. About 20 hours after transfection, transfected cells were 

incubated in D10 containing 10 mM sodium butyrate and 20 mM HEPES for 6-8 hours. Cells 

were then washed with PBS and cultured in fresh D10 for approximately 40 hours. Viral 

supernatants were collected and filtered through a 0.45 µm filter. If needed, viral supernatants 
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were concentrated by ultracentrifugation at 26,000 rpm for 90 min. Both raw and concentrated 

viruses were kept at -80°C for long-term storage.  

 Viral titers were determined by transducing HT-29 human colon carcinoma cells with 

different dilutions of the LVs and pelleted the cells ~60 hours after transduction. Genomic DNA 

was extracted using either the PureLink Genomic DNA Mini Kit (Invitrogen, Waltham, MA) or 

QuickExtract DNA Extraction Solution (Lucigen, Middleton, WI). Viral titers were calculated as 

VCN x cell number at the time of transduction x dilution factor. VCN was defined as the ratio of 

the copies of the HIV-1 PBS region to the copies of the SDC4 endogenous reference gene and 

measured by Droplet Digital PCR (ddPCR). The droplet generation process was described in 

Hindson et al41, and the ddPCR cycling conditions and protocols were described previously in 

Han et al24.  

 

Single Guide RNAs Construction 

Single guide RNAs (sgRNA) were designed using the Benchling CRISPR online tool, and 

oligonucleotides were synthesized by Integrated DNA Technologies (San Diego, CA). sgRNAs 

were in vitro transcribed following the protocol as previously described42. Briefly, sgRNA was 

assembled as DNA and PCR amplified to generate enough DNA templates. The DNA template 

was in vitro transcribed into sgRNAs using the HiScribe T7 Quick High Yield RNA Synthesis Kit 

(New England Biolabs; Ipswich, MA). RNA was purified using the RNeast MinElute Cleanup Kit 

(Qiagen; Valencia, CA), following the manufacturer’s protocol.  
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Electroporation 

 2×105 cells per condition were pelleted at 100 xg for 10 minutes at room temperature, 

resuspended in 10 ul of SF solution with supplements (Lonza; Basel, Switzerland). 100 pmol of 

Cas9 was added to 240 pmol of sgRNA to form the ribonucleoprotein (RNP) complex, and the 

RNP was incubated on ice for 10-20 minutes. The cells and RNP were combined and 

electroporated with the Lonza 4D Nucleofector system (program CM-130). After electroporation, 

cells were recovered at room temperature for ten minutes and then transferred to a 24 well 

plate. To analyze the cutting efficiency, cells were pelleted for DNA extraction 24-48 hours after 

electroporation using the PureLink Genomic DNA Mini Kit (Invitrogen/ThermoFisher Scientific; 

Carlsbad, CA). DNA regions around the cut site were PCR amplified, and the PCR products 

were sent for Sanger sequencing. The cutting efficiencies were analyzed using Synthego 

Performance Analysis, ICE Analysis. 2019. v2.0. Synthego. After confirming the cutting 

efficiency, electroporated cells were single-cell sorted at the UCLA Broad Stem Cell Research 

Center Flow Cytometry Core. About two weeks after sorting, isogenic cell clones were collected 

for genomic DNA extraction, PCR amplification, Sanger sequencing, and ICE Analysis to 

identify knockout or knockdown clones.  

 

Flow Cytometry  

All flow cytometry analyses were performed on BD LSRFortessa and BD FACS Aria II. 

The cells were harvested and washed with PBS and stained for 30 min at 4°C or 15 min at room 

temperature with the anti-LDLR antibody (R&D Systems, Minneapolis, MN) and DAPI. For 

FACS-sorting of single cells, cells were stained with DAPI, and live cells were sorted into one 

cell per well in 96-well plates.  
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Western Blot  

 The western blot protocol was previously described by Crowell et al43. All samples 

except OAS1 did not require prior treatments. To induce OAS1 expression, cells were incubated 

with 10 ng/mL recombinant human IFN-beta protein (R&D Systems, Minneapolis, MN) at 37°C 

for 24 hrs prior to harvesting the cells. 2×106 cells were collected and lysed in RIPA buffer (50 

mM Tris-HCL pH8.0, 150 mM NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS) with 

HALT protease inhibitor cocktail (ThermoFisher, Waltham, MA). To determine the protein 

concentration, the BCA assay was conducted using the Pierce BCA Protein assay kit 

(ThermoFisher, Waltham, MA) following the manufacturer’s protocol. An equal amount of 

proteins was run on NuPAGE 4%-12% Bis-Tris Gel (Novex), transferred onto PVDF membranes 

(Millipore  Sigma), and incubated with the primary antibodies at 4°C overnight. The primary 

antibodies used in this study include anti-SPT4 (Cell Signaling Technology, Product #648285, 

Danvers, MA), anti-SPT5  (Santa Cruz Biotechnology, sc-390961, Dallas, Texas), anti-ATR 

(Cell Signaling Technology, Product #13934, Danvers, MA), anti-IFNAR1 (Abcam, ab124764, 

Cambridge, MA), anti-β-Actin (Cell Signaling Technology, Product #3700, Danvers, MA), anti-

OAS1 (Cell Signaling Technology, Product #14498, Danvers, MA), and anti-tubulin (company, 

product number). The primary antibodies were then detected with HRP-conjugated secondary 

antibodies followed by HRP chemiluminescence.  

 

Viral RNA Analysis by ddPCR  

 RNA was extracted from 140 ul unconcentrated viral supernatant using the QIAmp Viral 

RNA Mini Kit (Qiagen), treated with DNAse I (Invitrogen, Waltham, MA), reverse transcribed 

with M-MLV reverse transcriptase (Invitrogen, Waltham, MA), as previously described in Han et 

al24. 
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The abundance of Initial, Intermediate and Complete RNA was quantified by ddPCR 

using different primer and probe sets. Initial RNA was quantified by the amplification with the 

R/U5 primers and probe: forward primer 5’- GCTAACTAGGGAACCCACTGCT-3’, reverse 

primer 5’-GGGTCTGAGGGATCTCTAGTTACCA-3’, and probe 5’-FAM- 

CTTCAAGTAGTGTGTGCCCGTCTGT-31ABFQ-3’ (Integrated DNA Technologies). 

Intermediate RNA was quantified by the amplification with the PBS primers and probe: forward 

primer 5’- AAGTAGTGTGTGCCCGTCTG-3’, reverse primer 5’- CCTCTGGTTTCCCTTTCGCT-

3’, and probe 5’-FAM-CCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAG-31ABFQ-3’. 

Complete RNA was quantified by the amplification with the U3/R primers and probe: forward 

primer 5’-AGCAGTGGGTTCCCTAGTTAG-3’, reverse primer 5’-

GGGACTGGAAGGGCTAATTC-3’, and probe 5’-FAM-

AGAGACCCAGTACAAGCAAAAAGCAG-31ABFQ-3’. The cycling conditions were 95°C for 10 

min for one cycle, (94°C for 30 s and 60°C for 1 min) for 40 cycles, 10 min at 98°C for one 

cycle, and a 12°C hold. 

  

P24 Assay 

 UCLA/CFAR (Center for AIDS Research) Virology Core kindly conducted all the p24 

ELISA to quantify p24 antigen concentration in unconcentrated viral supernatants using the 

Alliance HIV-1 p24 Antigen ELISA Kit (cat# NEK050, PerkinElmer, Waltham, MA), following the 

manufacturer’s manual.  

 

Statistical Analysis 

 Descriptive Statistics, such as a number of observations, mean and standard deviation 

were reported and presented graphically for quantitative measurements. Unpaired t-tests were 



67 
 

used to compare between columns for outcome measures, such as titers, the concentration of 

physical particles, copies, and percentage of RNA. In the case of normality assumption 

violation, nonparametric Wilcoxon rank-sum tests were used. For all statistical investigations, 

tests for significance were two-tailed. A p-value of less than 0.05 significance level was 

considered to be statistically significant. All statistical analyses were conducted using GraphPad 

Prism version 8.0 (GraphPad Software, San Diego, CA, USA). 
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ABSTRACT 

In this chapter, we explored strategies to rescue viral RNA truncation and combined methods 

reported in both Chapters 3 and 4 to further increase titer and infectivity. Shortening β-globin LV 

led to higher percentages of complete viral RNA genomes and higher titers. Expression of TAT 

protein during packaging increased vector RNA initiation, resulting in a modest increase of 

titers, but did not improve the completion of the viral genome. By combining three modifications 

to vector design and production (shortening the vector length to 5.3-kb; expressing TAT protein 

during packaging; and packaging in PKR-/- cells) there was a 30-fold increase in vector titer and 

a 3-fold increase in vector infectivity in HSPC. In addition, overexpressing transcription 

elongation factors, SPT4 and SPT5, improved the production of Complete viral RNA, thereby 

increasing titer by 2~3-fold. Packaging with SPT4 and SPT5 in CHEDAR cell line led to a 11-

fold increase in titer. These approaches may improve the manufacturing of β-globin and other 

complex LVs for enhanced gene delivery and may facilitate clinical applications. 

 

INTRODUCTION 

A lentiviral vector (LV) typically contains a gene of interest under the control of human 

cis-regulatory promoters and enhancers to drive stable robust and lineage-specific expression. 

The identifications of these cis-regulatory elements have been historically challenging, 

especially in the realm of β-globin vectors. In the past, researchers knocked out specific 

sequences in mice to study their effects and define the boundaries of these elements1–3. 

However, these early studies fail to provide the exact base pair boundaries of the enhancer 

elements. This has led to excessive sequences in the lentiviral transgenes.  

In Chapter 2, we showed that the lengthy and complex genome of LVs leads to lower 

titer and gene transfer efficiency. We also reported that vRNA was truncated in a length-



77 
 

dependent manner in packaging cells and was exported into the viral particles. These truncated 

vRNAs failed reverse transcription at the first strand transfer step due to the absence of the 3’ 

LTR and cannot form the double-stranded viral DNA to be integrated into the host cell genome. 

Because we did not observe any “hot” truncation sites and the RNA truncations happen in a 

length-dependent manner, it is conceivable that the vRNA truncations are caused by the low 

processivity of RNA polymerase II (RNA POL II).  

One rational way to avoid exhausting RNA POL II is to shorten the vector length by 

removing non-essential sequences. Morgan et al redefined the functional elements in the locus 

control region of the endogenous human β-globin genomic sequences by employing existing 

genomic and epigenomic databases and created a 5.3-kb β-globin LV4. Another way to identify 

the minimal length of functional elements is the massively parallel reporter assay (MPRA). The 

cis-regulatory sequences of interest are dissected into small fragments, for example, 100 base 

pairs, and each fragment is cloned into a reporter cassette followed by a specific barcode 

sequence. If the sequence is a promoter, it will lead to the transcription of the barcode 

sequence. Although the method has been successfully used to generate vectors with minimal 

enhancer and promoter, these elements provide lower expressions compared to the larger core 

fragments5. Therefore, finding the balance between titer, infectivity, and expression is still 

challenging.  

Alternatively, improving the processivity of RNA POL II is a viable strategy to improve 

titer and infectivity without reducing the expression. Tat is an accessory protein encoded in the 

genomes of wild-type HIV-1 that plays a pivotal role in transcription activation and elongation. 

Upon binding to the TAT-responsive element (TAR) hairpin from the 5’ end of the HIV transcript, 

Tat recruits the transcriptional elongation factor pTEFb to phosphorylate the C-terminal domain 

of RNA Pol II, thereby enhancing the processivity of the polymerase6–10. In addition to Tat, 

cellular transcription elongation factors are also feasible targets that regulate RNA POL II 
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processivity. SPT4 and SPT5 are components of the DRB sensitivity-inducing factor complex 

(DSIF complex), which regulates transcription elongation by RNA polymerase II (RNA Pol II). 

SPT4-SPT5 complex promotes Pol II processivity by traveling with Pol II throughout 

transcription elongation11. Recent evidence suggests that the SPT4-SPT5 complex binds to the 

DNA exit region on Pol II, assisting the rewinding of DNA and preventing aberrant backtracking 

of Pol II12,13. 

In this chapter, we explored various strategies to improve vRNA production, including 

shortening the vector length, packaging with Tat, and packaging with the transcription 

elongation factors. We also assessed the combinatorial effects of the strategies discussed in 

Chapter 3 and Chapter 4.  

 

RESULTS 

Shortening the vector length increased viral RNA, titer, and gene transfer 

       We sought methods to improve titer and infectivity of the complex β-globin vector by 

rescuing the viral RNA truncation. Because the level of Complete RNA decreases with 

increasing vector length, we hypothesized that shortening the vector can rescue RNA 

production, thereby increasing titer and infectivity. Morgan et al. reported a 5.3-kb β-globin 

vector “Mini-G”, where the major size reductions are from using short LCR enhancer regions 

identified from the ENCODE database4. To test our hypothesis, we packaged Mini-G and 

Lenti/βAS3-FB concurrently and measured the RNA content in viral particles, titer, and infectivity 

in CD34+ BM cells (Fig. 1A).  

 Shortening the vector successfully rescued the RNA production and increased titer and 

infectivity in CD34+. Mini-G showed 27-fold more Complete RNA than Lenti/βAS3-FB (unpaired 

t test, p=0.0003) (Fig. 1B). The percentage of Complete RNA increased from 5.4% in 



79 
 

Lenti/βAS3-FB to 84% in Mini-G, which led to a 15.5-fold increase in the percentage of 

Complete RNA (unpaired t test, p<0.0001). In addition, the viral titer of the unconcentrated virus 

was 7.6-fold higher for Mini-G (unpaired t test, p=0.0004) (Fig. 1C).  Mini-G also showed an 

improvement in the infectivity of human BM CD34+ HSPCs (linear regression, comparison of 

the slopes, p=0.0007) (Fig. 1D).  

Figure 1. Shortening the vector length increased viral RNA completeness, vector titer, and CD34+ 
cell infectivity. (A) The schematic representation of the provirus of Lenti/ßAS3-FB and mini-G. (B) The 
absolute quantification and percentage of viral RNA in viral particles measured by ddPCR. (C) Viral titers 
of Lenti/ßAS3-FB and mini-G (bars represent mean with SEM; n=3 independent experiments; unpaired t 
test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (D) Infectivity of Lenti/ßAS3-FB and mini-G LVs in 1e6 
cells/mL of BM CD34+ HSPCs at MOI=3, 10, 30 (bars represent mean with SEM; n=3 independent 
experiments; linear regression, comparison of the slopes, p=0.0007). Data represent measurements from 
three independent human BM CD34+ HSPCs donors. 
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Packaging with Tat increased viral RNA  

       We hypothesized that packaging with Tat will increase the production of Complete RNA in 

LV. To test our hypothesis, we packaged Lenti/βAS3-FB14, EFS-ADA15, and DL-βAS314 vectors 

with the addition of either a Tat expression plasmid or a filler plasmid (unpackageable GFP 

plasmid without lentiviral genome). The Lenti/βAS3-FB vector plasmid is driven by the CMV 

promoter, whereas DL-βAS3, the parent LV to Lenti/βAS3-FB, contains an intact 5’ HIV-1 LTR 

and is thus Tat-dependent.  

       We first assessed the effect of Tat on viral RNA production. Packaging with the addition of 

the Tat plasmid increased the levels of all viral RNA species from all three vectors (Fig. 2A). In 

particular, we observed a 2~3-fold increase in the absolute quantity of Complete RNA from 

EFS-ADA and Lenti/βAS3-FB and a ~6-fold increase in Complete RNA from DL-βAS3 (unpaired 

t test, *p<0.05, **p<0.01, ***p<0.001). Tat significantly elevated the percentage of Complete RNA 

in DL- βAS3 (unpaired t test, p=0.02), confirming that Tat was necessary for efficient transcription 

elongation from LV with intact 5’ HIV LTR in the packaging plasmid (Fig. 2B). However, Tat did 

not increase the percentage of Complete RNA from EFS-ADA or Lenti/βAS3-FB, suggesting 

that the CMV-driven LV packaging plasmids are not Tat-dependent for transcription elongation. 

  Nevertheless, we examined whether the increase in the absolute quantities of full-length 

viral RNA when packaged with Tat correlate with viral titer. The titers of EFS-ADA and 

Lenti/βAS3-FB increased by 2~3-fold, and the titer of DL-118 increased by ~6-fold (unpaired t 

test, EFS-ADA p=0.01, DL- βAS3 p=0.004, Lenti/βAS3-FB p=0.39) (Fig. 2C). Although the 

increase in titer for Lenti/βAS3-FB was not statistically significant, we observed a consistent 2-

fold increase in titer in LVs packaged with Tat in each independent experiment. Furthermore, 

LVs packaged with Tat, especially DL- βAS3 and EFS-ADA, showed an improvement in their 

infectivity in human BM CD34+ HSPCs (linear regression, comparison of the slopes, EFS-ADA 

p=0.039, DL- βAS3 p=0.01, Lenti/βAS3-FB p=0.105) (Fig. 2D).  
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       We tried to further increase the level of Complete RNA by manipulating the location of the 

rev-response element (RRE). The HIV-1 Rev protein binds to the RRE to facilitate the nuclear 

export of viral RNA16–19. Moving RRE from downstream of the 5’ LTR to a position upstream of 

the 3’ LTR modestly increased the copies of Complete RNA without changing the percentage of 

Complete RNA and had no significant effect on titer (Fig. 3).     

 By combining some of the modifications discussed above—shortening the vector length, 

packaging with Tat, and packaging in PKR-/- cells—we were able to increase the copies of 

Complete RNA from the Mini-G vector compared to Lenti/βAS3-FB packaged without Tat in 

PKR-replete cells by 149.9-fold and to improve the percentage of Complete RNA to 79.4%. 

These strategies resulted in a 29.3-fold increase in titer (Fig. 4) and increased the infectivity of 

the β-globin vector in human BM CD34+ HSPCs by 3.2-fold at the highest dose (bars represent 

mean with SEM; n=3 independent experiments; linear regression, comparison of slopes, 

p=0.0009). 
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Figure 2. Packaging with Tat increased viral RNA amounts but not completeness, vector titer, and 
CD34+ cell infectivity. (A) The absolute quantification and (B) the percentage of Initial, Intermediate, and 
Complete RNA in EFS-ADA, DL- ßAS3, Lenti/ßAS3-FB LVs. DL-ßAS3 (a parental ß-globin vector to 
Lenti/ßAS3-FB) contains an intact 5’ HIV LTR and is dependent on Tat for full-length RNA transcription. 
Vectors were packaged with either Tat plasmids or a filler plasmid (an unpackageable GFP plasmid 
without lentiviral sequences) and harvested three days post-transfection. Viral RNA was extracted from 
vector particles. (C) Titers of LVs packaged +/- Tat plasmids (bars represent mean with SEM; n=6 dishes 
of identical cultures from 3 independent experiments; unpaired t test, *p<0.05, **p<0.01, ***p<0.001). (D) 
Infectivity of CCLAS3 and Globe LVs +/- Tat in 1e6 cells/mL of BM CD34+ HSPCs at MOI=1, 3, 10, 30 
(bars represent mean with SEM; n=3 independent experiments; linear regression, comparison of the 
slopes, EFS-ADA p=0.039, DL- βAS3 p=0.01, Lenti/βAS3-FB p=0.105). Data represent measurements 
from three independent human BM CD34+ HSPCs donors. 
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Figure 3. Moving the RRE element to the 3’ LTR did not increase the viral titer. (A) Schematic 
representation of the vector constructs. The RRE element in Lenti/ßAS3-FB was moved from a site 
downstream of the 5’ LTR to a site upstream of the 3’ LTR to generate a new vector termed as 
Lenti/ßAS3-FB-RRE. (B) Absolute quantification and (C) percentage of viral RNA from unconcentrated 
viral supernatant of Lenti/ßAS3-FB-RRE and Lenti/ßAS3-FB measured by ddPCR with R/U5 and U3/R 
primers and probes (n=3 dishes of identical cultures treated and analyzed in two independent 
experiments). (D) Viral titers of Lenti/ßAS3-FB-RRE and Lenti/ßAS3-FB LVs (n=3 dishes of identical 
cultures treated and analyzed in two independent experiments; bars represent mean with SEM).  
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Figure 4. Combining the three modifications for the production of ß-globin vectors increased 
viral RNA, vector titer and CD34+ cell infectivity. (A) The schematic representation of the three 
modifications: shortening the vector length, packaging with TAT plasmids and packaging in PKR-/- cells. 
(B) The absolute quantification and percentage of viral RNA in viral particles measured by ddPCR. (C) 
Titers of unconcentrated ß-globin vectors +/- 3 modifications (bars represent mean with SEM; n=3 
dishes of identical cultures treated and analyzed in 2 independent experiments). (D) Infectivity of ß-
globin vectors +/- 3 modifications in BM CD34+ HSPCs (bars represent mean with SEM; n=3 
independent experiments; linear regression, comparison of the slopes, p=0.0009). Data represent 
measurements from three independent human BM CD34+ HSPCs donors. 
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Packaging with transcription elongation factors improved RNA completeness and titer 

In our previous study, we reported that Lenti/βAS3-FB viral RNA is truncated during RNA 

production, and the truncated RNA cannot be reverse transcribed and integrated into the host 

cell genome.  We hypothesized that packaging with transcription elongation factors, SPT4 and 

SPT5, may result in more Complete viral RNA. SPT4 and SPT5 are components of the DRB 

sensitivity-inducing factor complex (DSIF complex), which regulates transcription elongation by 

RNA polymerase II (RNA Pol II). SPT4-SPT5 complex promotes Pol II processivity by traveling 

with Pol II throughout transcription elongation11. Recent evidence suggests that the SPT4-SPT5 

complex binds to the DNA exit region on Pol II, assisting the rewinding of DNA and preventing 

aberrant backtracking of Pol II12,13.     

To test our hypothesis, we packaged Lenti/βAS3-FB with the addition of SPT4/5 

expression plasmids. SPT4 and SPT5 were cloned into expression plasmids under the control 

of an MND promoter and transiently transfected into the 293T cells with the rest of the 

packaging plasmids 24 hours after plating the cells. Four conditions were tested: 5 μg of GFP 

plasmids alone, 2.5 μg of SPT4 plasmids with 2.5 μg of GFP plasmids, 2.5 μg of SPT5 plasmids 

with 2.5 μg of GFP plasmids, and 2.5 μg of SPT4 plasmids with 2.5 μg of SPT5 plasmid. GFP 

plasmids were used as fillers to ensure an equal mass of plasmids were transfected in each 

condition.  

We first assessed the effect of SPT4 and SPT5 on viral RNA production (Fig. 5A; n=9 

dishes of identical cultures from 3 independent experiments; bars represent mean with SD; 

unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001). Compared to the 

transfection control, adding SPT5 alone increased the level of Initial vRNA by 1.7 ± 0.4-fold, the 

level of Intermediate vRNA by 1.9 ± 0.5-fold, and the level of Complete vRNA by 2.4 ± 1.5-fold; 

adding SPT4 alone increased the level of Initial vRNA by 1.5 ± 0.4-fold, the level of Intermediate 

vRNA by 1.6 ± 0.5-fold, and the Complete vRNA by 2 ± 1.2-fold. These data suggest that there 
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was a gradual enrichment in vRNA level towards the 3’ end when the transcription elongation 

factors were added. Moreover, adding both SPT4 and SPT5 expression plasmids during 

packaging increased the level of Initial vRNA by 2.2 ± 0.6-fold, the level of Intermediate vRNA 

by 2.4 ± 0.7-fold, and the level of Complete vRNA by 4.4 ± 2-fold compared to the transfection 

control. We did not observe an increase in the percentage of Intermediate RNA, probably 

because the primers and probes to detect the Initial vRNA (in RU5) and Intermediate vRNA (in 

the primer binding site sequence) are very close to each other (Fig. 5B; n=9 dishes of identical 

cultures from 3 independent experiments; bars represent mean with SD; unpaired t-test, ∗p < 

0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001). Nevertheless, we indeed observed a significant 

increase in the percentage of Complete vRNA when both SPT4 and SPT5 were added. These 

data suggest that SPT4 and SPT5 additively facilitate transcription elongation. 

Next, we examined whether the increase in vRNA correlated with titer (Fig. 5C; n=9 

dishes of identical cultures from 3 independent experiments; bars represent mean with SD; 

unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001). Compared to the 

transfection control, adding SPT5 alone increased titer by 1.4 ± 0.2-fold, adding SPT4 alone 

increased titer by 1.3 ± 0.1-fold, and adding both SPT4 and SPT5 increased titer by 2.2 ± 0.4-

fold.  

We also observed increased levels of physical particles measured by p24 ELISA when 

SPT4 and SPT5 were added (Fig. 5D; n=9-12 dishes of identical cultures from 3-4 independent 

experiments; bars represent mean with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, 

∗∗∗∗p < 0.0001). This observation suggested that SPT4 and SPT5 potentially enhanced 

transcription elongation not only for the transfer plasmid but also the packaging and envelope 

plasmids. Moreover, we examined the ratio of infectious to physical particles, which reflects the 

fraction of virus particles that can complete an infectious cycle. Adding both SPT4 and SPT5 

increased the ratio of infectious particles to physical particles by 1.6 ± 0.4-fold than the 
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transfection control (Fig. 5E; n=9 dishes of identical cultures from 3 independent experiments; 

bars represent mean with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 

0.0001). Therefore, adding SPT4 and SPT5 yielded more infectious particles and fewer empty 

particles, likely due to the increased in Complete vRNA.  

Figure 5. Packaging with transcription elongation factors SPT4/5 increased viral RNA 
completeness and vector titer. A) The fold difference of Initial, Intermediate and Complete vRNA 
compared to the transfection control and B) a percentage of Intermediate and Complete vRNA in parental 
HEK293T cells with SPT4/5 plasmids or a filler plasmid (n=9 dishes identical cultures from 3 independent 
experiments; bars represent mean with SD). The percentage of Intermediate vRNA was calculated as the 
copies of Intermediate vRNA divided by the copies of Initial RNA. The percentage of Complete vRNA was 
calculated as the copies of Complete vRNA divided by the copies of Initial vRNA. C) Titers of Lenti/βAS3-
FB packaged in parental HEK293T cells with SPT4/5 plasmids or a filler plasmid as the transfection control 
(an unpackageable GFP plasmid without lentiviral sequences) (n=9 dishes identical cultures from 3 
independent experiments; bars represent mean with SD). D) Concentration of physical particles measured 
by p24 ELISA (n=9 dishes identical cultures from 3 independent experiments; bars represent mean with 
SD). E) The ratio of infectious particles to physical particles (n=9 dishes identical cultures from 3 
independent experiments; bars represent mean with SD). 
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Packaging with transcription elongation factors in the CHEDAR cell line increased titer, 

vRNA, and physical particles  

 Lastly, we explored the combinatorial effects of packaging with the transcription 

elongation factors in the CHEDAR cell line. As shown in Figure 6A, packaging in the parental 

HEK293T cells with the addition of SPT4 and SPT5 increased titer by 2 ± 0.4-fold compared to 

the parental HEK293T transfection control. Packaging in the CHEDAR cell line with the 

transfection control increased titer by 7 ± 1-fold over the parental HEK293T transfection control. 

Packaging in the CHEDAR cell line with the addition of SPT4 and SPT5 increased titer by 10.7 

± 3.2-fold over the parental HEK293T transfection control (n=9 dishes of identical cultures from 

3 independent experiments; bars represent mean with SD; unpaired t-test, ∗p < 0.05, ∗∗p < 

0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001). We also observed a significant increase in the level of 

Complete vRNA and the percentage of Complete when SPT4 and SPT5 were added to the 

CHEDAR cell line (Fig. 6B, C; n=6-9 dishes of identical cultures from 2-3 independent 

experiments). Packaging with the addition of SPT4 and SPT5 in the CHEDAR cell line further 

improved titer and RNA production compared to the CHEDAR transfection control, suggesting 

that these two strategies work additively to increase titer. 
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Figure 6. Packaging with SPT4 and SPT5 in the CHEDAR cell line increased titer, vRNA, and 
physical particles. A) Titers of Lenti/βAS3-FB packaged in parental HEK293T cells and CHEDAR cells 
with SPT4/5 plasmids or a filler plasmid as the transfection control (an unpackageable GFP plasmid 
without lentiviral sequences) (n=9-15 dishes identical cultures from 3-5 independent experiments; bars 
represent mean with SD). B) The absolute quantification of Complete vRNA and C) the percentage of 
Complete vRNA of Lenti/βAS3-FB packaged in parental HEK293T cells and CHEDAR cells with SPT4/5 
plasmids or a filler plasmid as the transfection control (n=9-15 dishes identical cultures from 3-5 
independent experiments; bars represent mean with SD). D) The concentration of physical particles 
measured by p24 ELISA. 
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DISCUSSIONS  

 Low titer and infectivity of complex lentiviral vectors, like β-globin LVs and CAR-T LVs, 

create barriers for clinical and commercial applications of gene and cell therapy. We elucidated 

the mechanisms leading to low titer and infectivity: 1) restriction factors impeding various steps 

of the lentiviral lifecycle; 2) viral RNA truncations. We first used three strategies to increase viral 

RNA production: shortening the vector length to ensure that viral RNA can be fully transcribed; 

packaging with HIV Tat and transcription elongation factors to enhance the processivity of RNA 

Pol II. Shortening the 8.9-kb Lenti/βAS3-FB vector to the 5.3-kb mini-G vector rescued the 

production of Complete RNA, resulting in a 7.6-fold increase in titer and a 2-fold increase in 

CD34+ cell infectivity at the highest dose. Packaging LVs with Tat improved RNA initiation but 

not Pol II processivity from CMV-driven lentiviral vector packaging plasmids. Nonetheless, a 

two-fold increase in titer and infectivity at the high dosage of TU was observed in Lenti/βAS3-FB 

when packaged with Tat. Future studies to improve RNA Pol II processivity or to identify 

additional problematic sequences that truncate RNA are needed.  

In addition to exploring the lentiviral restriction factors, we overexpressed transcription 

elongation factors, SPT4 and SPT5, to enhance the production of Complete vRNA. Expressing 

either SPT4 or SPT5 led to a ~2-fold increase in Complete vRNA. SPT4 and SPT5 worked 

synergistically, because expressing both transcription elongation factors led to a ~4-fold 

increase in Complete vRNA and a 2-fold increase in the percentage of Complete RNA. 

Moreover, the transcription elongation factors showed an additive effect with the CHEDAR KO 

cell line to further increase Complete vRNA by 1.5-fold, resulting in a 1.2-fold increase in titer. 

These results suggest that overexpressing transcription elongation factors facilitates the vRNA 

production in both parental HEK293T and the triple KO cells. Future studies are needed to 

explore the addition of other transcription elongation factors.  
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Furthermore, we demonstrated the additive effects of improving vRNA production and 

removing restriction factors. Shortening the vector, packaging with Tat, and knocking out PKR 

together increased titer by ~30-fold and infectivity by 3-fold for the β-globin vector. Packaging 

with the transcription elongation factors, SPT4 and SPT5, in the OAS1-/- LDLR-/- PKR-/- 

CHEDAR cell line improved titer by 10.7 ± 3.2-fold. These modifications should be able to 

increase the production of viral substrates that are essential for the remaining steps of the 

lentiviral lifecycle, resulting in increased titer and infectivity.  

 

METHODS 

LV production and titration  

The LV packaging and titration protocol were previously described in Chapter 2 and Chapter 

3. Briefly, LVs were packaged by transient transfection of 293T cells with fixed amounts of HIV 

Gag/Pol, Rev, and VSV-G expression plasmids and equimolar amounts of each of the different 

vector transfer plasmids using TransIT-293 (Mirus Bio, Madison, WI). For some experiments, cells 

were co-transfected with one or more of the following plasmis: the HIV-1 pSV2-TAT expression 

plasmid (NIH AIDS Reagent Program (Rockville, MD), SPT4 expression plasmid, SPT5 expression 

plasmid, and a GFP expression plasmid lacking vector elements so that it would not be packaged. 

About 72 hours after transfection, raw virus or concentrated virus was collected for titer 

measurements.  

 

LV infection in human BM CD34+ HSPCs   

Human CD34+ HSPCs were isolated from healthy donor bone marrow (BM) aspirates using 

Ficoll-Hypaque gradient separation and a CD34 MicroBead Kit (Miltenyi Biotech, Bergisch 
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Gladbach, Germany). CD34+ HSPCs were plated at 1x106 cells/mL in non-tissue culture treated 

plates coated with RetroNectin (20 µg/mL; Takara Shuzo Co., Otsu, Japan). The cells were pre-

stimulated for 24 h in X-Vivo-15 (Lonza, Basel, Switzerland) with 1 X L-glutamine-penicillin-

streptomycin (Gemini BioProducts, West Sacramento, CA, USA), 50 ng/mL SCF, 50 ng/mL TPO, 50 

ng/mL Flt3L and 20 ng/mL IL-3 (PeproTech, Rocky Hill, NJ, USA). Prestimulated cells were 

transduced with viral supernatants, and 24 h after transduction, cells were collected for in vitro 

myeloid differentiation cultures. Transduced human BM CD34+ HSPCs were cultured in Basal BM 

Medium (BBMM: Iscove’s Modified Dulbecco’s Medium [IMDM] [Life Technologies, Grand Island, 

NY], 1 X L-glutamine-penicillin-streptomycin, 20% fetal bovine serum, 0.52% Bovine Serum 

Albumin) with recombinant human cytokines of 5 ng/ml interleukin-3, 10 ng/ml interleukin-6, and 25 

ng/ml cKIT ligand (hSCF) (PeproTech) at 37°C, 5% CO2. Cells were maintained in culture for 12 

days with the addition of fresh BBMM and cytokines every 4 days. After 12 days, the cells were 

harvested for genomic DNA extraction and VCN analysis by ddPCR as described above.  

 

Viral RNA analysis by ddPCR  

RNA was extracted using either the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) or 

the QIAmp Viral RNA Mini Kit (Qiagen). 1 ug of RNA were treated with DNAse I (Invitrogen, 

Waltham, MA) and then reverse transcribed using random primers, M-MLV reverse 

transcriptase, and RNAseOUT Recombinant Ribonuclease Inhibitor (all from Invitrogen), 

following the manufacturer’s protocol. Amplification of R/U5, PBS and U3/R regions by ddPCR 

were conducted to quantify the Initial, Intermediate, and Complete viral RNA. The sequences of 

the primers and probes are listed in Chapter 2. The cycling conditions were 95°C for 10 min for 

one cycle, (94°C for 30 s and 60°C for 1 min) for 40 cycles, 10 min at 98°C for one cycle, and a 

12°C hold.  
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p24 Assay 

p24 antigen concentration in vector supernatants was measured by the UCLA/CFAR 

(Center for AIDS Research) Virology Core using the Alliance HIV-1 p24 Antigen ELISA Kit (cat# 

NEK050, PerkinElmer, Waltham, MA), following the manufacturer’s manual.  

 

Statistical Analysis 

Descriptive statistics such as the number of observations, mean and standard error were 

reported and presented graphically for quantitative measurements. Unpaired t tests were used 

to compare between vectors for outcome measures such as titers, VCN, copies, and 

percentage of Initial/Intermediate/Complete RNA. In the case of normality assumption violation, 

nonparametric Wilcoxon rank-sum tests were used.  Evaluation of infectivity of vectors was 

done by comparing the slopes of respective regression lines. For all statistical investigations, 

tests for significance were two-tailed. A p-value of less than the 0.05 significance level was 

considered to be statistically significant. All statistical analyses were carried out using statistical 

software SAS version 9.4 (SAS Institute Inc. 2013) and GraphPad Prism version 8.3.0 

(GraphPad Software, San Diego, California, USA).  
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