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Abstract 

 
Overcoming Challenges of HIV Vaccine Antigen Production by Limiting 

Glycosylation 

by 

Gabriel Byrne 

 
Progress on the development of a vaccine to HIV-1 has been slowed by the 

inability to efficiently produce antigens at the quantities needed for clinical trials. 

Adding further difficulties, there is not currently a cellular substrate capable of large 

scale production that imparts the correct glycoforms required of an HIV-1 vaccine. As 

the biopharmaceutical industry matured over the last thirty years, the production of 

glycoproteins has increasingly focused on incorporating as much complex, sialic acid-

containing N-linked glycans as possible onto recombinant proteins; seeking the 

increased circulatory half-life and immune tolerability these structures impart. The 

field of HIV-1 vaccine research followed suit, with material produced for clinical trials 

manufactured using the same paradigms applied to therapeutics such as monoclonal 

antibodies, recombinant enzymes (e.g. tissue plasminogen activator), chimeric 

receptors (e.g. TNFR-IgG), and cytokines (e.g. erythropoietin). In the case of those 

therapeutic examples, complex glycosylation helps to prolong the half-life, lowering 

cost, and avoid an immune response. Recent studies have demonstrated that this 

strategy has been counter-productive for an HIV-1 vaccine, where high mannose forms 

of N-linked glycosylation are required for stimulating broadly neutralizing antibodies 

required for inducing a protective immune response. This presents a challenge as there 



ix 

is currently no available expression system suitable for the biopharmaceutical 

production of recombinant glycoproteins possessing high-mannose glycans. This work 

describes the genetic engineering of a Chinese hamster ovary cell line to limit 

glycosylation to high-mannose and its applications for HIV-1 antigen production. This 

cell line was then used as the substrate to establish two permanent clonal lines 

expressing recombinant HIV-1 envelope protein antigens of clades C (TZ97008) and 

CRF01_AE (A244). Generating in excess of 1g/L, with glycosylation mimicking that 

of native virions, these lines solve two road blocks of HIV-1 vaccine development: 

inability to produce sufficient quantities of antigen and incorporation of high-mannose 

glycans. 
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Introduction 

 
“The report of my death was an exaggeration.” 
 -Mark Twain, 1897 
 

There are currently two large roadblocks in the development of an effective 

HIV-1 vaccine: Producing enough antigen for large-scale trials and ensuring it has the 

correct glycosylation. In this document we describe how we have broken this logjam 

in the development of an HIV-1 vaccine. As the sole viral protein on the surface of the 

HIV-1 virus, the gp120 envelope protein is the what neutralizing antibodies bodies bind 

to, and therefor what vaccine design has been focused on. The envelope protein is a 

homotrimer composed of three gp120 molecules, each comprising some five hundred 

amino acids, with an average of nine disulfide bonds and twenty-five N-linked glycans. 

This complexity has been difficult to reproduce in recombinant proteins, and 

production quantities have been low, greatly increasing the cost and difficulty of 

potential clinical trials. Additionally, the glycosylation found on the native virion 

cannot be replicated by current cellular substrates beyond analytical scale. Here we 

describe how we have solved both of these problems using cell engineering and 

advanced clone selection technologies.  

 In March of 2018 the newly appointed head of the U.S. Centers for Disease 

Control and Prevention (CDC), Dr. Robert Redfield, predicted an end to the AIDS 

epidemic in America, “...could be done in the next three to seven years.” Seven months 

later pharmaceutical giants Merck, Janssen, and Gilead Sciences all released positive 



2 

results data from separate phase III clinical trials, cuing headlines citing Dr. Redfield’s 

prescience. As the headlines move further from the source material, less attention is 

given to what these treatments actually accomplish, for that is what they are: 

Treatments. Not cures. Not protective immunity. This allows Dr. Redfield’s prediction 

to be technically true with two important distinctions. First, is the use of the term “AIDS 

epidemic,” rather than HIV. Second, was the caveat, “in America.” As a reminder, 

AIDS is an acronym for acquired immune deficiency syndrome, caused by the human 

immunodeficiency virus-1’s, (HIV-1) infection and killing of CD4+ T-cells. Clinical 

AIDS, as defined by the CDC, occurs when the CD4+ T-cell count falls below 200/mL. 

These treatments allow for viral suppression in HIV-1 positive patients, to an extent 

that the CD4+ T-cell count may remain, or return to, above 200/mL. This means that 

in America, infected individuals now likely die with HIV, not of AIDS related diseases. 

While these advancements are lifesaving, their success hinges upon access to, and the 

ability to pay for, medication for life. It also depends on life-long, daily, compliance 

with the drug treatment regimen than many people, including those in the developing 

world, find difficult to maintain. Wealthy, developed nations have both the money and 

infrastructure to effectively end AIDS within their populace. For the developing world, 

particularly sub-Saharan Africa, this is simply not a realistic option. A vaccine is the 

single best way to eradicate both HIV and AIDS worldwide.  

An effective vaccine must overcome some of the same hurdles as treatment, 

namely cost and access. . However, a major advantage of prophylactic vaccines is that 

once an individual is immunized, protection is often maintained for years or decades 

without the need for pills that have to be taken on a daily basis and prescriptions that 
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have to be refilled on a monthly basis. The principle focus of HIV-1 vaccine design is 

the HIV-1 envelope glycoprotein, gp120. A complex protein with extensive post-

translational modifications, gp120 has been difficult to manufacture in sufficient 

quantities for either clinical for commercial use while remaining affordable. If the 

populations who would most greatly benefit from access to an effective vaccine cannot 

afford it, then precious little good it will do. Historical yields in mammalian cell culture 

for gp120 production have hovered around the tens of milligrams per liter for the last 

three decades. As the antigen design aspect of HIV vaccine development has moved 

forward, progress on gp120 production has not kept pace with the rest of the 

biopharmaceutical field. This is in part due to some of the unusual properties of gp120. 

The HIV-1 envelope protein, gp120, has between 24 and 28 potential N-linked 

glycosylation sites (PNGs), depending on the individual clade and isolate, much higher 

than the usual two or three found on most secreted and cell-surface proteins. Previous 

efforts at gp120 manufacturing for clinical trials have worked to incorporate the 

maximal amount of complex glycosylation on each molecule. This is in keeping with 

the industry’s best practices, as complex glycans typically impart pharmacodynamic 

benefits such as increased stability and longer circulatory half-life. . Recent discoveries 

in the field of HIV-1 vaccine research have reached the surprising conclusion that 

multiple, potent, broadly neutralizing antibodies (bNAbs) recognize epitopes that 

require N-linked glycans in their binding. Furthermore, the glycans required are of an 

early-intermediate type termed high-mannose carbohydrate. While the carbohydrate 

attached to most endogenous human glycoproteins possess complex and contain sialic 

acid containing glycans, native HIV-1 envelope proteins predominantly incorporate 
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high mannose structures. HIV-1 envelope protein produced in cell culture by 

recombinant means possess primarily the sialic acid containing glycans and incorporate 

relatively low amounts of high mannose glycosylation. Thus, the cell lines and typical 

culture conditions resulting from nearly four decades of work geared toward achieving 

maximal complex glycosylation are of little use for HIV vaccines. What is needed is a 

way to limit the glycosylation of recombinant gp120 to exclusively high mannose 

forms while also increasing the amount of recombinant HIV glycoprotein that can be 

released into cell culture medium. I will accomplish this through genetic engineering 

of a CHO (Chinese hamster ovary) cell line, limiting the glycosylation to high-mannose 

while maintaining acceptable growth and production characteristics. 

Glycan heterogeneity arises through modifications to a conserved structure that 

is added on to new proteins co-translationally, Glc3Man9GlcNAc2 (Fig.1) . Once a new 

protein has been properly folded, sequential hydrolysis by endoplasmic reticulum (ER) 

resident a-mannosidase I and a-glucosidase I and II, yields Man8GlcNAc2. Repeated 

actions of Golgi resident a-mannosidases generate Man5GlcNAc2, the substrate for 

acetylglucosaminyltransferase I (GnTI), a bottleneck enzyme required for hybrid and 

complex glycoforms. Targeted abrogation of these early pathway steps can yield 

expression limited to high-mannose forms. 
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Figure 0.1: Glycan maturation. Asparagine linked glycosylation is generally broken up into three 
types. The simplest is the high mannose, or oligomannose, form. This structure is modified by sequential 
removal of mannose residues and the addition of further sugar subunits to create the hybrid and complex 
types. A glycan with a full complement of terminal sialic acid residues is called fully sialyated. Dashed 
arrows represent multiple enzymatic steps. Solid arrows represent a single step. 

 

This may be accomplished in several ways. One method is to treat the 

production cell culture with glycosidase enzyme inhibiting agents, such as kifunensine, 

altering the expression pathway and leaving mostly Man9 structures [1]. Another 

method is the chemical conjugation of envelope proteins with synthetic glycans [2]. 

There are also established cell lines with glycosidase knockouts, such as HEK 293 

GnTI- (N-acetylglucosaminyltransferase I-negative HEK 293) cells, that limit 

glycoforms to Man5-9. These all present various problems with the large scale, 

consistent production needed for clinical and eventual commercial use. Inhibiting 

agents may not fully address the issues of heterogeneity and must be demonstrably fully 

cleared from the product. The chemical synthesis and attachment of glycans is also 

subject to heterogeneity and adds significant complexity and cost. Currently available 
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glycan knock-out cell lines produce a consistent product but are slow to grow and have 

a cell specific productivity of 10-50% of standard HEK 293 cells. 

The work presented here answers these needs. Chapter 1 describes the initial 

cell line development. By utilizing CRISPR/Cas9 gene editing I created a CHO cell 

line that is deficient in the enzyme Mannosyl (Alpha-1,3-)-Glycoprotein Beta-1,2-N-

Acetylglucosaminyltransferase (MGAT1). This limits any glycoprotein produced to 

exclusively high mannose glycosylation. Envelope protein produced by this cell line 

demonstrated improved binding to multiple glycan-dependent bNAbs compared to 

material produced by un-modified CHO cells, meeting my primary goal. This cell line 

was then used to establish two permanent lines expressing recombinant gp120 antigens: 

a clade CFR01_AE (A244) and Clade C (TZ97008), in excess of 1g/L of gp120, 

described in Chapter 2 and Chapter 3, respectively. This means that enough material 

for clinical trials can now be produced using a 50L bioreactor instead of multi-

thousand-liter bioreactors previously required. Additionally, this line ensures 

glycosylation will more accurately resemble that found on the native virion, allowing 

for trials with antigens unlike any that has been tried before.   

Chapters 5 is a technical report, going into greater detail on the MGAT1 CHO-

S cell line development and reagents that came into contact with it.  Chapter 6 is a 

technical report describing, the establishment of and MGAT1 CHO-K1 cell line, 

created to allow more access to a high-mannose cell line for clinical development, 

while being less burdened by licensing fees.  Chapter 6 includes several unfinished 

projects related to optimizing glycosylation of recombinant protein production. 
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Chapter 1  

 

CRISPR/Cas9 gene editing for the creation of an MGAT1 

deficient CHO cell line to control HIV-1 vaccine 

glycosylation 

High mannose CHO line improves gp120 binding to antibodies  

 

Published in PLOS Biology, August 2018 

 

Authors: Gabriel Byrne1*, Sara M. O’Rourke1, David L. Alexander1, Bin Yu1, 

Rachel C. Doran1, Meredith Wright1, Qiushi Chen2, Parastoo Azadi2, and Phillip W. 

Berman1* 

Affiliations: 1Department of Biomolecular Engineering, University of California Santa 

Cruz, Santa Cruz, California United States of America. 2Complex Carbohydrate 

Research Center, University of Georgia, Athens, Georgia, United States of America. 

*gbyrne@soe.ucsc.edu (GB); pwb@soe.ucsc.edu (PWB) 

Keywords: HIV vaccine, glycosylation, CHO cells, neutralizing antibodies, gene 

editing, CRISPR/Cas9, gp120  
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Abstract 

Over the last decade multiple broadly neutralizing monoclonal antibodies (bN-

mAbs) to the HIV-1 envelope protein, gp120, have been described. Surprisingly many 

of these recognize epitopes consisting of both amino acid and glycan residues. 

Moreover, the glycans required for binding of these bN-mAbs are early intermediates 

in the N-linked glycosylation pathway. This type of glycosylation substantially alters 

the mass and net charge of HIV envelope (Env) proteins compared to molecules with 

the same amino acid sequence but possessing mature, complex (sialic acid containing) 

carbohydrates. Since cell lines suitable for biopharmaceutical production that limit N-

linked glycosylation to mannose-5 (Man5) or earlier intermediates are not readily 

available, the production of vaccine immunogens displaying these glycan dependent 

epitopes has been challenging. Here we report the development of a stable suspension 

adapted CHO cell line that limits glycosylation to Man5 and earlier intermediates. This 

cell line was created using the CRISPR/Cas9 gene editing system and contains a 

mutation that inactivates the gene encoding Mannosyl (Alpha-1,3-)-Glycoprotein Beta-

1,2-N-Acetylglucosaminyltransferase (MGAT1). Monomeric gp120s produced in the 

MGAT1- CHO cell line exhibit improved binding to prototypic glycan dependent bN-

mAbs directed to the V1/V2 domain (e.g. PG9) and the V3 stem (e.g. PGT128 and 10-

1074) while preserving the structure of the important glycan independent epitopes (e.g. 

VRC01). The ability of the MGAT1- CHO cell line to limit glycosylation to early 

intermediates in the N-linked glycosylation pathway, without impairing the doubling 
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time or ability to grow at high cell densities, suggest that it will be a useful substrate 

for the biopharmaceutical production of HIV-1 vaccine immunogens.  

Author Summary 

Though there is no HIV-1 vaccine available yet, significant progress has been 

made in understanding the envelope protein structure and the antibodies that bind to it. 

While most secreted or cell surface eukaryotic proteins contain several large, complex 

sugar groups, the HIV-1 envelope protein is covered in dense groups of 

polysaccharides. These sugars are of an intermediate, “high-mannose”, form not 

typically found on eukaryotic proteins. A number of potent antibodies against HIV-1 

have been discovered that specifically require these intermediate sugars to bind. This 

presents a challenge for vaccine production, as the cells used to produce most 

biopharmaceutical proteins, including previous HIV-1 vaccine candidates, have been 

selected to incorporate fully processed sugar groups, beyond the intermediate form 

found on the envelope protein. To address this problem, we used the CRISPR/Cas-9 

gene editing system to create a CHO (Chinese hamster ovary) cell line that limits the 

sugar processing to the intermediate high-mannose form. This paper describes the gene 

editing process, cell-line selection, and antibody binding to HIV-1 envelope produced. 

This line is capable of producing envelope proteins that bind the sugar-dependent 

antibodies, while possessing acceptable growth and production volume characteristics 

for large scale manufacturing. 
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Introduction 

Despite thirty years of research, a vaccine capable of providing protection 

against human immunodeficiency virus type 1 (HIV) has yet to be described. However, 

considerable progress towards this goal has been achieved with the elucidation of the 

3-dimensional structure of the HIV-1 envelope proteins (monomeric gp120 and 

trimeric gp140) and the characterization of multiple broadly neutralizing monoclonal 

antibodies (bN-mAbs) [3-7]. As headway toward a protective vaccine continues, the 

practicalities of large-scale vaccine production must be addressed. A growing body of 

evidence indicates that the N-linked glycosylation structure will be a critical factor in 

both the design and manufacture of any HIV vaccine [8-10].  

Beginning in 2009, we learned that multiple bN-mAbs recognized glycan 

dependent epitopes on the HIV envelope protein, gp120. In an unanticipated 

development, several families of bN-mAbs require mannose-5 (Man5) and/or mannose-

9 (Man9) for binding to key epitopes of gp120 [8, 11-13]. As these bN-mAbs were 

being described, the data from the RV144 HIV vaccine trial was released. This study 

provided evidence for the first time that vaccination could prevent HIV infection in 

humans [14]. The regimen used in this trial involved immunization with a bivalent 

gp120 vaccine (AIDSVAX B/E) to stimulate an antibody response as well as 

immunization with a recombinant canarypox vector to stimulate a cell mediated 

immune response [15-17]. This immunization protocol resulted in modest (31.2%) but 

significant vaccine efficacy [14]. Examination of the gp120 subunit vaccines used in 

the RV144 trial showed that both components (MN-rgp120 and A244-rgp120) were 
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enriched for complex, sialic acid containing glycans and lacked the high-mannose 

glycosylation found on the surface of virions and native envelope proteins required to 

bind the new class of glycan dependent bN-mAbs [18-22]. Thus, differences in 

glycosylation between the vaccine immunogens from the RV144 trial and virus 

particles could, in part, explain the low efficacy of RV144 and other gp120 based 

vaccines and their inability to elicit broadly neutralizing antibodies (bN-mAbs). 

Previously we reported that the same gp120s used in the RV144 trial could be modified 

to bind multiple bN-mAbs when expressed in a cell line (HEK 293 GnTI-) that limited 

N-linked glycosylation to Man5, or earlier species (e.g. Man8, Man9) [23]. While in 

theory this cell line could be used to produce a glycan optimized gp120 vaccine, in 

reality this is not practical. The HEK 293 GnTI- system is not suitable for clinical and 

large-scale production due to genetic instability and the inability to grow for sustained 

periods at high cell densities [24, 25].  

CHO cells have long been the substrate of choice for the production of 

therapeutic glycoproteins. This is due to their ability to grow at high densities in serum-

free suspension cultures, sustain high levels of protein expression over prolonged 

fermentation cycles, and incorporate complex glycans on exogenously expressed 

proteins [26-28]. Typical glycoproteins contain only a few N-linked glycans, which aid 

in protein folding, intracellular trafficking. When these glycans terminate in sialic acid 

residues they increase resistance to proteolysis and extend serum half-life in vivo [29-

31]. Because of these physical and pharmacokinetic benefits, recombinant glycoprotein 

expression efforts have historically focused on maximizing the amount of complex, 

sialic acid containing glycans per molecule. Although modern production technology 
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provides the means to express and purify properly folded recombinant glycoproteins at 

large scale, controlling the glycosylation has been a persistent problem for most 

glycoproteins due to the “non-templated” nature of glycosylation [32-34]. The final 

glycan structure of proteins with only a few N-linked glycosylation sites can be highly 

variable with respect to the glycan structure branching, saccharides present, sialic acid 

content, and net charge. Glycosylation heterogeneity is known to result from a variety 

of variables including: cell type, protein expression levels, cell culture conditions, 

monosaccharide donor availability, and protein structure [32, 35-38]. Controlling 

glycosylation heterogeneity in gp120 is particularly problematic due to the fact that it 

contains an average of 25 potential N-linked glycosylation sites (PNGS), comprising 

approximately 50% of the mass of the mature protein [39-42]. Each glycan site may be 

different in composition than others on the same molecule or different at the same 

position from molecule to molecule. Variance is so great that 79 different glycan 

structures have been found to occur a single position in envelope proteins expressed in 

normal CHO cells [43].  

In this paper we address the problems of glycosylation heterogeneity and bN-

mAb binding in the large-scale production of recombinant envelope proteins by the 

development of a mutant CHO cell line (MGAT1- CHO) in which the Mannosyl 

(Alpha-1,3-)-Glycoprotein Beta-1,2-N-Acetylglucosaminyltransferase (MGAT1) gene 

has been inactivated using CRISPR/Cas9 gene editing. The nomenclature for MGAT1 

gene has changed over the years and was previously referred to as the GnTI gene. 

Inactivation or deficiency of the MGAT1 limits N-linked glycosylation to early oligo-

mannose glycans (Man5-9) and enhances the binding of bN-mAbs to glycans dependent 
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epitopes, as compared to earlier gp120 vaccines produced in normal CHO cells. 

Although other CHO cell lines , such as CHO Lec1, have been described that similarly 

limit oligomannose-structures, they grow slowly, and differ from parental cell lines in 

morphology and growth characteristics [44, 45]. Thus, the development of a precision-

engineered CHO cell line resulting from by CRISPR/Cas9 gene editing, is a desirable 

alternative for HIV vaccine manufacturing. This cell line should be useful for the 

production of stable cell lines suitable for the production HIV vaccines as well as other 

biopharmaceuticals where limiting the incorporation of sialic acid is beneficial.  

Results 

Silencing of CHO-S MGAT1 gene 

The goal of this project was to make an MGAT1 deficient CHO-S cell line using 

CRIPSR/Cas9. With this gene knocked out, complex, sialic acid containing, glycans 

cannot be formed and N-linked glycosylation is not processed beyond the 

oligomannose Man5 structure (Figure 1.1). The CRISPR/Cas9 gene editing system 

allows for specific targeting of genes for deletion or modification by introducing double 

stranded breaks (DSB) followed by non-homologous end joining (NHEJ) or homology 

directed repair (HDR) [46, 47]. We utilized a CRISPR/Cas9 nuclease vector containing 

an OFP reporter gene (Materials and Methods). After insertion of guide sequences, the 

vector contained all of the elements needed to induce a double stranded break in the 

MGAT1 gene. The sequence of the CHO MGAT1 gene was identified from GenBank, 

gene ID: 100682529 [48]. Three target specific double stranded guide sequences were 
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ligated into the vector between a U6 promoter and a tracrRNA sequence. The same 

vector encodes the Cas9 endonuclease and an orange fluorescent protein reporter gene, 

separated by a self-cleaving 2A peptide linker. This system allows for a single plasmid 

to encode for both the Cas9 and a complete gRNA, enabling the use of non-Cas9 

expressing cells. Following ligation of these guide sequences, the vectors were 

transfected into CHO-S cells using the MaxCyte electroporation system (Figure 1.2). 

Targets 1 and 2 were introduced individually; target 3 plasmid was mixed and added 

together in equal ratio with target 2, creating three separate pools of transfected cells. 

Twenty-four hours post transfection samples were serially diluted across five 96 well 

flat-bottoms plates at a calculated density of 0.5 cells per well. The plates were 

examined daily, and wells with more than a single colony was discarded. Across the 15 

total plates, between 15 and 30 wells per plate contained single viable colonies that 

were transferred to 24 well plates upon reaching 20% confluency after 12 to 15 days. 

Wells in the 96 well plates that did not have at least several dozen cells by day 15 were 

discarded. A total of 166 colonies were expanded to 24 well plates: 55 from target 1 

pool, 67 from target 2 pool, and 44 from combined target 2/3 pool.  
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Figure 1.1: Simplified view of N-linked glycosylation pathway. N-linked glycosylation begins in the 
endoplasmic reticulum with the en-block transfer of a highly conserved Glc3Man9GlcNAc2 structure 
(left) to asparagine residues within the N-X-S/T motif of nascent proteins. This initial structure is 
sequentially trimmed to Man9GlcNAc2 and then Man5GlcNAc2 (center) as the protein moves from the 
ER to the Golgi apparatus. The enzyme, Mannosyl (Alpha-1,3-)-Glycoprotein (Beta-1,2)-N-
Acetylglucosaminyl-transferase (MGAT1, red box) adds an N-acetylglucosamine to the Man5 structure 
and is required to enable other glycosyltransferases to add monosaccharides creating hybrid (second 
from right) and complex (right) glycoforms. Treatment with endoglycosidase H (Endo H) cleaves 
simple, oligomannose containing glycans from glycoproteins, but not complex sialic acid containing 
glycans. PNGase F removes both simple and complex glycans from glycoproteins (indicated by the 
arrows). Kifunensine and swainsonine are inhibitors that halt processing at the steps indicated. Dashed 
black arrows indicate multiple enzymatic steps [49]. 
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Figure 1.2: Flow chart of MGAT1 gene editing and cell line selection strategy. (A) A plasmid 
containing the Cas9 nuclease, tracrRNA, and a guide RNA (gRNA) sequence was electroporated into 
suspension adapted CHO-S cells. (B) Twenty-four hours following transfection, the cells were 
distributed into 96 well tissue culture plates at a density of 0.5 cells/well. (C) Between 12 and 15 days 
later, wells with 20% or greater confluency were transferred to 24 well plates. (D) After five days of 
growth in 24 well plates, a 0.2mL aliquot was removed from each well and cells were tested for the 
ability to bind fluorescein labeled Galanthus nivalis lectin (GNA). (E) GNA binding cells were then 
expanded to shake flasks and cell lines were transiently transfected with a gene encoding A244-rgp120. 
The cell culture supernatants were then collected after five days and tested for binding of gp120 to the 
prototypic glycan dependent, broadly neutralizing monoclonal antibody, PG9. This representative plot 
(F) is shown for demonstrative process purposes only. A detailed plot of this data is show in Fig 4A. (G) 
The gene encoding MGAT1 was sequenced from GNA binding cell lines with that exhibited robust 
growth and the ability to secrete PG9 binding gp120. The specific mutations induced by non-homologous 
end joining repair (NHEJR) were determined by Sanger sequencing. 

 

Lectin binding to detect MGAT1 gene inactivation 

If the MGAT1 gene were inactivated, we expect glycoproteins to possess 

exclusively oligo-mannose forms of N-linked glycosylation, with a preponderance of 

Man5 isoforms on cell surface and secreted proteins. The lectin GNA recognizes 

glycans with terminal alpha-D mannose and is unable to bind to sialic acid containing 

complex glycans [50]. Accordingly, we used fluorescein conjugated GNA to determine 

whether CRISPR/Cas9 transfected cells possessed a phenotype characteristic of cells 
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with an inactivated MGAT1 gene. GNA does not require Ca2+ or Mg2+ cofactors to 

bind, allowing the use of 10µM EDTA to ameliorate cell clumping during repeated 

centrifugation and wash steps. While MGAT1- CHO cells and control HEK 293 GnTI- 

cells bound to the GNA lectin, the wild type CHO-S cell line did not (Figure 1.3). A 

total of 20 GNA binding cell lines from the original 166 candidates were selected on 

the basis of uniform GNA binding and the cultures were expanded for further analysis. 

Three days following initial GNA selection, the 20 cell line candidates were re-

examined and six were rejected for lack of uniform lectin binding across the sample 

population, leaving 14 candidates. 

 

Figure 1.3: GNA lectin probe for cell surface oligomannose glycan expression. The GNA lectin 
binds glycan structures with terminal mannose and will not bind complex, sialic acid containing glycans. 
CHO-S cells were transfected with a plasmid designed to inactivate the MGAT1 gene by CRISPR/Cas9 
gene editing (MGAT CHO). The cells were treated with fluorescein conjugated GNA lectin to screen 
for the incorporation of high mannose glycans in the cell membrane. HEK 293 GnTI- cells that also lack 
the MGAT1 gene served as a positive control (panels A and D) while normal CHO-S cells that possess 
an intact MGAT1 gene served as a negative control (panels B and E). Cells were visualized under 20 x 
magnification on a Leica DM5500 B widefield microscope using differential interference contrast (DIC) 
(upper panels A, B, C) or under illumination with 495nm light (lower panels D, E, and F). 
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Expression of gp120 in MGAT1- CHO cell lines 

Based on positive lectin binding criteria, the 14 candidate cell lines were grown 

in 125mL shake flasks (Figure 1.2). Of those, the four fastest growing (3.4F10, 3.5D8, 

3.5A2, and 3.4D9) were utilized for transient transfection with a gene encoding gp120 

from the A244 strain of HIV-1 (A244-rgp120). Also transfected was the CHO-S 

parental cell line for comparison. This gp120 A244 had the sequence point mutations 

E332N and N334S, introducing a PNGS at N332. Five days post transfection the 

culture media was harvested and secreted gp120 proteins were purified by 

immunoaffinity chromatography. The purified products were assayed for protein yield 

and ability to bind the glycan dependent bNAb, PG9 by fluorescent immune assay 

(FIA) (Figure 1.4). Previous studies have shown that this bNAb requires Man5 at 

position N160 in the V1/V2 domain for binding [5]. The results from this study 

confirmed that the MGAT1- CHO cell lines could bind this antibody whereas gp120 

produced in the parental CHO-S cell line was unable to bind PG9. From this analysis, 

a single MGAT1- CHO cell line, 3.4F10, was selected for further characterization and 

analysis (Figure 1.4).  

To be a viable substrate for biopharmaceutical production, the growth and 

protein yield of the knockout line had to be comparable to the parental line. In transient 

transfection experiments the calculated recovery of purified protein was 35.4mg/L for 

the 3.4F10 MGAT1- CHO line and 32.2mg/L for the parental CHO-S line. Production 

of the same protein in HEK 293 GnTI- cells by transient transfection yielded 1.9mg/L. 

We measured that the cell doubling time for the 3.4F10 MGAT1- CHO cell line in 

BalanCD CHO Growth A media was 20.7 hours in a 1L shaker flask during logarithmic 
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growth phase, reaching a density of 1.9x107 cells/mL. This was similar to the parental 

CHO-S population doubling time of 19.0 hours that achieved cell densities of 1.6x107 

cells/mL. By comparison, the GnTI- HEK 293 cell line had a logarithmic cell doubling 

time of 23.3 hrs. and achieved a maximal cell density of 4.20 x106 cells/mL when 

grown in Freestyle 293 media.  
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Figure 1.4: Screening and sequence analysis of MGAT1- CHO cell line. Colonies selected after 
MGAT1 gene inactivation were transiently transfected with a gene encoding A244-rgp120. Cell culture 
supernatants were collected and tested for binding by the glycan dependent bN-mAb PG9. Based on PG9 
binding studies the MGAT genes from selected cell lines were amplified by PCR and sequenced. (A) 
PG9 binding to gp120 in cell culture supernatants of transiently transfected MGAT1- CHO lines 3.5D9, 
3.5D8, 3.4F10, 3.5A2, and by supernatants from gp120 transfected CHO-S and GnTI- 293 HEK cells. 
Underlaying data can be found in S1 Data. (B) Diagram of the unaltered CHO-S MGAT1 gene target 
section with guide RNA (gRNA) complement sequence shown in blue and the protospacer adjacent 
motif (PAM) underlined in bold type. (C) Sequences of the MGAT1 gene for 3.4F10 and 3.5D8 cell 
lines both had the same single base insertion, shown in black box. (D) The sequence from the cell line 
3.5A2 with bases deleted shown in box. (E) The bases deleted 3.5D9 cell line sequences are indicated 
by the box. 
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Identification of CRISPR/Cas9 induced genetic alteration 

To confirm that MGAT1 gene had been inactivated, we sequenced the gene 

from the 3.4F10 line and the next three best candidates. An extra thymidine had been 

inserted at the Cas9 cleavage site of the 3.4F10 line MGAT1 gene, introducing a frame 

shift mutation. This mutation resulted in 23 altered codons and the insertion of a 

premature stop codon. The 3.5D8 line contained the same mutation, while 3.5D9 and 

3.5A2 both had in frame deletions of 24 and 30 nucleotides respectively. The deleted 

codons of 3.5D9 and 3.5A2 corresponded to the transmembrane domain of the GnTI 

protein leaving the active extracellular domain intact. The diminished binding of 

gp120s produced in the 3.5D9 and 3.5 A2 clones to PG9 suggest that partial MGAT1 

activity remains in these two clones compared to the 3.4F10 clone that, like gp120 

produced in GnTI- cells, exhibits improved binding to PG9 (Figure 1.4). Given that the 

single base insertion in the 3.4F10 MGAT1 gene resulted in a frame shift 51 nucleotides 

into a 1276bp long gene, it is highly unlikely that the function of this gene could be 

restored by random mutation. 

Characterization of MGAT1- CHO gp120 glycosylation 

Two additional methods (endoglycosidase digestion and mass spectrometry 

analysis using MALDI-TOF-MS) were used to further characterize the N-linked 

glycosylation incorporated in A244-rgp120 produced by the 3.4F10 MGAT1- CHO cell 

line. Immunoaffinity purified, monomeric A244 gp120 produced by the CHO-S, HEK 

293 GnTI-, and MGAT1- CHO cell lines were digested overnight by endoglycosidases 

PNGase F and Endo H, then analyzed by SDS-PAGE and stained with Coomassie blue 

dye (Figure 1.5). Endo H cleaves N-linked high-mannose glycan structures, and not 
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complex, sialic acid containing glycans. When the protein produced in the HEK 293 

GnTI- and MGAT1- CHO cell lines was compared to the proteins produced in CHO-S 

cell lines, we noted a reduction in mass of approximately 20kD. This is in keeping with 

the smaller mass of the Man5 glycoform compared to that of the hybrid and complex 

glycans found on CHO-S produced material. Following Endo H digestion, the protein 

produced in the CHO-S cell line was largely unaltered, indicating that it possessed the 

normal complex, sialic acid containing glycans. In contrast, the proteins produced in 

the MGAT1- CHO and HEK 293 GnTI- cells were reduced to ~60kD in size. This result 

was consistent with the observation that approximately half the mass of a given gp120 

molecule can be attributed to N-linked glycosylation [49, 51, 52]. The complete 

sensitivity of the proteins produced in the MGAT1- CHO and HEK 293 GnTI- cells to 

Endo H digestion suggests that the glycosylation of these cell lines is exclusively high-

mannose. When digested with PNGase F, all samples dropped to the same size, 

confirming that undigested gp120 size variances were due to glycosylation differences. 



23 

 

Figure 1.5: Endoglycosidase analysis of gp120 produced in MGAT1- CHO cell line. Purified A244 
rgp120 recovered from transiently transfected CHO-S, MGAT1- CHO, or HEK 293 GnTI- cell lines was 
analyzed by SDS-PAGE following endoglycosidase treatment. Purified gp120s were reduced and 
denatured then treated with either endoglycosidase H (Endo H) or Peptide:N-Glycosidase F (PNGase F). 
The digests were then analyzed on 4-12% tris-glycine SDS PAGE gels and stained with Coomasie blue 
dye. Panel A, mock digests of gp120s produced in CHO-S, MGAT1- CHO, and HEK 293 GnTI- cells. 
Panel B, the same proteins in panel A, digested with endoglycosidase H (Endo H). Panel C, the same 
proteins in panel A, digested with PNGase F. The mobility of molecular weight markers is shown for 
each gel. The endoglycosidases proteins are visible as bands at 29kD (Endo H, panel B) and 36kD 
(PNGase F, panel C). 

 

Additional studies were carried out to characterize the specific glycans 

incorporated in the A244-rgp120 produced in the MGAT1- CHO and the CHO-S cell 

lines. Using MALDI-TOF-MS (Figure 1.6), we found that 56.4% of the N-linked 

glycans present on the MGAT1- CHO produced gp120 were Man5, 19.2% were Man9, 

11% were Man8 and the remainder were Man6 and Man7. No complex sialic acid 

containing glycans were detected (Table 1.1). The degree of fucosylation was also 
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significantly lowered; fucosylation was only on Man5 glycoforms at the core GlcNAc 

and represented 3.16% of the total glycans present.  

When the A244-rgp120 produced in CHO-S cells was examined, approximately 

75% of the glycans were complex or hybrid glycans and 25% represented the early 

intermediates ranging from Man5 to Man9. No high mannose species were detected with 

core GlcNAc fucose attached, but nearly all hybrid and complex glycans were 

fucosylated. 

 

Figure 1.6: MALDI-TOF analysis of glycans present on gp120 produced by CHO-S and MGAT1- 
CHO cell lines. The carbohydrates on purified A244 gp120s produced by CHO-S (A) and MGAT1- 
CHO (B) cells were released by PNGase F digestion and examined by MALDI-TOF MS as described in 
Materials and Methods. Pie charts indicate the percentage of high-mannose (blue), complex (red), and 
potential bisected (green) N-linked glycans. This analysis was performed by the Complex Carbohydrate 
Research Center at the University of Georgia. 
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Table 1.1: Percentage of different glycan species on gp120 produced by CHO-S 
and MGAT1- CHO cells 

Glycan Species CHO-S MGAT1- CHO 
Man5 5.2% 56.4% 
Man6 1.9% 4.5% 
Man7 3.3% 7.1% 
Man8 5.1% 11.4% 
Man9 9.6% 19.2% 
Complex or Hybrid 75% 0.53% 

Percentages calculated from MALDI-TOF peak intensity. 
 

Binding multiple bN-mAbs to gp120 expressed in the MGAT1- CHO cells 

We next compared A244-rgp120 expressed in the MGAT1- CHO cells with 

A244-rgp120 produced in normal CHO-S cells for the ability to bind bN-mAbs in a 

FIA. A panel of prototypic bN-mAbs that recognize distinct sites of virus vulnerability 

in monomeric and trimeric HIV envelope proteins were utilized (Figure 1.7). We noted 

a significant improvement in the binding of PG9, CH01 and CH03 to the proteins 

expressed in MGAT1- CHO cells and HEK 293 GnTI- cells compared to the CHO-S 

cells. These bN-mAbs are known to bind to epitopes in the V1/V2 domain that require 

Man5 at the N160 glycosylation site [5]. Similarly we noted a significant improvement 

in the binding of the PGT126 and PGT128 bN-mAbs that require oligo-mannose 

glycans at the N301 and N332 glycosylation sites in the stem of the V3 domain [53]. 

Mixed results were seen for the PGT121 family of bN-mAbs where the binding to 

gp120 produced in both the MGAT1- CHO and HEK 293 GnTI- cells lines was lower 

than binding of these antibodies to gp120 produced in the CHO-S cell line. In contrast, 

binding to the 10-1074 bN-mAb, also in the PGT121 family, was unaffected by the 

cellular substrate used for production. These results demonstrate that changing the 
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glycosylation, while leaving the amino acid sequence intact can significantly improve 

the antigenic structure of A244-rgp120 with respect to the binding of several bNAbs to 

glycan dependent epitopes. The effect of differences in glycosylation was also 

examined on the binding of the VRC01 bN-mAb, known to recognize a glycan 

independent epitope adjacent to the CD4 binding site [54]. While this antibody bound 

to all of the envelope proteins tested, a small, but consistent improvement in binding 

was observed to the proteins produced in the MGAT1- CHO and HEK 293 GnTI- cells 

compared to the protein produced in the CHO-S cells. These studies suggest that the 

sialic acid containing hybrid and complex carbohydrates incorporated in normal cell 

lines in some way interfere with the VRC01 binding site on monomeric gp120. This 

same effect may be observed with further non-glycan dependent antibodies by 

decreasing the glycan interference. 
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Figure 1.7: Comparison of bN-mAb binding to A244-rgp120 produced in MGAT1- CHO cells, 
CHO-S cells and HEK 293 GnTI- cells. The binding of a panel of broadly neutralizing monoclonal 
antibodies to purified A244-rgp120 produced in MGAT1- CHO cells, CHO-S cells, and HEK 293 GnTI- 
cells was measured in a Fluorescence Immunoassay (FIA). Briefly, purified proteins were captured onto 
wells of black 96 well microtiter plates coated with a mouse monoclonal antibody against the N-terminal 
gD tag present in all three proteins. Plates were then incubated with serial dilutions of bN-mAbs 
targeting: glycan-epitopes within the V1V2 domain (PG9, CHO1 and CHO3), the glycan-epitopes within 
the V3 domain (PGT128, PGT126, PGT121, 10-1074 and PGT122), or the CD4 binding site (VRC01). 
Plates were incubated with a 1:3,000 dilution of AlexaFluor 488 conjugated goat-anti-human polyclonal 
antibody and binding is reported as Relative Fluorescence Units (RFU). FIA details are provided in 
Materials and Methods. Underlaying data can be found in S2 Data. 

 

MVM infectivity 

Minute virus of mice (MVM) is a small inactivation resistant virus that is 

ubiquitous in the environment and a major cause of bioreactor culture failure in 

biopharmaceutical manufacturing [55]. As sialic acid is a major receptor for MVM 
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infectivity, the MGAT1- CHO cell line we created might have the additional 

manufacturing benefit of being resistant to MVM infection [56]. To investigate this 

possibility, the MGAT1- CHO cell line was tested for infectivity resistance to two 

strains of MVM using a qPCR assay and compared to wild type CHO-S MVM 

sensitivity. While the MGAT1- CHO cell line was similarly sensitive to the MVMp 

strain as wild type CHO-S cells, it was resistant to MVMc infection (Table 1.2). The 

receptor protein for MVM have not yet been identified, but it has been demonstrated 

that MVMp binds to sialic acid residues from both N and O linked glycosylation [57-

59]. Knocking out MGAT1 does not alter the O-linked glycosylation pathway, perhaps 

explaining why the line remains sensitive to MVMp. MVMc is a more recently 

identified strain [60] with little information available on its binding to CHO or murine 

cells. Anything beyond noting the apparent dependence on complex N-linked 

glycosylation would be speculative at this point. 

Table 1.2: MVM infectivity assay 

MVM 
type 

Cell MVM 
Cp 

18s 
Cp 

MVM 
Copies 

18S 
Copies 

MVM/18S MVM/18S 

MVMp CHO-S 5.80 17.98 2.23E+10 2.03E+06 1.13E+04 1.13E+04 

MGAT1- CHO  6.11 18.74 1.95E+10 1.22E+06 1.49E+04 1.49E+04 

MVMc CHO-S 7.91 18.91 5.04E+09 1.07E+06 4.84E+03 4.84E+03 
MGAT1- CHO  19.3 19.6 2.00E+06 6.91E+05 2.92E+00 2.92E+00 

MVMp, minute virus of mice prototypic strain; MVMc, minute virus of mice Cutter strain; Cp, QPCR 
crossover point, the cycle at which fluorescence from amplification becomes greater than background, 
used to infer copy number against a standard curve with a lower Cp; 18S, eukaryotic ribosomal subunit. 
All values are the mean of a triplicate set. This infectivity assay was performed by IDEXX BioResearch 
(Columbia, MO).  
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Adventitious agent testing 

The cell line was tested for the presence of mycoplasma, cross-species 

contamination, and viral contaminants by IDEXX BioResearch (Columbia, MO). No 

adventitious agents were detected. The full list and procedure are described in Tables 

A.1 and A.2. 

Discussion 

A major goal in HIV vaccine research is to develop immunogens that elicit 

bNAbs. The discovery that multiple bN-mAbs to HIV recognize glycan dependent 

epitopes has altered our thinking of how best to produce this vaccine. Instead of using 

standard CHO cell production cell lines, that incorporate complex and hybrid 

glycosylation, a cell line that limits glycosylation to high-mannose forms may be useful 

for gp120 immunogens. While we have long been able to produce properly folded Env 

protein monomers (gp120 and gp140) as indicated by the ability to bind CD4 with high 

affinity [61-65], until now we have not been able to replicate the glycan structures 

required for the binding of multiple families of bN-mAbs in expression systems 

suitable for large scale manufacturing. 

The glycans that decorate the surface of native, virion-associated, HIV Env 

protein are typically enriched for high-mannose variants, normally found on early 

intermediate proteins within the ER and early Golgi [20, 21]. This unusual restriction 

in glycan maturation is thought to be a consequence of steric hindrance occurring 

during the formation of trimeric virus spike structures [66]. Additionally, the high 
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density of PNGS that likely evolved as a glycan shield to prevent immune recognition 

of virus sequences [40, 49, 67] appears to limit glycosidase and glycosyltransferase 

modifications of Env glycans in the late ER and early Golgi Apparatus (GA) [20, 66]. 

While expression of monomeric gp120 results in incorporation of complex 

glycosylation, trimeric spike formation results in incomplete glycosylation and 

enrichment of virions with high-mannose glycans [20, 21]. These differences in 

glycosylation might explain the inability of previous HIV vaccines to elicit bNAbs to 

glycan dependent epitopes in humans. However, they don’t explain the inability of 

previous vaccines to elicit bNAbs to epitopes such as VRC01 that were present in most 

gp120 vaccines expressed in normal CHO cells. Earlier vaccines such as the AIDSVAX 

B/E used in the RV144 trial largely possessed complex sialic acid containing glycans 

and lacked the high-mannose glycans required for a variety of bN-mAbs including 

PG9, CH01, CH03, PGT128, and 10-1074 [18]. Although the level of protection 

achieved in the 16,000-person RV144 trial was statistically significant (31.2%, P=0.04) 

this level was not sufficient for product registration or clinical deployment. In this 

regard, the addition of one or more epitopes recognized by bN-mAbs, such as the PG9 

and PGT128 epitopes described in this report, might improve the antigenic structure 

and immunogenicity of or recombinant gp120 such that a level of protection of 50% or 

more, required for product approval is achieved. Currently RV144 follow-up studies 

are in progress that make use of sialic acid containing gp120 vaccine antigens, 

produced in normal CHO cells, like those used in the original RV144 trial [68, 69]. 

These new trials are trying to improve the level of vaccine efficacy by prolonging the 
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immunization schedule, altering the adjuvant formulation, and replacing the canarypox 

vector co-administered with gp120 with stronger, more virulent virus vectors. 

 Few methods currently exist to produce recombinant proteins incorporating the 

Man5 and Man9 glycans that are present in the HIV gp120 envelope protein. Expression 

of gp120 in yeast results in the incorporation of long chain high-mannose glycans [70], 

and insect expression systems produce a preponderance of paucimannose forms (Man3-

4) [71]. Glycosidase inhibitors (e.g. kifunensine and swainsonine, see Figure 1.1) are 

effective and useful for producing analytical quantities of proteins with Man5 and Man9 

intermediates, but are highly toxic and prohibitively expensive for large-scale 

biopharmaceutical production [72, 73]. Additionally, there exists evidence to suggest a 

broad mannosidase inhibitor like kifunensine may negatively impact protein folding 

through interference of the Calnexin/Calreticulin pathway [74-77]. Glycosaminyl-

transferase knockout cell lines from 293 HEK and CHO cells, referred to as HEK 293 

GnTI- and CHO Lec1, respectively, have previously been described. They were 

generated through random ethyl methanesulfonate (EMS) mutagenesis, zinc finger 

methods, or screened for modified glycosylation by resistance to cytotoxic lectin 

binding [78-80]. These lines lack a functional MGAT1 gene, responsible for the protein 

GnTI. Knocking out the MGAT1 gene prevents processing of glycans beyond the 

Man5GlcNAc2 stage, resulting in exclusively high-mannose glycoprotein production 

[30, 31]. Such cell lines do not generally grow as robustly as their parental counterparts 

and raise potential regulatory issues with potential uncharacterized genetic alterations. 

In light of this, there is an unmet need for a cell line suitable for the scalable production 

of HIV vaccine immunogens. We have addressed this problem by creating the novel 
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MGAT1- CHO cell line described above. Our data suggests that this cell line possesses 

several essential characteristics required for current Good Manufacturing Practices 

(cGMP) such as robust growth in well-defined serum free medium, the ability to grow 

to high cell densities in suspension culture, a well-defined mutation of the MGAT1 

gene, and freedom from contamination by adventitious agents. However, the ultimate 

utility of this cell line will require characterization of stable cell lines with transfected 

envelope proteins where the genetic stability of the transgene as well as the quality and 

yield of the final product is determined.  

Recombinant envelope proteins produced in the MGAT1- CHO cell line, such 

as the A244-rgp120 described in this report, can be used to test the hypothesis that 

previous HIV vaccines such as the AIDSVAX B/E vaccine used in the RV144 trial [14-

16] were ineffective because they lacked the glycan dependent epitopes required to 

stimulate the formation of bN-mAbs. While the CHO MGAT1- cell line provides a 

practical way to produce envelope proteins with several glycan dependent epitopes 

recognized by bNAbs not present on gp120s produced in normal CHO cell lines, we 

do not yet know whether these epitopes will be immunogenic. Previous gp120 vaccine 

trials such as RV144 failed to detect glycan independent VRC01-like antibodies even 

though the VRC01 epitope was present on at least two different gp120s used for 

immunization. Thus, some epitopes recognized by bNAbs are poorly immunogenic and 

additional immunogenicity and formulation studies will likely be required to optimize 

virus neutralizing antibody responses to the glycan epitopes of the type described in 

this paper. Although the gp120 expression data presented here was derived exclusively 

from small-scale transient transfection experiments, we anticipate that the cell line 
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described in this report will be useful for the development of stable MGAT1- CHO cell 

lines producing vaccines based on a variety of new concepts. These include guided 

immunization to stimulate germline genes encoding bNAbs [81-83], Env proteins 

designed with features that enhance antigen processing and presentation [84] as well as 

glycopeptide scaffolds that enhance the immunogenicity of epitopes recognized by bN-

mAbs while eliminating non-protective immunodominant epitopes [23].  

Materials and Methods 

Cell culture 

Suspension adapted CHO-S cells were obtained from Thermo Fisher (Thermo 

Fisher, Life Technologies, Carlsbad, CA). HEK 293 GnTI- suspension adapted cells 

were obtained from ATCC (ATCC, Manassas, VA). Stocks of suspension adapted 

CHO-S and HEK 293 GnTI- cells were maintained in shake flasks (Corning, Corning, 

NY) using a Kuhner ISF1-X shaker incubator (Kuhner, Birsfelden, Switzerland). For 

cell propagation, shake flask cultures were maintained at 37°C, 8% CO2, and 125 rpm. 

Static cultures were maintained in 96 or 24 well cell culture dishes and grown in a 

Sanyo incubator (Sanyo, Moriguchi, Osaka, Japan) at 37°C and 8% CO2.  

CHO-S cells were maintained in CD-CHO medium supplemented with 0.1% 

pluronic acid, 8mM GlutaMax and 1X Hypoxanthine/Thymidine (Thermo Fisher, Life 

Technologies, Carlsbad, CA). For cell growth studies, CHO cells were grown in 

BalnCD CHO Growth A Medium (Irving Scientific, Santa Ana, CA). HEK 293 GnTI- 

cells were maintained in Freestyle 293 cell culture media (Life Technologies, Carlsbad, 
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CA). During transient CHO cell protein production, the cells were maintained in 

OptiCHO medium supplemented with 0.1% pluronic acid, 2mM GlutaMax and 1X H/T 

(Thermo Fisher, Life Technologies, Carlsbad, CA). For protein production experiments 

the growth medium was supplemented with CHO Growth A (Molecular Devices, 

Sunnyvale, CA), 0.5% Yeastolate (BD, Franklin Lakes, NJ), 2.5% CHO-CD Efficient 

Feed A; and 0.25mM GlutaMax, 2 g/L Glucose (Sigma-Aldrich St. Louis, MO). Cell 

counts were performed using a TC20 automated cell counter (BioRad, Hercules, CA) 

with viability determined by trypan blue (Thermo Fisher, Life Technologies, Carlsbad, 

CA) exclusion. Cell-doubling time in hours was calculated using the formula: ((T2-T1) 

x log2) / (log(D2)-log(D1)), where T = time at count and D = density at count. Cell count 

numbers used for doubling time calculation were from the logarithmic phase of growth. 

Gene sequencing 

The sequence of the MGAT1 CHO gene was confirmed using primers based on 

the predicted mRNA transcript (XM_007644560.1 [85]). Genomic DNA was extracted 

using the AllPrep kit (Qiagen, Germantown, MD). The MGAT1 gene was PCR 

amplified using the primers F_CAGGCAAGCCAAAGGCAGCCTTG and 

R_CTCAGGGACTGCAGGCCTGTCTC (Eurofins Genomics, Louisville, KY) with 

Taq and dNTPs supplied by New England BioLabs (Ipswich, MA). The PCR product 

was gel purified using a Zymoclean kit (Zymo Research, Irvine, CA), then sequenced 

by Sanger method at the (UC Berkeley, Berkeley, CA). MGAT1 knockouts were 

sequenced in the same manner. 
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CRISPR/Cas9 target design and plasmid preparation 

We utilized a CRISPR/Cas9 nuclease vector with an OFP reporter (GeneArt, 

Thermo Fischer Scientific, Waltham, MA). Three target sequences to knock out the 

CHO-S MGAT1 gene were designed using an online CRISPR RNA Configurator tool 

(GE Dharmacon, Lafayette, CO). Target 1: CCCTGGAACTTGCGGTGGTC.Target 

2: GGGCATTCCAGCCCACAAAG. Target 3: GGCGGAACACCTCACGGGTG. 

Each sequence was run in NCBI’s BLAST tool for homologies with off-target sites in 

the CHO genome. Single stranded DNA oligonucleotides and their complement strands 

were synthesized (Eurofins Genomics, Louisville, KY) with extra bases on the 3’ ends 

for ligation into GeneArt CRISPR nuclease vector (Thermo Fisher, GeneArt, Waltham, 

MA). The strands were ligated and annealed into a GeneArt CRISPR vector using the 

protocol and reagents supplied with the kit. One Shot TOP10 Chemically Competent 

E. coli were transformed and plated following the Invitrogen protocol (Thermo Fisher, 

Invitrogen, Carlsbad, CA). These were incubated in 5mL LB broth at 37°C in a shaking 

incubator at 225rpm overnight. Minipreps were performed according to manufactures 

instructions (Qiagen, Germantown, MD) and sent to UC Berkeley DNA Sequencing 

Facility (Berkeley, CA) with the U6 primers included in the GeneArt CRISPR kit to 

confirm successful integration of guide sequences. A single 500mL Maxiprep was 

performed for each of the three target sequences using PureLink Maxiprep kit (Thermo 

Fisher, Invitrogen, Carlsbad, CA). 

Electroporation 
Electroporation of CHO cells was performed using a MaxCyte STX scalable 

transfection system (MaxCyte Inc., Gaithersburg, MD) according to the manufacturer’s 
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instructions. Briefly, CHO-S cells were maintained at >95% viability prior to 

transfection. Cells were pelleted at 250g for 10 minutes, and then re-suspended in 

MaxCyte EP buffer (MaxCyte Inc., Gaithersburg, MD) at a density of 2x108 cells/mL. 

Transfections were carried out in the OC-400 processing assembly (MaxCyte Inc., 

Gaithersburg, MD) with a total volume of 400µL and 8x107 total cells. CRISPR/Cas9 

exonuclease with guide sequence plasmid DNA suspended in endotoxin-free water was 

added to the cells in EP buffer for a final concentration of 300µg of DNA/mL. The 

processing assemblies were then transferred to the MaxCyte STX electroporation 

device and CHO protocol was selected using the MaxCyte STX software. Following 

electroporation, the cells in electroporation buffer were removed from the processing 

assembly and placed in 125mL Erlenmeyer cell culture shake flasks (Corning, Corning, 

NY). The flasks were placed into 37°C incubators with no agitation for 40 minutes. 

Following the rest period pre-warmed OPTI-CHO media was added to the flasks for a 

final cell density of 4x106 cells/mL. Flasks were then moved to a Kuhner shaker and 

agitated at 125rpm.  

Plating, expansion, and culture of CRISPR transfected CHO-S cells 

Twenty-four hours post transfection a 100μL aliquot was taken from each of 

the transfected pools to assay for cell viability and orange fluorescent protein (OFP) 

expression using a light microscope (Zeiss Axioskop 2, Zeiss, Jena, Germany). Ninety-

six well flat bottom cell culture plates (Corning, Corning, NY) were filled with 50μL 

of conditioned CD-CHO media. Each of the three transfected pools were serially 

diluted with warmed media to 10 cells/mL and added to five plates per pool in 50μL 
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volumes. Final calculated cell density was 0.5 cells/well in 100μL of media. Once any 

single-colony well reached ≈20% confluency, the contents were transferred to a 24 well 

cell culture plate (Corning, Corning, NY) with 500uL of fresh media. When confluency 

reached 50%, a 200μL aliquot was removed for testing via a GNA lectin-binding assay. 

Following positive lectin binding, cells were moved to a 6 well cell culture plate 

(Corning, Corning, NY) with 2mL of media per well. After 5 days of growth in 6 well 

plates the GNA assay was repeated. Colonies exhibiting positive lectin binding were 

moved to 125mL shake flasks with an initial 6mL of media. Daily counts were taken, 

and cell cultures expanded to maintain 0.3x106 - 1.0x106 cells/mL density. 

Lectin binding assay 

Fluorescein labeled Galanthus nivalis lectin (GNA), from the snowdrop pea 

(Vector Laboratories, Burlingame, CA), was used to detect the cell surface expression 

of Man5 glycoforms. Cell aliquots (200μL) from 24 well plates were pelleted at 3000 

rpm for three minutes. The supernatant was discarded, and the cell pellet washed three 

times with 500μL of ice-cold 10μM EDTA in (Boston BioProducts, Ashland, MA) 

phosphate buffered saline (PBS) (Thermo Fisher, Gibco, Carlsbad, CA). The cell pellet 

was then re-suspended in 200μL ice cold 10μM EDTA with PBS with 5μg/mL of GNA-

fluorescein. Samples were shielded from light and incubated on ice with GNA for 30 

minutes. Following incubation, samples were washed three times and re-suspended to 

a volume of 50μl in 10μM EDTA PBS. Samples were then examined under a light 

microscope (Zeiss Axioskop 2, Zeiss, Jena, Germany) with 495nm wavelength 

excitation. Wild type CHO-S cells were used as a negative control and HEK 293 GnTI- 

were used as a positive control. Representative images were taken on a Leica DM5500 
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B Widefield Microscope (Leica Microsystems, Buffalo Grove, IL) at the UC Santa 

Cruz microscopy center. 

Experimental protein production 

An expression plasmid containing the gene encoding gp120 from the A244 

strain of HIV (Genbank accession number: MG189369) was selected for transient 

transfection experiments. The protein encoded by this gene was identical to that used 

to produce the AIDSVAX B/E vaccine used in the RV144 trials [15, 16] with the 

exception that the N-linked glycosylation site at N334 was moved to N332. For 

analytical scale experiments, a total of 4x105 cells from each candidate MGAT1- CHO 

line was placed in 450µl of media in a 24 well cell culture plate. Fugene, 1.7µL, 

(Promega, Madison, WI) was pre-incubated at room temperature for 30 minutes with 

550ng of DNA in a total volume of 50µL of media. Then 50µL of Fugene/DNA mixture 

was added to each well for a final transfected volume of 500µL. Aliquots of supernatant 

were removed for assay 72 hours post transfection. 

For preparative scale transient transfection experiments, CHO cells were 

electroporated following the above MaxCyte method. Twenty-four hours post 

electroporation, the culture was supplemented with 1mM sodium butyrate (Thermo 

Fisher, Life Technologies, Carlsbad, CA) and temperature lowered to 32°C. The 

cultures were fed daily the equivalent of 3.5% of the original volume with Molecular 

Devices CHO A Feed (Molecular Devices, Sunnyvale, CA), 0.5% Yeastolate (BD, 

Franklin Lakes, NJ), 2.5% CHO-CD Efficient Feed A; and 0.25mM GlutaMax, 2 g/L 

Glucose (Sigma-Aldrich St. Louis, MO). Cultures were run until cell viability dropped 



39 

below 50%. Supernatant was harvested by pelleting the cells at 250g for 30 minutes 

followed by pre-filtration through Nalgene Glass Pre-filters (Thermo Scientific, 

Waltham, MA) and 0.45 micron SFCA filtration (Nalgene, Thermo Scientific, 

Waltham, MA), then stored frozen at -20°C until purification. Proteins were purified 

using an N-terminal affinity tag derived from type 1 herpes simplex virus glycoprotein 

D (gD) as previously described [18]. 

Glycosidase digestion and SDS-PAGE 

Endo H and PNGase F (New England BioLabs, Ipswich, MA) digests were 

performed per the manufacturer’s protocol on 5ug of purified envelope protein using 

one unit of glycosidase. Samples were reduced and denatured then digested overnight 

at 37°C. Digested samples were run on NuPAGE (Thermo Fisher, Invitrogen, Carlsbad, 

CA) 4-12% BisTris precast gels in MES running buffer then stained with SimplyBlue 

stain (Thermo Fisher, Invitrogen, Carlsbad, CA).  

Fluorescence immunoassays to measure antibody binding 

A fluorescence immunoassay (FIA) was used to measure the binding of 

polyclonal or monoclonal antibodies to recombinant envelope proteins. For antibody 

binding to purified proteins, Greiner Fluortrac 600 microtiter plates (Greiner Bio One, 

Kremsmünster, Austria) were coated with 2ug/mL of purified envelope protein 

overnight in PBS with shaking. Plates were blocked in PBS + 2.5% BSA (blocking 

buffer for 90 minutes, then washed four times with PBS containing 0.05% Tween-20 

(Sigma). Serial dilutions of monoclonal antibodies were added in a range from 

10ug/mL to 0.0001ug/mL, and then incubated at 25oC for 90 minutes with shaking. 
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After incubation and washing, 488 Alexa Fluor conjugated anti-human or anti-murine 

(Invitrogen, CA) was added at a 1:3000 dilution in PBS + 1% BSA. Plates were 

incubated for 90 minutes with shaking then washed four times with 0.05% Tween PBS 

using an automated plate washer. Plates were then imaged in a plate spectrophotometer 

(Envision System, Perkin Elmer) at excitation and emission wavelengths of 395nm and 

490nm respectively. For antibody binding to unpurified envelope proteins in cell 

culture supernatants, Greiner Fluortrac 600 microtiter plates (Greiner Bio-one, 

Germany) were coated with 2ug/mL of purified mouse monoclonal antibody to an 

epitope in the V2 domain (10C10) or the gD purification tag (34.1) overnight in PBS 

with shaking. Plates were blocked in PBS + 2.5% BSA blocking buffer for 90 minutes, 

then washed four times with PBS containing 0.05% Tween-20 (Sigma). 150µl of 40x 

diluted supernatant were then added to each well or 10µg/mL of purified protein in 

control lanes, then incubated at 25oC for 90minutes with shaking. After incubation and 

washing, PG9 was added in a range from 10µg/mL to 0.0001µg/mL, and then incubated 

at 25oC for 90minutes with shaking. After incubation and washing, fluorescently 

conjugated anti-human or anti-murine (Invitrogen, CA) was added at a 1:3000 dilution. 

Plates were incubated for 90 minutes with shaking then washed four times with 0.05% 

Tween PBS using an automated plate washer. Plates were then imaged in a plate 

spectrophotometer (Envision System, Perkin Elmer, Waltham, MA) at excitation and 

emission wavelengths of 395nm and 490nm respectively.  

The broadly neutralizing monoclonal antibody PG9 was purchased from 

Polymun (Klosterneuburg, Austria) or produced in-house using 293 HEK cells from a 

synthetic gene created on the basis of published sequence data [84] (also available for 
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purchase from the NIH AIDS Reagent Program, Germantown, MD. Catalog Number 

12149). Alexa Fluor 488 conjugated anti-human IgG, anti-rabbit IgG, and anti-mouse 

IgG polyclonal antibodies were obtained from Invitrogen (Invitrogen, Thermo Fisher, 

Carlsbad, CA) 

Glycan composition analysis by MALDI-TOF-MS 

Glycoprotein sample (~100 µg) suspended in 50 mM ammonium bicarbonate 

buffer was incubated with trypsin (5µg, Sigma Aldrich), for 18 h at 37 oC. Digested 

peptides were desalted and purified by passing through a C18 sep-pak cartridge after 

inactivating trypsin by heating at 95 oC for 5 min. The purified peptides were then 

treated with PNGase F (23 IUB milliunits, NEB#P0705, New England BioLabs, 

Ipswich, MA) at 37 ˚C for 16 h, to release the N-glycans. The released N-glycans were 

desalted and purified from the peptides by C18 sep-pak cartridge followed by freeze-

drying. Finally, the N-glycans were permethylated for 10 min at RT, by using 100 µl 

of methyl iodide in the presence of NaOH/DMSO base (350 µl). The reaction was 

quenched by adding water (1 ml) and the permethylated N-glycans were extracted by 

organic phase separation using dichloromethane (2 ml). The excess of dichloromethane 

was removed by stream of nitrogen and subsequently, prepared for MALDI-MS 

analysis [86]. 

Permethylated N-glycans were dissolved in methanol (20 µl) and small aliquot 

(~1 µl) was spotted on to MALDI plate (Opti-TOF-384 well insert, Applied 

Biosystems, Foster City, CA) and crystallized with DHB matrix (20 mg/ml in 50 % 

Methanol/water, Sigma Aldrich). Data were obtained from AB SCIEX MALDI 

TOF/TOF 5800 (Applied Biosystem MDS Analytical Technologies, Foster City, CA) 
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mass spectrometer in reflector positive-ion mode. Data analysis was performed by 

using Data Explorer V4.5, and the assignment of glycan structure was based on the 

primary mass (m/z) coupled with MS/MS fragmentation profile using the Expasy 

database online and the glycowork bench software analysis [85, 86]. 

Minute Virus of Mice infectivity assay and sterility testing 

IDEXX BioResearch (Columbia, MO) performed a Minute Virus of Mice 

(MVM) infectivity assay. Cells were cultured at 4x105 cells/mL, in 100mL total volume 

under conditions described above in a spinner flask for five days. CHO-S and MGAT1- 

CHO cells were infected with 1 multiplicity of infection (MOI) of MVM prototypic 

strain (MVMp) or MVM Cutter strain (MVMc) and evaluated in triplicate. Five mL 

aliquots were removed on days 1, 3, and 5, and cells were pelleted by centrifugation 

and stored at -20°C. Day 5 samples were evaluated by quantitative polymerase chain 

reaction (qPCR) for MVM and 18S using proprietary primers. The qPCR crossing point 

(CP) values were reported and copy numbers based upon standard curves. 

The cell line was tested for a panel of adventitious agents, cell line species, and 

in-vitro virus contamination by IDEXX BioResearch (Columbia, MO, USA) using a 

PCR based protocol described in S1 Text. 
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Abstract 

The production of envelope glycoproteins (Envs) for use as HIV vaccines is 

challenging. The yield of Envs expressed in stable Chinese Hamster Ovary (CHO) cell 

lines is typically 10–100 fold lower than other glycoproteins of pharmaceutical interest. 

Moreover, Envs produced in CHO cells are typically enriched for sialic acid containing 

glycans compared to virus associated Envs that possess mainly high-mannose 

carbohydrates. This difference alters the net charge and biophysical properties of Envs 

and impacts their antigenic structure. Here we employ a novel robotic cell line selection 

strategy to address the problems of low expression. Additionally, we employed a novel 

gene-edited CHO cell line (MGAT1- CHO) to address the problems of high sialic acid 

content, and poor antigenic structure. We demonstrate that stable cell lines expressing 

high levels of gp120, potentially suitable for biopharmaceutical production can be 

created using the MGAT1- CHO cell line. Finally, we describe a MGAT1- CHO cell 

line expressing A244-rgp120 that exhibits improved binding of three major families of 

bN-mAbs compared to Envs produced in normal CHO cells. The new strategy 

described has the potential to eliminate the bottleneck in HIV vaccine development that 

has limited the field for more than 25 years 

Introduction 

The development of a safe, effective, and affordable HIV vaccine is a global 

public health priority. After more than 30 years of HIV research, a vaccine with these 

properties has yet to be described. To date, the only clinical study to show that 
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vaccination can prevent HIV infection is the 16,000-person RV144 trial carried out in 

Thailand between 2003 and 2009 [14]. This study involved immunization with a 

recombinant canarypox virus vector to induce cellular immunity [87-89] and a bivalent 

recombinant gp120 vaccine designed to elicit protective anti- body responses [15, 16, 

90]. Although statistically significant, the protective efficacy of this vaccination 

regimen was low (31.2%, P = 0.04). Several correlates of protection studies suggested 

that the protection observed was primarily due to antibodies to rgp120 [91-93]. Thus, 

there is considerable interest in finding ways to improve the level of protection that can 

be achieved with rgp120 vaccine regimens. Improving an existing vaccine such as 

RV144, with an established record of safety, would be faster and more cost-effective 

than developing a new vaccine concept from scratch. A roadmap to improve the rgp120 

vaccine used in the RV144 trial has been provided by the recent studies of broadly 

neutralizing monoclonal antibodies (bN-mAbs) to gp120 as well as studies of the 

carbohydrate content of virion associated Env proteins. Beginning in 2009, studies of 

bN-mAbs isolated from HIV infected subjects revealed that many recognized unusual 

glycan dependent epitopes requiring high-mannose glycans that are early intermediates 

in the N-linked glycosylation pathway [11, 12, 94-101]. Passive transfer studies 

reviewed by Stephenson & Barouch [102] confirmed that these bN-mAbs could protect 

animals from infection by SHIV viruses [103-108] and lower virus loads in HIV 

infected individuals [109, 110]. Multiple studies have now demonstrated that the 

carbohydrate present on virion associated envelope glycoprotein, representing 

approximately 50% of its molecular weight, is enriched for simple, high-mannose 

forms of N-linked carbohydrates rather than the complex, sialic acid containing glycans 
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found on most membrane bound and secreted glycoproteins [20, 21, 101, 111]. Since 

the rgp120 vaccine used in the RV144 study and other clinical trials [68, 112, 113] was 

enriched for complex glycans [18], they lacked multiple epitopes targeted by the high-

mannose specific bN-mAbs. Thus the possibility exists that rgp120s such as A244-

rgp120 used in the RV144 trial, produced with the glycans required to bind bN-mAbs, 

might be more effective in eliciting a protective immune response than the previous 

rgp120 vaccines. To test this hypothesis in human clinical trials, a practical way to 

produce large quantities of Env proteins possessing the high-mannose glycans is 

required. 

The production of recombinant HIV envelope proteins (rgp120 and rgp140) for 

clinical research and commercial deployment has historically been challenging. Not 

only is it labor intensive to isolate stable cell lines producing commercially acceptable 

yields (e.g. >50 mg/ mL) but it is also difficult to consistently manufacture a high 

quality, well defined product with uniform glycosylation. Replacement of the native 

envelope signal sequence [114, 115] and codon optimization [116] improved yields, 

but generating stable CHO cell lines suitable for vaccine production remained difficult. 

Consequently, the antigens used in the RV144 trials manufactured more than 20 years 

ago are still being used in multiple clinical trials [117-121]. 

Recombinant gp120 typically possesses 25 or more potential N-linked 

glycosylation sites making up more than 50% of the protein’s mass [90, 122]. Each 

glycosylation site can possess as many as 4 sialic acid residues, with up to as 79 

different glycoforms [43] possible at a single site, resulting in enormous heterogeneity 

in net charge and biophysical properties. This variability makes it hard to purify and 
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define the precise chemical structure of the recombinant protein. As pharmacokinetic 

and pharmacodynamic properties of glycoproteins are in large part determined by the 

sialic acid content, glycan heterogeneity represents a major source of product 

variability [123]. 

Results 

Efforts to produce HIV Env proteins for clinical testing have been complicated 

by problems of poor expression, heterogeneity in N-linked glycosylation and net 

charge, and low yields from downstream purification [18, 43, 69, 124-131]. To address 

these problems we combined a high efficiency electroporation device (MaxCyte STX, 

MaxCyte Inc., Gaithersburg, MD), a robotic cell selection system, ClonePix2 

(Molecular Devices, Sunnyvale, CA) and a novel cell line (MGAT1- CHO 3.4F10) that 

was recently developed in our lab [132]. The MGAT1- CHO cell line has a mutation in 

the Mannosyl (Alpha-1,3-)-Glycoprotein Beta-1,2-N-Acetylglucosami- nyl-transferase 

gene (MGAT1) introduced by CRISPR/Cas9 gene editing. Recombinant gp120 

produced by transient transfection in MGAT1- CHO exhibited enhanced binding to 

three major families of glycan dependent bN-mAbs (PG9, PGT128, and PGT121/10-

1074) com- pared to rgp120s produced in normal CHO or 293 cell lines. To explore 

the utility of MGAT1- CHO cells as a cellular substrate for biopharmaceutical 

manufacturing of HIV vaccines, we attempted to create a stable MGAT1- CHO cell 

line expressing a variant of the A244- rgp120 envelope protein that was used in the 

RV144 HIV-1 vaccine trial [1]. This variant, A244_N332-rgp120, differed from the 
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A244-rgp120 immunogen in that a single N-linked glycosylation site was moved from 

N334 to N332 [133]. 

Replacement of chemical transfection with electroporation 

Estimating that the frequency of cells expressing high levels of rgp120 might 

be in the range of one in 10−4 [134-136], we calculated that we needed to screen 10–

100 thousand transfectants. To optimize transfection efficiency, we replaced cationic 

lipid transfection that we had previously used to transiently produce rgp120’s [18, 23, 

132, 133] with electroporation. Use of the MaxCyte STX system resulted in 

reproducible transfections with efficiencies typically greater than 80% in CHO-S or 

MGAT1- CHO cells when GFP expression was quantified by flow cytometry, and 

viabilities greater than 95% measured by trypan-blue exclusion (Fig 1). Based on these 

results, MGAT1- CHO cells were electroporated with a plasmid designed for the 

expression of A244-N332-rgp120, and the aminoglycoside 3’-phosphotransferase gene 

that confers resistance to selectable marker, G418. 
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Figure 2.1: Transfection efficiency of MGAT1- CHO-S cells as determined by expression of green 
fluorescent protein (GFP). MGAT1- CHO and CHO-S cells were transfected by electroporation with 
a linearized green fluorescent protein expression plasmid or mock electroporated. Forty-eight hours after 
transfection, viability was determined by Trypan blue exclusion on a BioRad TC10 as >95% by for both 
lines. Flow cytometry on a LSRII (Becton Dickinson, San Jose, CA) was used to calculate the percentage 
of transfected cells expressing GFP. 
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Selection of stable MGAT1- CHO cell lines expressing A244_N332-
rgp120 envelope proteins 

We used the ClonePix2 cell screening and selection robot to identify and select 

the comparatively few transfectants secreting high levels of rgp120. In this system, high 

producing cell colonies are visualized by the formation of a “halo” or 

immunoprecipitation band formed by fluorescently labeled antibodies suspended in a 

semi-solid, methylcellulose containing, cell culture matrix. After electroporation, cells 

were suspended in a semisolid matrix containing the select- able marker G418 and 

antibodies to rgp120 labeled with the Alexa 488 fluorophore. After six days, distinct 

colonies were visible. By sixteen days, 45,000 colonies dispersed among 8 six-well cell 

culture plates had grown sufficiently for robotic screening and selection (Fig 2A). 

When viewed under fluorescent light (Fig 2B), a small fraction of the cells exhibited 

halos resulting from antibody-antigen precipitin bands that formed around the colonies 

secreting high levels of rgp120. The top 0.1% (44) of colonies selected based upon 

morphology and halo intensity were picked by the robot and expanded for further 

analysis (Fig 2C). Selected colonies were subsequently screened by ELISA for the 

ability of secreted rgp120 to bind polyclonal antibodies, and the prototypic, glycan 

dependent bN-mAb PG9. PG9 recognizes an epitope in the V1/ V2 domain and requires 

Man5 at position N160 for binding [99]. Based on the ELISA results, cells from the top 

25 rgp120 producing colonies were transferred to 24 well plates and screened by 

ELISA and immunoblot. The best 15 lines were then expanded into 125 mL cultures 

for quantitative protein expression assay under the same expression conditions used for 

transient expression i.e. CD-optiCHO supplemented with glucose, glutamine, CHO- 
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Feed A and yeastolate. Six of these cultures were expanded for growth in 1.6 L shake 

flask cultures. Immunoblot analysis (Fig 3A) revealed that rgp120 made by the 6 

MGAT1- CHO colonies were smaller in size (85 kDa) compared to A244-rgp120 

produced in normal DG44 CHO cells (120 kDa). Comparison of reduced and non-

reduced proteins detected a trace amount of aggregated rgp120 protein and no 

proteolytic degradation (clipping). Cultures were harvested when cell viability dropped 

to 50%. When culture supernatant was assayed by ELISA (Fig 3B) rgp120 titers of 

approximately 400 mg/L were observed in in two cell lines (5D and 5F) with the 5C 

line exhibiting the lowest rgp120 titer (approximately 125 mg/L). Examining the 

kinetics of cell growth and rgp120 accumulation in cell culture medium (Fig 3C), we 

found that rgp120 production increased after the addition of sodium butyrate at day six 

with the rate of accumulation stabilizing between 10–14 days of cell culture. During 

this period, rgp120 became the major protein secreted into the cell culture medium. 



53 

 

 

Figure 2.2: Primary identification of high producer MGAT1- CHO lines expressing A244_N332 
rgp120 by immunofluorescent labeling. (A) G418 selected colonies visible in a single 35mm well 
illuminated with white light at 6 days. (B) The same single 35mm well illuminated with 490 nm 
wavelength light. Colonies actively secreting rgp120 have a green “halo” visible at 525 nm. (C) Relative 
mean exterior fluorescence of halo for more than 10,000 colonies imaged by the ClonePix2 plotted by 
rank. The top ranking 0.1% of colonies (44) were robotically picked and cultured. The six clones 
expressing 0.2–0.4 g/L at day 56 are shown in red. 
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Figure 2.3: Analysis of A244_N332-rgp120 secreted from stable MGAT1- CHO cell lines. Six stable 
MGAT1- CHO cell lines identified with the ClonePix2 were selected as potential substrates for HIV 
vaccine production. (A) Immunoblot of affinity-purified rgp120 (50 ng per lane) produced by each of 
six A244_N332-rgp120 cell lines: 3E, 5C, 5D, 3F, 6B, and 5F. Purified A244_N332-rgp120 produced 
in normal CHO DG44 cells (692) was shown for purpose of comparison. (B) Comparison of 
A244_N332-rgp120 protein yields as determined by ELISA from the six MGAT1- CHO cell lines. (C) SDS 
PAGE of rgp120 produced by the 5F MGAT1- CHO cell line. Supernatant samples (10 μl per lane) 
collected over the time course of the culture were electrophoresed on a 4–12% NuPage PAGE SDS gel 
in MOPS buffer (Thermo Scientific, Waltham, MA). The gel was stained with Simply Blue (Thermo 
Scientific, Waltham, MA) and visualized using an Innotech FluoChem2 system (Genetic Technologies, 
Grover, MO). 
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Growth characteristics of MGAT1- CHO cells expressing A244_N332-
rgp120 

Several experiments were performed to characterize the growth characteristics 

of MGAT1- CHO cells expressing A244_N332-rgp120. The initial 125-500mg/L yield, 

was obtained using culture conditions primarily designed for transient expression of 

recombinant proteins following electroporation. Data is shown in Fig 4A–4C from 

triplicate cultures of 5F MGAT1- CHO (600 mL cultures grown in 1.6 L shake flasks) 

for a 13-day culture period. Cells were grown at 37˚C until they reached late log growth 

phase (six days) then sodium butyrate was added to enhance protein expression and the 

temperature was shifted to 32˚C for the remainder of the experiment (Fig 4A). The cell 

viability ranged from 90–100% for the first 8 days of culture and then steadily declined. 

In contrast the cumulative amount of rgp120 in the cell culture medium continued to 

accumulate over the entire 13-day culture (Fig 4C) reaching a maximum of 800 mg/L 

by harvest. Fig 4 panels D-F show a similar batch fed experiment to test the effect of 

different feed additives on protein production by the 5F MGAT1- CHO line. Five 

(duplicate) batch fed culture of the 5F MGAT1- CHO isolate were grown in shake 

flasks in balanced CHO-Growth A (Irvine Scientific, Santa Ana, CA) media 

supplemented with CHO Feed C, glucose, glutamine and one of each of a panel of 

peptone hydrolysates; yeastolate, cottonseed, pea, wheat or CD-hydrolysate, which 

support protein expression in CHO cells, reviewed in [137]. The cells were again grown 

at 37˚C until they reached late log growth phase (six days) with a viable cell density 

approaching 1x107 cells per ml, adding Sodium butyrate (1mM) and shifting the 
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temperature 32˚C for the remainder of the experiment (Fig 4D). There were small 

differences in cell growth and viability (Fig 4D and 4F) and productivity with the 

different pep- tone hydrolysate additives which might be further explored prior to large 

scale production, however, all supported 1g/L production of rgp120 at harvest (Fig 4F). 

These studies demonstrate that the 5F MGAT1- CHO cell line expressing A244_N332-

rgp120 can be grown to high cell densities and is productive for up to 12–14 days in 

culture. It is likely that media optimization and a regulated bioreactor system can 

improve cell viability, cell densities, and rgp120 expression. 
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Figure 2.4: Growth and expression of the 5F MGAT1- CHO cell line expressing A244_N332-
rgp120 in shake flask cultures. Cells were cultured under standard conditions until day 6 when 1 mM 
Sodium butyrate was added, and the temperature shifted to 32˚C. Panels A-C: cells were fed with CHO 
Feed A and yeastolate as indicated, and harvested at day 13 (data from 3 shake flasks averaged). (A) 
Timecourse graph of viable cell densities (VCD) determined by trypan-blue exclusion on a BioRad T20 
cell counter. (B) Timecourse of cell viabilities determined by trypan-blue exclusion. (C) Timecourse of 
A244_N332-rgp120 protein accumulation determined by ELISA. Panels D-F demonstrate optimization 
of protein expression (at >1g/L) by use of different feed additives. Five duplicate pairs of cultures were 
fed (as indicated) with CHO Feed C and either yeastolate (BD, Franklin Lakes NJ), cottonseed, wheat, pea 
hydrolsate (Friesland Camparia, Delhi, NY) or CD- hydrolysate (SAFC, Calsbad CA) at days 6, 8 and 10, 
and harvested at day 12 (data from each pair of shake flasks is averaged). (D) Timecourse graph of viable 
cell densities (VCD) determined by trypan-blue exclusion on a BioRad T20 cell counter. (E) Timecourse 
of cell viabilities determined by trypan-blue exclusion. (F) Timecourse of A244_N332-rgp120 protein 
accumulation determined by ELISA 
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Sensitivity of A244-N322-rgp120 to digestion by Peptide-N-Glycosidase 
F and Endoglycosidase H 

Recombinant gp120 produced in the 5F MGAT1- CHO cell line exhibited an 

apparent molecular weight (MW) of (85 kDa). The same protein produced in CHO-S 

cells, exhibited an apparent molecular weight of 120 kDa (Fig 3A). This difference in 

size would be expected if the glycans present in the protein produced in the MGAT1- 

CHO cell line were limited to Mannose -5 (Man5) or earlier intermediates in the N-

linked glycosylation pathway, and the glycans present in the protein produced in the 

CHO-S cells consisted of the normal sialic acid containing complex carbohydrates. To 

test this hypothesis, the proteins were digested with endoglycosidase H (EndoH) or 

Peptide-N-Glycosidase F (PNGase F) (Fig 5). EndoH selectively cleaves within the 

chitobiose core of high-mannose and some hybrid oligosaccharides and thus cleaves 

the simple, high mannose forms, of N-linked glycans but not the mature sialic acid 

containing N-linked glycans. In contrast, PNGase F cleaves between the innermost N- 

acetylglucosamine and asparagine residues of high mannose, hybrid, and complex 

oligosaccharides and is able to digest both simple and complex N-linked glycans. We 

observed that PNGase F treatment converted the proteins produced in both the 

MGAT1- CHO and CHO-S cells to a common molecular weight of approximately 56 

kDa. This result confirmed that the difference in molecular weight between the proteins 

produced in the MGAT1- CHO cell line and the CHO-S cell line could be attributed to 

differences in the type of glycosylation and that approximately 50% of the mass of 

rgp120 is carbohydrate. When the sensitivity to EndoH was measured, we found the 

rgp120 produced in the MGAT1- cells was mostly sensitive to digestion by EndoH, 
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whereas the rgp120 produced in the CHO-S cells was resistant to EndoH digestion. 

This result confirmed that rgp120 produced in MGAT1- CHO cells is derivatized 

primarily with simple, high mannose glycans whereas the protein produced in CHO-S 

cells is derivatized primarily with the complex, Endo H resistant mature form of N-

linked glycosylation. This result concurs with previous isoelectric focusing of rgp120-

A244 stably produced CHO protein [18] and MALDI-TOF mass spectroscopic analysis 

of A244_N332-rgp120 produced in transiently transfected MGAT1- CHO and CHO-S 

cells [132]; rgp120 produced in MGAT1- CHO cells is derivatized primarily with 

simple, high mannose glycans whereas the protein produced in CHO-S cells is 

derivatized with a mixture of high mannose, hybrid and complex N-linked 

glycosylation. 
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Figure 2.5: SDS-PAGE analysis of A244_N332 rgp120 HIV produced in 5F MGAT1- CHO and 
CHO-S cells treated with PNGase or EndoH. Enzymes and buffers were purchased from (New 
England Biolabs, Ipswich, MA). Purified protein was denatured and reduced then incubated overnight 
at 37˚C with or without glycosidase. Protein was resolved (2 μg/lane) on 4–12% SDS-PAGE gel and 
stained with Simply Blue. Plus (+) indicates enzyme treatment, minus indicates untreated. 

 

Binding of A244_N332-rgp120 by bN-mAbs 

The functional differences in the antigenic structures of A244_N332-rgp120 

produced in the MGAT1- CHO cells and A244 rgp120 produced in normal CHO-S 

cells was measured in a series of antibody binding experiments (Fig 6). For these 

studies, the binding of bN-mAbs to rgp120s expressed in a stable MGAT1- CHO cell 

line (5F MGAT1- CHO) was compared to bN-mAb binding to the same protein 

expressed by transient transfection in MGAT1- CHO cells, and the A244 rgp120 

protein transiently expressed in CHO-S cells. In this regard, the protein expressed in 

CHO-S cells closely resembled the A244-rgp120 protein used in the RV144 clinical 
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trial. The panel of bN-mAbs included both glycan dependent bN-mAbs PG9, 

PGT121/101074, and PGT128 [11, 99] as well as the CD4 supersite site VRC01 

antibody [6, 138]. 

For purposes of comparison, rgp120 binding to the virus entry inhibitor CD4-

IgG served as a positive control. We first examined rgp120 binding by the prototypic 

glycan dependent bNAb PG9, that binds the core mannose residues of two glycans at 

position N160 and either N156 or N173 within the V1V2 domain [99]. The glycan at 

N160 was initially identified as Man5 in the context of a V1V2 scaffold structure [5] 

but recent reports suggest that PG9 is more tolerant of heterogeneity than initially 

thought [96, 139]. Consistent with the hypothesis that a complex glycan at position 

N160 might interfere with PG9 binding, glycan mapping of CHO-S produced 

monomeric rgp120 revealed complex glycans at positions N156 and N160 [51, 52]. We 

observe a quantitative difference (Fig 6A) between the binding affinity of rgp120 

A224-N332 produced in MGAT1- CHO cells as measured by EC50 (1.33 nM) for PG9, 

when compared to the RV144 antigen, rgp120 A224, produced in CHO S cells (no 

binding plateau). This result is in concordance with data from previous transient 

transfection studies [132, 133]. Binding of bN-mAbs to protein produced in the 5F 

MGAT1- CHO cell line was indistinguishable to protein produced by transient 

transfection in MGAT1- CHO cells. We also measured the binding of the CH58 and 

CH59 monoclonal antibodies [70] that recognize a conformation independent epitope 

in the V2 domain that correlated with protection in the RV144 trial. These antibodies 

bind to A244-N332-rgp120 produced in the MGAT1- cell line with nM binding 

affinities (S1 Fig). 
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Next we examined rgp120 binding to four bN-mAbs from two different families 

that are known to recognize glycan dependent epitopes in the stem of the V3 domain. 

PGT126 and PGT128 bN-mAbs are both members of the PGT128 family, and were 

derived from a common ancestral immunoglobulin VH gene [99]. The bN-mAb 10–

1074 is a member of the PGT121 family, and both antibodies were derived from a 

common ancestral immunoglobulin VH region gene distinct from the PGT128 family 

[11, 95]. We observed significantly improved binding to members of the PGT128 

family to MGAT1- CHO-S produced A244_N332 rgp120 compared to the CHO-S 

A244 protein; however, the magnitude of the difference was much greater for PGT126 

compared to PGT128 (Fig 6B and 6C). Improved PGT128 family binding is consistent 

with enrichment of N332 with Man5-9 glycans as PGT126/128 epitopes bind core 

residues of high mannose at positions N301 and N332, or N295 and N334 [11, 97, 100, 

101]. Mass spectroscopy of virion-derived gp120 has shown that asparagine at position 

332 is occupied by Man5-9 glycans with Man8-9 dominating [111]. However on CHO-

S derived rgp120, high mannose is dominant but not exclusive [51, 52]. Our binding 

data suggests that the PGT126 epitope is more sensitive to occlusion by proximal 

processed glycans than PGT128. 

Members of the PGT121 family (PGT121 and 10-10-74) differed considerably 

in their ability to bind MGAT1- A244_N332 and CHO-S A244 rgp120 (Fig 5D and 

5E). PGT121 is different from all of the other glycan dependent bN-mAbs tested in that 

it accommodates either a sialylated or high mannose glycan at positions N332 or N334, 

and a sialylated glycan at position N137, whereas 10–1074 is N332 high-mannose 

restricted [11, 95]. We observed significantly improved binding of 10–1074 to 
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A244_N332 rgp120 produced in the MGAT1- CHO cell line, and poor binding of 

PGT121. PGT121 did not bind rgp120 made in CHO-S cells. In control experiments, 

we found that all of the proteins tested bound to VRC01 bN-mAb. We noted a small 

but consistent higher maximal binding of VRC01 to proteins produced in the MGAT1- 

CHO cell line compared to the CHO-S cell line (Fig 6F). This difference was also 

previously reported [132]. VRC01 is an anti-CD4 binding site antibody with low 

affinity for glycan in glycan-array assay [6]. Glycans N197, N276 and N262 or N263 

overlap with the binding site, and an N276 mannose core /VRC01 light chain contact 

was recently identified by [140]. All proteins tested bound comparably to CD4-IgG 

regardless of the expression system (Fig 6G), indicating that the CD4 binding site was 

properly folded and that the concentrations of the individual proteins were identical. 

Similarly, all of the Env proteins captured with the 34.1 Mab used in this experiment, 

bound comparably to the PB94 polyclonal rabbit sera (Fig 6H). Thus, there was no 

significant difference in the concentration or coating efficiencies of the proteins used 

for the binding studies. 
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Figure 2.6: Binding of bN-mAbs to A244-rgp120 produced in normal and A244_N332-rgp120 
produced in MGAT1- CHO cell lines. A244_N332-rgp120 was purified from the stable clone 5F 
MGAT1- CHO cell line (closed circles) or from the MGAT1- CHO cells (open circles) transiently 
transfected with the UCSC 1331 plasmid. A244-rgp120 expressed and purified from transiently 
transfected CHO-S cells (open squares). Antibody binding was measured by a fluorescent immunoassay 
(FIA). 
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Figure 2.7: The timeline for development of stable MGAT1- CHO cell lines expressing HIV-1 
rgp120. Leading clones expressing 0.2–0.4 g/L in shake flasks under standard laboratory conditions were 
selected in less than two months. Production was subsequently increased to levels of g/L rgp120 
production with minimal feed optimization. 

 

Pathogen testing 

In order for the 5F MGAT1- CHO cell line to be considered as a substrate for 

vaccine production by current Good Manufacturing Processes (cGMP), it needs to be 

free of contamination by other cell lines and adventitious agents. To obtain data 

supporting these criteria, cells from the 5F MGAT1- CHO cell line were screened for 

contamination by a commercial testing laboratory (IDEXX, Inc., Columbia, MO). This 

analysis used validated PCR based techniques to screen for contamination by cells from 

multiple other species (human, mouse) and for contamination by a large number of 

human and animal pathogens including mycoplasma and minute virus of mice (MVM). 

No cellular, viral, or microbial contamination of the original research cell bank was 

detected (Tables A.1 and A.2). 
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Outline of new process for the development of a stable MGAT1- CHO cell line 
expressing HIV-1 rgp120 

Based on our results we were able to devise a new standardized cell line 

production strategy for creating stable CHO cell lines expressing rgp120 and other Env 

proteins in a timeline of 8–10 weeks. An outline for this new cell line development 

process including the experimental timeline for electroporation, colony selection, and 

protein expression/ purification is shown in Fig 7. The use of high efficiency 

electroporation, robotic screening, and the elimination of gene amplification strategies 

all contribute to a major reduction in the time and cost of producing stable CHO cell 

lines. In this study we describe the development of a new robotic cell line screening 

and selection strategy for the rapid production of stable, high yielding CHO cell lines 

suitable for the pro- duction of HIV vaccines. We also demonstrate that this strategy 

can be successfully employed using the recently described MGAT1- CHO cell line 

(MGAT1- CHO 3.4F10) that limits glycosylation primarily to Man5 glycans and, to 

date, has only been used for transient transfection experiments [132]. Finally, we 

describe a MGAT1- CHO cell line (5F MGAT1- CHO) that pro- duces high levels of a 

variant of gp120 from the A244 isolate of HIV-1. A244-rgp120 was a key component 

in the AIDSVAX B/E vaccine [15, 16] used in the RV144 clinical trial. The Env protein 

(A244_N332-rgp120) produced by the 5F MGAT1- CHO cell line differs from the 

A244-rgp120 used in the RV144 trial in the location of a single N-linked glycosylation 

site (N332 compared to N334) and that it incorporates primarily Man5 glycans. These 

changes enable the A244_N332 Env protein to bind bN-mAbs from three major 

families of bN-mAbs (PG9, PGT128, and PGT121/10-1074) that did not bind to the 

original vaccine immunogen. The addition of these glycan dependent epitopes 
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represents a significant improvement in the antigenic structure of A244-rgp120 and 

might improve the level of efficacy that can be obtained from an RV144-like 

immunization regimen. 

Prior to the development of the MGAT1- CHO 3.4F10 cell line there was no 

practical means by which recombinant Env proteins enriched for high mannose glycans 

could be produced at large scale for HIV vaccine production. In these studies, we 

demonstrated that CHO cell lines expressing up to 1g/L of rgp120 that are potential 

candidates for vaccine antigen pro- duction, can be produced within 2–3 months. In 

contrast, the CHO cell line used to produce A244-rgp120 used in the RV144 trial 

produced only 20 mg/L and took more than 18 months to develop (Berman, P.W., 

personal communication). 

Previous studies have shown that early intermediates in the N-linked 

glycosylation pathway (Man5 or Man9) are essential components of many epitopes 

recognized by bN-mAbs [12, 94-101]. Additionally, we now know that HIV virion-

associated Env proteins are enriched for these early intermediates in the glycosylation 

pathway [20, 101, 126, 141]. The A244_N332- rgp120 protein produced in the 5F 

MGAT1- CHO cell line possesses multiple glycan dependent epitopes recognized by 

bN-mAbs and appears to possess a glycan structure that more closely resembles 

authentic HIV Env proteins compared to Env proteins produced in normal CHO cells. 

We hypothesize that this “glycan optimized” immunogen produced in the 5F MGAT1- 

CHO cell line might increase the potential level of protection documented in the RV144 

trial from 31.2% (P = 0.04) to the efficacy level of 50% or more thought to be required 

for regulatory approval and clinical deployment [142]. 
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These studies demonstrate that the MGAT1- CHO cell line is a suitable 

substrate for stable cell line development [132]. The 5F MGAT1- CHO line can be 

grown at high densities (2x107cells/mL) in serum free media for the length of time (8–

10 days) consistent with modern manufacturing methods intended for the production 

of HIV vaccine immunogens. The success in cell line isolation was greatly enhanced 

by the use of robotic selection. The MaxCyte STX electroporation system achieved 

transfection efficiencies of greater than 80% with linearized plasmid. Another key step 

in the robotic screening strategy was the need to develop an imaging reagent that 

formed “halos” around rgp120 transfected cells. We found that the best “halos” 

resulting from the formation of immune-precipitin bands in semi-solid methylcellulose 

media were only obtained with fluorescently labeled polyclonal antibodies. Although 

previous anecdotal reports suggested that mixtures of fluorescently labeled monoclonal 

anti- bodies could form the immune-precipitin bands required for robotic selection, we 

were unable to confirm these reports. Finally, we attempted to see if the robotic 

selection could overcome the need for time-consuming gene amplification experiments 

(via methotrexate or methionine sulphoximine), and we found that directly screening 

approximately 40,000 clones in a single ClonePix2 experiment was adequate to isolate 

a cell line that produced approximately 1g/L of rgp120 with no gene amplification. 

Studies are in progress to determine whether the high expression levels found in this 

study results from the selection of cell lines with high levels of amplified genes or from 

integration of the HIV transgene into transcriptionally active regions of chromatin. 

Although we have developed a method to produce gp120 vaccine immunogens 

incorporating glycan dependent epitopes recognized by broadly neutralizing 
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antibodies, we do not yet know whether these epitopes will be immunogenic or if 

antibodies to these sites will improve protective immunity. Indeed, the protection 

achieved in the RV144 trial correlated with non- neutralizing antibodies to the V2 

domain [91]. However, recent passive immunization studies with broadly neutralizing 

monoclonal antibodies to glycan dependent epitopes in the V2 and V3 domains suggest 

that the presence of such antibodies might add to the protection achieved by non-

neutralizing antibodies to the V2 domain [102, 143]. The next step in the evaluation of 

gp120s produced in the MGAT1- CHO cell line would be to compare their 

immunogenicity with rgp120 produced in the CHO-S cell line. Because the half-life of 

proteins in vivo is known to be determined in part by glycosylation [144, 145] it would 

not be surprising if differences in the kinetics of the immune response are detected. The 

new technology outlined here should allow for the rapid production and testing of 

multiple new Env based vaccine concepts that have not previously been tested for lack 

of a fast and cost effective manufacturing process. 

Such concepts include multivalent rgp120 vaccines [146], guided immunization 

vaccine strategies [147-150], and Env proteins optimized for the binding of inferred 

ancestral forms of bN-mAbs [151-155]. In summary, by combining recent 

developments in transfection technology, robotic selection, and gene editing, we have 

developed a novel method for the production of recombinant Env proteins has the 

potential to improve the potency, shorten the time, and lower the cost of HIV vaccine 

production. These improvements provide the means to break the bottleneck in HIV 

vaccine manufacturing that has limited the field for the last 20 years [154]. 
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Materials and Methods 

Cells and antibodies 

The suspension adapted, stable MGAT1- CHO cell line was created by targeted 

inactivation of the gene encoding the enzyme, Mannosyl (Alpha-1,3-)-Glycoprotein 

Beta-1,2-N-Acetylglucosaminyl-transferase in CHO cells using CRISPR/Cas9 gene 

editing (57). Suspension adapted CHO-S cells were obtained from Thermo Fisher 

(Thermo Fisher, Life Technologies, Carlsbad, CA). GnTI- 293 HEK cells were 

obtained from the American Tissue Type Collection (ATCC). Broadly neutralizing 

monoclonal antibodies (bN-mAbs), PG9, PGT121, PGT126, PGT128, VRC01, and 

10–1074 CH58 and CH59 were obtained from the NIH AIDS Reagent Program 

(Germantown, MD) or produced from published sequence data. The entry inhibitor 

CD4-IgG was identical to that described by Capon et al. [155]. The 34.1 murine 

monoclonal antibody was developed in our laboratory [23] and is specific for a 27 

amino acid sequence of Herpes Sim- plex Virus Type 1 glycoprotein D (gD) that has 

been used previously as a purification tag [90, 115]. Polyclonal antibodies were raised 

according to the guidelines of the Animal Welfare Act. The immunization protocol was 

reviewed and approved by the Animal Care and Use Committee of the Pocono Rabbit 

Farm and Laboratory (Pocono Laboratories and Rabbit Farm, Canadensis, PA). 

Polyclonal rabbit-serum (PB94) was obtained from rabbits immunized with a mixture 

of A244 and MN rgp120 as previously described [16]. Polyclonal goat-serum was 

raised from goats immunized with a cocktail of purified rgp120s from three clades of 

HIV (CRF01_AE, B, and C) produced in GnTI- 293 HEK cells. Rabbit and goat 
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polyclonal anti- gp120 for use in immunoassays were purified by affinity 

chromatography using a HiTrap Protein G column (GE Healthcare, Little Chalfont, 

United Kingdom). Immunoaffinity purified anti-gp120 for use in the ClonePix2 robot 

(Molecular Devices, Sunnyvale, CA) was isolated from goat sera by immunoaffinity 

chromatography using a column consisting of gp120 coupled to Sepharose 4B (GE 

Healthcare, Little Chalfont, United Kingdom). Immunoaffinity purification involved 

successive passage over rgp120 bound affinity columns which were then washed with 

10 column volumes of 50 mM Tris, 0.5 M NaCl, 0.1 M TMAC (tetramethyl-ammonium 

chloride) buffer (pH 7.4). Bound antibody was eluted with 0.1 M sodium acetate buffer, 

pH 3.0, and the eluent neutralized by the addition of 1.0 M Tris (1:10 ratio). The 

purified antibody was adjusted to a final concentration of 1–2 mg/mL in PBS buffer as 

determined by bicinchoninic acid (BCA) and conjugated to Alexa 488 (Thermo Fisher 

Scientific, Waltham, MA), before 0.1μM filtration. 

Cell culture conditions 

MGAT1- and CHO-S cells were maintained in CD-CHO medium supplemented 

with 8 mM GlutaMAX, 0.1 mM Hypoxanthine, and 0.16 mM thymidine (HT) in shake 

flasks using a Kuhner ISF1-X shaker incubator (Kuhner, Birsfelden, Switzerland) at 

37˚C, 8% CO2, and 125 rpm. Static cultures were maintained in 6, 24, and 96 well cell 

culture dishes (Greiner, Kremsmu¨nster, Austria) and grown in a Sanyo incubator 

(Sanyo, Moriguchi, Osaka, Japan) at 37˚Cand 8% CO2. For protein production, CD-

OPTI-CHO or CHO Balanced Growth A medium (Irvine, Santa Ana, CA) was 

supplemented with 2 mM GlutaMAX, HT and MaxCyte CHO A Feed which is 

comprised of 0.5% Yeastolate, BD, Franklin Lakes, NJ; 2.5% CHO-CD Efficient Feed 
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A, 2 g/L Glucose (Sigma-Aldrich, St. Louis, MO) and 0.25 mM GlutaMAX). Cell 

culture media and additives were obtained from Thermo Fisher Life Technologies 

(Carlsbad, CA) unless otherwise stated. In preliminary batch fed cell culture 

experiments to optimize protein yield, we tested out an additional four peptone 

hydrolysates replacing yeastolate with; Proyield Cotton, Proyield Pea, Proyield Wheat 

(Friesland Campira, Delhi, NY) and CD-Hydrolysate (SAFC, Carlsbad, CA) and CHO-

CD Feed efficient A with CHO- CD Efficient Feed C (Thermo Fisher Life 

Technologies, Carlsbad, CA). 

Molecular cloning and sequencing 

Standard genetic engineering techniques were used to construct a G418 

selectable expression vector (UCSC1331) that encodes gp120 from the clade 

CRF01_AE strain of HIV-1. The pro- tein produced is identical in sequence to the 

A244-rgp120 protein used in the RV144 clinical trial with the exception that a single 

N-linked glycosylation site at N334 has been moved to position N332, described by 

Doran et al. [133], GenBank ref MG189369. The plasmid was similar to the 

commercially available pCDNA3.1 vector with the exception that methylation targets 

at positions C41 and C179 in the CMV promoter were deleted as described by Moritz 

and Gopfert [156]. All sequencing was performed at the University of California Core 

Sequencing Facility (Berkeley, CA). pCI_GFP, a gift from Dr. James Brady 

(MaxCyte), was transfected in parallel with the gp120 expression plasmid to monitor 

transfection efficiency. Plasmid DNA was prepared using the endotoxin free Qiagen 

Giga Prep purification kit (Qiagen, Hilden, Germany) and linearized by digestion with 

Pvu1 (New England Biolabs, Ipswich, MA) prior to electroporation. 
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Selection of stable MGAT1- CHO cell lines expressing A244-rgp120 

Electroporation of the UCSC1331 plasmid into MGAT1- CHO cells was 

performed using a MaxCyte scalable transfection system (STX, MaxCyte Inc., 

Gaithersburg, MD) according to the manufacturer’s instructions. Twenty-four hours 

after electroporation, cells were diluted to a concentration of 1000 or 5000 cells/mL in 

methylcellulose CHO-Growth A with L-glutamine (Molecular Devices, Sunnyvale, 

CA) containing 500 μg/mL of G418 and 10 μg/mL of Alexa 488 labeled 

immunoaffinity purified polyclonal goat anti-gp120 antibody. The plates were 

incubated at 37˚C with 8% CO2 and 85% humidity for 16 days, then colony selection 

was per- formed using a ClonePix2 robot (Molecular Devices, Sunnyvale, CA). 

Colonies were imaged under white and fluorescent light (470 nm excitation and 535 

nm emission wavelength filter set). Both images were superimposed, and colonies 

selected according to mean exterior fluorescent intensity [157]. The top ranking 0.1% 

of colonies were aspirated with micro-pins con- trolled by the ClonePix2 system and 

dispersed automatically in a 96-well plate containing CHO Growth A medium (Genetix 

Molecular Devices, Sunnyvale, CA) supplemented with HT, 8 mM GlutaMAX, and 

500 μg/ml G418, and cultured at 37˚C, with 8% C02 and 85% humidity. After 9 days 

in culture, protein production was assayed by ELISA, and positive colonies transferred 

to 2 mL wells in media supplemented with 250 ug/mL G418, and shake flasks when 

cell mass permitted transfer. Selective pressure was only removed for 14 day 

production batch runs. Six lines were cultured for protein production (Section 2.2) at a 

volume of 600 mL in 1.6 L shake flasks (Thompson, Oceanside, CA) 



74 

Protein quantification 

Protein concentration was determined by capture ELISA [23]. Purified protein 

and cell culture supernatant were analyzed on 4–12% Bis-Tris PAGE SDS gels in either 

MES or MOPS gel running buffer (Thermo Scientific, Waltham, MA). For 

Immunoblot, proteins were electrophoresed on a 4–12% NuPage PAGE SDS gel in 

MES running-buffer, transferred to a PDVF membrane, then probed with a polyclonal 

rabbit anti- rgp120 antibody (PB94) and an affinity purified secondary HRP conjugated 

goat anti-rabbit H+L chain antibody (Jackson Immuno Research, West Grove, PA) and 

visualized using an Innotech FluoChem2 system (Genetic Technologies Grover, MO). 

Affinity purification of A244_N332-rgp120 

Recombinant proteins were immunoaffinity purified from cell culture media 

using the gD purification tag as previously described [18] and protein concentrations 

determined using bicinchoninic assay (BCA). 

Binding of bN-mAbs 

The binding to bN-mAbs to purified rgp120s from the MGAT1- CHO and 

CHO-S lines was assayed with a capture Fluorescence Immunoassay (FIA) as 

described previously [58]. Briefly, Fluotrac high binding 96 well plates (Griener Bio-

One Kremsmu¨nster, Austria) were coated with 2ug/ml 34.1 Mab overnight in PBS, 

then blocked with 1%BSA/PBS 0.05% tween for 2 hours. Purified rgp120 was captured 

at 6ug/ml overnight at 4˚C. Three-fold serial dilutions of antibody, entry inhibitor or 

isotype control were added to each well followed by Alexa 488 labelled polyclonal 

anti-species antibody (Jackson ImmunoResearch, West Grove PA). Incubations were 
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performed for 90 min at room temperature followed by a 4x wash in PBS 0.05% tween 

buffer unless otherwise noted. Absorbance was read using an EnVision Multilabel Plate 

Reader (PerkinElmer, Inc Waltham, MA) using a FITC 353 emission filter and FITC 

485 excitation filter. Assays were performed in triplicate. EC50 was calculated from a 

plot of log (agonist) vs response–variable slope (four parameters) on Graph Pad Prism 

6 for Mac., Graph- Pad Software, La Jolla, CA. 

Binding assays were carried out in triplicate. 

Enzymatic digestion of carbohydrate 

Enzymatic digestion of rgp120 was performed as described by Yu et al [18]. 

For molecular mass analysis post digestion, 2 μg of each protein was electrophoresed 

on a 4–12% Bis-Tris PAGE SDS gel in MOPS running buffer, and stained with 

Coomassie Simply Blue (Thermo Scientific, Waltham, MA). 
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The high rate of new HIV infections, particularly in Sub-Saharan Africa, 

emphasizes the need for a safe and effective vaccine to prevent acquired 

immunodeficiency syndrome (AIDS). To date, the only HIV vaccine trial that has 

exhibited protective efficacy in humans was the RV144 study completed in Thailand. 

The finding that protection correlated with antibodies to gp120 suggested that 

increasing the quality or magnitude of the antibody response that recognize gp120 

might improve the modest yet significant protection (31.2%) achieved with this 

immunization regimen. However, the large-scale production of rgp120 suitable for 

clinical trials has been challenging due, in part, to low productivity and difficulties in 

purification. Moreover, the antigens that are currently available were produced largely 

by the same technology used in the early 1990s and fail to incorporate unique 

carbohydrates presented on HIV virions required for the binding of several major 

families of broadly neutralizing antibodies (bNAbs). Here we describe the development 

of a high-yielding CHO cell line expressing rgp120 from a clade C isolate (TZ97008), 

representative of the predominant circulating HIV subtype in Southern Africa and 

Southeast Asia. This cell line, produced using robotic selection, expresses high levels 

(1.2 g/L) of the TZ97008 rgp120 antigen that incorporates oligomannose glycans 

required for binding to multiple glycan dependent bNAbs. The resulting rgp120 

displays a lower degree of net charge and glycoform heterogeneity as compared to 

rgp120s produced in normal CHO cells. This homogeneity in net charge facilitates 

purification by filtration and ion exchange chromatography methods, eliminating the 

need for expensive custom-made lectin, or immunoaffinity columns. The results 

described herein document the availability of a novel cell line for the large-scale 
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production of clade C gp120 for clinical trials. Finally, the strategy used to produce a 

TZ97008 gp120 in the MGAT- CHO cell line can be applied to the production of other 

candidate HIV vaccines. 

Introduction 

While the availability of anti-retroviral drug prevention and treatment strategies 

has significantly reduced mortality associated with HIV infection, the endurance of 

HIV transmission remains a major public health concern. This is particularly true for 

Sub-Saharan Africa and South Asia, where the majority of new infections are predicted 

to occur over the next decade [158]. Thus, an effective vaccine remains a relevant 

strategy to stop the spread of HIV. The RV144 HIV vaccine trial completed in Thailand 

(2003-2009) provided evidence that a prime-boost vaccine concept could provide 

modest protection (31%, p = 0.04) from HIV infection [14, 91]. The RV144 protocol 

employed a recombinant canarypox virus vector (VCP1521) to stimulate a cell-

mediated immune response, with bivalent recombinant gp120 (rgp120) immunogens 

(AIDSVAX B/E), to promote an anti-gp120 antibody response [14]. Follow-up studies 

correlating protection in RV144 with non-neutralizing antibodies against gp120, but 

not cell-mediated immunity, supported a role for the rgp120 immunogen in the 

observed protection [91]. Following the RV144 trial, multiple families of broadly 

neutralizing antibodies (bNAbs) that bind oligomannose structures were identified, 

highlighting the importance of specific glycoforms (mannose-5 and mannose-9) on the 

HIV envelope glycoprotein (Env) [5, 12, 20, 99, 100]. However, the rgp120 
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immunogens used in the RV144 trial were expressed in CHO cells, and therefore 

enriched for complex, sialic acid containing N-linked glycans that preclude binding 

glycan dependent bNAbs [18]. Together, these observations provided justification for 

investigation of gp120-based immunogens incorporating the oligomannose (mannose-

5 and mannose-8/9) glycoforms found on native virions and targeted by bNAbs [10, 

20, 101]. 

We screened a diverse panel of clade C gp120 protein isolates expressed in 

HEK 293 cells to identify a clade C envelope protein that displayed above average 

binding to different bNAbs. To express the clade C rgp120, we employed a novel cell 

line (MGAT1−CHO), created in our laboratory through the use of the CRISPR/Cas9 

gene editing to inactivate the Mannosyl (Alpha-1,3-)-Glycoprotein Beta- 1,2-N-

Acetylglucosaminyltransferase (MGAT1) gene [132]. The resulting cell line expresses 

rgp120 proteins containing N- linked mannose-5 or earlier intermediate glycoforms 

that are recognized by various families of glycan dependent bNAbs. This strategy is 

advantageous to previous approaches to manipulate glycosylation on rgp120 (i.e., 

expression in HEK 293 GNTI− cells, or with the use of glycosidase inhibitors such as 

kifunensine) in that it can be used as part of a biopharmaceutical production system 

amenable to current Good Manufacturing Practices (cGMP). Additionally, expression 

of rgp120 in the MGAT1– CHO cell expression system reduces heterogeneity in net 

charge as compared to CHO-expressed rgp120. Such homogeneity of MGAT1–CHO 

derived rgp120s facilitated the development of an ion-exchange based purification 

method that obviated the need for custom affinity-chromatography resins previously 

used for purification of rgp120 immunogens [14, 15]. Here we compare the properties 
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of a clade C rgp120, TZ97008, produced in normal CHO cells, resembling those used 

to produce gp120 for previous [14, 112, 159] and current clinical trials [69], with 

TZ97008- rgp120 produced in the MGAT1–CHO cell line. Our results demonstrate 

that the MGAT1–CHO expression system provides a cost-effective approach for the 

production of the clade C TZ97008 rgp120 displaying oligomannose glycoforms that 

both simplifies down-stream purification and improves the binding of bNAbs. 

Materials and Methods 

Clade C gp120 screening 

The panel of clade C gp120s was assayed for bNAb binding by Fluoresence 

ImmunoAssay (FIA). Antigen was diluted to 2 µg/mL in PBS and coated onto 96 well 

black-microtiter plates (Greiner, Bio-One, USA) at 4◦C overnight. Plates were blocked 

in PBS with 1% BSA for 2 h. Three-fold dilutions of antibody were added, followed 

by a 1:3,000 dilution of Alexa Fluor 488 conjugated goat-anti-human polyclonal 

secondary (Jackson ImmunoResearch Laboratories, West Grove, PA). Incubations 

were performed for 90 min (23◦C) in blocking buffer and preceded by a 4x wash in 

PBST unless otherwise noted. The panel of 10 clade C, gD tagged envelope proteins 

was expressed in HEK 293 cells as described previously [160]. Recombinant gp140 

from the 1086 strain of HIV-1, contributed by Drs. Barton F. Haynes and Hua-Xin 

Liao, was obtained from NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH 

[161, 162]. The TV1 gp120 expressed in 293 HEK cells was obtained from Immune 

Tech Corporation (New York, NY). The PG9, PGT121, PGT128, and VRC01 bNAbs 
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were produced in our laboratory in 293 HEK cells based on published sequences. The 

10-1074 bNAb was obtained through the NIH AIDS Reagent Program, Division of 

AIDS, NIAID. Affinity purified polyclonal goat antibodies, raised against an equimolar 

mixture of purified gp120s from clade B (MN), clade C (CN97001), and clade E 

(TH023) gp120s, was used as a positive control for the FIA binding assays. 

Area under the curve (AUC) calculations were performed using GraphPad 

Prism version 6.0 for Mac, GraphPad Software, La Jolla California USA. To obtain a 

relative ranking of overall bNAb antigenicity, individual area under the curve (AUC) 

analyses were taken of individual gp120 binding curves to each of the 5 bNAbs, and 

the sum of these AUC values for each gp120 antigen was ranked. Rank scores from 1-

12 were awarded to the 12 envelope antigens based on calculated AUC values, with a 

rank score of one awarded to the envelope protein exhibiting the poorest binding 

(lowest calculated AUC) to a bNAb, to a rank score of 12 awarded to envelope antigen 

exhibiting the highest binding (highest calculated AUC). The AUC rank value scores 

were summed, and the subsequent values were used to determine relative gp120 

antigenicity and to select a gp120 sequence for further development. The clade C 

consensus nucleic acid sequence was obtained Los Alamos National Laboratory 2010 

HIV1 Env Reference Alignment and was translated using Geneious 10.2.3 [163]. 

Sequences were globally aligned using Geneious alignment algorithm with free end 

gaps (Cost matrix = Blosum62, Gap open penalty = 12, Gap extension penalty = 3, 

Refine iterations = 2). The consensus sequence was trimmed to match the known amino 

acids in TZ97008 (V42–A525, HXB2 reference numbering). 
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Development of a MGAT1− CHO cell line to express TZ97008-rgp120 

Suspension adapted CHO-S cells were obtained from Thermo Fisher (Thermo 

Fisher, Life Technologies, Carlsbad, CA). The TZ97008 MGAT1− CHO cell line was 

developed following a protocol described previously in O’Rourke et al. [164]. Cells 

were transfected with a modified pCDNA3.1 expression vector [156] encoding 

TZ97008 and the gene encoding resistance to Geneticin. The gp120 transcription unit 

included an N-terminal purification tag from Herpes Simplex Virus glycoprotein D 

(gD) as described previously [15]. The cells were transfected using an STX 

electroporation device (MaxCyte Inc., Gaithersburg, MD) according to manufacturer’s 

protocols. Following transfection, cells were serially diluted from 500-5,000 cells/mL 

in semi- solid CHO-Growth A media with 1XHT and L-glutamine (Molecular Devices, 

Sunnyvale, CA), 500 µg/ml G418, and 10 µg/ml Alexa Fluor 488 conjugated goat anti-

gp120 polyclonal antibodies reactive with clade B, AE, and C rgp120s as described 

previously [164]. Colonies expressing rgp120 were selected on basis of fluorescence 

and default selection parameters using the ClonePix2 (Molecular Devices, Sunnyvale, 

CA). 

Cell culture in shake flasks was performed in BalanCD CHO Growth A medium 

(Irvine Scientific, Santa Ana, CA) supplemented with 1XHT (Corning, Corning NY), 

10% ProyieldQ Cotton seed protein (DOMO, Netherlands), and 0.25 mM glutaMAX 

(Sigma-Aldrich Chemicals, St. Louis, MO). Cell viability was assessed via with trypan 

blue exclusion and cell counts and viability were monitored using the TC20TM 

automated cell counter (BioRad, Hercules, CA). The concentration of rgp120 in growth 

conditioned cell culture supernatant was quantitated using a capture ELISA. Briefly, 
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rgp120 in cell culture supernatant was captured on 96 well Maxisorp plates via a mouse 

monoclonal antibody (34.1) to an N- terminal purification tag [16], incubated with a 2 

µg/mL dilution of purified goat-anti-rgp120 polyclonal antibody, and detected with a 

1:3,000 dilution of bovine-anti-goat HRP conjugated polyclonal and OPD substrate. 

Reactions were stopped with 3M sulfuric acid. Dilutions were performed in blocking 

buffer (1% BSA in PBS) and all assays were performed in duplicate. For comparison, 

CHO derived TZ97008-rgp120 was expressed via transient transfection using a method 

as previously described [133]. 

Purification of TZ97008 rgp120 protein 

Supernatants containing MGAT1− CHO expressed TZ97008 rgp120 were 

concentrated and buffer exchanged to 10 mM TRIS, pH = 8.0 buffer (Vivaflow 200 

Sartorius, Göttingen, Germany). Eluent was monitored at the 280 nm wavelength using 

an Akta purifier (GE healthcare Chicago, IL). Concentrated and buffer- exchanged 

MGAT1− CHO supernatant containing TZ97008 rgp120 was passed through a 5 cm 

anion exchange (HiTrap Q FF column, GE Healthcare, Chicago, IL) and flow through 

fractions containing gp120 were collected. These fractions were further purified via 

size exclusion chromatography using a 60 cm Highload Superdex 200pg column (GE 

Healthcare) in pH 8 TBS (Tris-buffered Saline) buffer. CHO-S expressed TZ97008 

rgp120 was purified by affinity chromatography against the N-terminal gD tag, 

followed by size exclusion chromatography, as previously described [18]. 



84 

Protein concentration and recovery calculations 

Purified rgp120 from the relevant cell expression system was used as a standard 

to determine rgp120 concentration in in cell culture supernatants, column flow-through, 

and eluates associated with each individual purification step. Protein was quantified 

using a concentration dependent analysis protocol with the Biacore X100+ software 

V2.0.1 (GE Health Sciences). The conformation dependent but glycan independent 

bNAb VRC01 was coupled to the chip via an anti-human Fc polyclonal and used as a 

capture mAb for concentration analysis. The concentration of either anion exchange- 

or immune-affinity chromatography purified TZ97008 rgp120 from MGAT1− CHO 

cell line was confirmed by BCA (Thermo Fisher, Waltham, MA). 

Physical and antigenic analysis of purified rgp120 

SDS-PAGE, isoelectric focusing (IEF), and endoglycosidase digestions 

SDS-PAGE of purified rgp120 proteins was performed as previously described 

[165]. Purified protein samples were run on a Bis-Tris 4–12% gradient gel (Invitrogen, 

Carlsbad, CA) and stained with SimplyBlue SafeStain (Invitrogen, Carlsbad, CA). 

Endoglycosidase H (Endo H) and PNGase F digest kits were purchased from New 

England Biolabs (Ipswich, Massachusetts). Briefly, 200 µg of rgp120 was reduced with 

provided denaturation buffer and boiled for 10 min at 100◦C. Denatured rgp120 was 

then mixed with reaction buffer and 5,000 units of enzyme and digests were incubated 

for 24 h at 37◦C. TZ97008-rgp120 from CHO and MGAT1− CHO expression systems, 

purified by affinity or ion exchange purification methods, respectively, were analyzed 

by two- dimensional isoelectric focusing gel analysis as previously described [18]. 

Proteins were run on ReadyStripTM IPG strips (11 cm, pH 3-10, Bio-Rad, Hercules, 
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CA), and resolved using a Protean IEF Cell (Bio-Rad, Hercules, CA) to establish the 

horizontal dimension based on the protein isoelectric focusing point. The vertical 

dimension, determined by protein molecular weight and shape, was established by 

running strips along 4– 15% polyacrylamide tris-glycine gels (Bio-Rad, Hercules, CA). 

Proteins were stained with SimplyBlue SafeStain (Invitrogen, Carlsbad, CA). 

Amyloglucosidase from Aspergillus niger (97 kDa, pI = 3.6) and/or carbonic anhydrase 

isozyme II (29kDa, pI = 5.9) from bovine erythrocytes (Sigma-Aldrich Chemicals, St. 

Louis, MO) were included as internal pI standards. 

Reverse phase high performance liquid chromatography (RP-HPLC) 

RP-HPLC was performed using a Shimazu 10A VP serial HPLC system 

(Columbia, Maryland), and run on a 150 mm∗2.1 mm Betabasic C18 column (Thermo 

Scientific, Waltham, MA). Solutions were run at a 1% per minute (5% acetonitrile to 

60% acetonitrile in water) gradient, and eluent was monitored at UV 214 nm. 

Antibody binding assays 

Protein-antibody binding kinetics were assessed via surface plasmon resonance 

(SPR) using the Biacore X100+ (GE Healthcare, Chicago, IL). Standard amine 

coupling methods were used to couple anti-human Fc to a CM5 sensor chip. Assayed 

bNAbs were injected until 100-150 RU signal increase was achieved. Following, serial 

dilutions from 0.25 to 80 nM of TZ97008-rgp120 in HBS-EP buffer were injected, and 

ligand capture protocols (three min at 30 µL/min followed by 10 min dissociation) were 

used to determine kinetics. Channels were regenerated with 3M MgCl2. Biacore 

evaluation software was used to subtract blank injection references and determine Kd 
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measurements (V 2.0.1, GE Health Sciences). Fluorescence immunoassays were 

performed as capture fluorescence immunoassay as described previously (24). 

Results 

Screening clade C HIV envelope proteins 

Previous studies have indicated that binding of gp120s to different bNAbs 

varies considerably as a result of primary sequence, glycan occupancy, and higher order 

structure [166, 167]. Therefore, we assembled a panel of clade C envelope proteins to 

identify a clade C gp120 able to bind multiple families of bNAbs. The panel included 

rgp120s of diverse geographical origins such as Sub-Saharan Africa, China and India 

[160], as well as the TV1-rgp120 and 1086-rgp140 sequences similar to those currently 

being tested in RV144 follow-up studies in South Africa (HVTN702) [68]. A 

fluorescence immunoassay (FIA) was used to compare gp120 binding to four diverse 

and genetically distinct families of bNAbs (PG9, PGT128, PGT121, and VRCO1). A 

goat polyclonal antibody with reactivity against clade C strains was included as a 

positive control. Area under the curve (AUC) value scores were derived from FIA 

binding curves and used to rank the magnitude and breadth of bNAb binding for the 

panel of envelope proteins (see Materials and Methods). The AUC rank value scores 

were summed. From these sums, the TZ97008- rgp120 was identified to possess the 

highest overall breadth and magnitude of binding to assayed bNAbs (Figure 3.1). The 

TZ97008 rgp120 exhibited the best binding to the PGT128 bNAb that is binds a glycan 

epitope in the stem of the V3 domain [97]. Additionally, it was amongst the top quartile 
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of binding to the PG9 bNAb that binds a glycan dependent epitope in the V1/V2 domain 

[99], the CD4-binding site binding bNAb VRC01 [138], and the V3 glycan dependent 

bNAb PGT121 [95]. TZ97008 and LANL clade C amino acid sequences were aligned 

in Geneious10.2.3 [158] to compare TZ97008 to the most common features in clade C 

(Figure 3.2). We found that TZ97008 has 84.1% pairwise identity to the LANL clade 

C consensus amino acid sequence. Notably, and nearly all the potential N-linked 

glycosylation sites (PNGS) are aligned. Overall, TZ97008 appeared highly similar to 

the clade C consensus sequence with no unusual features deviant from the clade C 

consensus. 
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Figure 3.1: Screen of bN-mAb binding to clade C rgp120 proteins of diverse geographic origins. 
Clade C gp120 proteins expressed in 293 HEK cells were compared by FIA for binding to a panel of 
five prototypic bNAbs. All rgp120 proteins except the TV1 and 1,086 are appended with an N-terminal 
gD purification tag as described previously (17). To obtain a relative ranking of overall bNAb 
antigenicity, individual Area under the Curve (AUC) analyses were calculated for individual envelope 
protein binding curves as described Materials and Methods. The AUC rank scores for all of the 5 bNAbs 
assayed were summed, and the cumulative AUC score of each envelope protein antigen is shown in in 
the included table. 
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Figure 3.2: TZ97008 alignment to Clade C consensus. TZ97008 and LANL clade C consensus amino 
acid sequences were aligned in Geneious 10.2.3 (1) to compare TZ97008 to the most common features 
in clade C. Potential N-linked glycosylation sites are emphasized within the alignment with a box. 

 

Development of the 3E5 cell line to express TZ97008 rgp120 

Based on the bNAb binding results, we pursued development of a stable cell 

line expressing TZ97008-rgp120. To this end, we utilized a cell-line development 

method developed by O’Rourke et al. (21). The MGAT1− CHO cell line was used as a 

parental cell line, as it possesses a mutation in the gene encoding Mannosyl (Alpha-

1,3-)-Glycoprotein Beta- 1,2-N-Acetylglucosaminyltransferase (Mgat1) and therefore 

incorporates predominantly mannose-5 or earlier (i.e., mannose- 8/9) glycoforms (12). 

Such oligomannose glycoforms have been found to contribute to gp120 recognition by 

different families of bNAbs [11, 99]. MGAT1− CHO cells were transfected via 

electroporation with a pCDNA3.1 expression vector containing the TZ97008-rgp120 
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gene. A total of 1.5 × 105 transfected cells was serially diluted and grown on semi-solid 

media containing G418 and anti-gp120 polyclonal antibodies labeled with Alexa Fluor 

488 (see Materials and Methods). After 14 days, white light and fluorescent images 

were acquired using the ClonePix2 (Figure 3.3A). Acquired images were used to 

screen the ∼7,000 colonies and identify colonies actively secreting rgp120. The size 

and intensity of the fluorescent halo resulting from immunoprecipitation by Alexa 

Fluor 488 conjugated anti-gp120 polyclonal antibody around rgp120 secreting cells 

was measured as exterior mean fluorescence intensity (EMFI), and used in conjunction 

with additional default ClonePix2 selection parameters to select colonies for further 

development. Figure 3.3B depicts the relative EMFI of imaged colonies. A total of 384 

colonies were selected and expanded into 96 well cultures. As colonies were passaged, 

cell growth, as determined by well confluence at time of passage, and rgp120 

expression, as determined by ELISA, were monitored. Following four passages, the 10 

clones exhibiting consistent growth and gp120 expression were quantified for rgp120 

expression to select for the highest producing cell line, designated 3E5 (Figure 3.3C). 

From the expression screen, the highest expressing clone (3E5) was expanded to a 125 

mL shake flask and monitored for cell count and viability over a 14-day fermentation 

process (Figures 3.3D,E). Growth conditioned cell culture medium was analyzed by 

ELISA for each clone and expression levels as high as 1,200 mg/L expression were 

obtained from fed batch cultures of the TZ97008 MGAT1− CHO 3E5 line (Figure 

3.3F). The 3E5 clone was additionally entered into a 63-day stability assay, over which 

cells were passaged for an additional 30 passages (Figure 3.4A) and observed to 

maintain >98% viability (Figure 3.4B). 
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Figure 3.3: Colony selection of MGAT1 transfected cells. (A) 10,000 colonies of cells transfected 
with a plasmid encoding TZ97008-rgp120 were analyzed for rgp120 expression using the ClonePix 2 
robot. The number of colonies was visualized under white light, and the relative magnitude of gp120 
expression was determined by size and intensity of halos visualized under fluorescent light (470nm 
excitation and 535nm emission wavelength filters). (B) Colonies were ranked by exterior mean 
fluorescent intensity (EMFI) as readout of rgp120 expression and EMFI was plotted as a function of 
clone rank. (C) Following growth and selection, the 10 best growing clones were grown in six-day batch 
culture and assayed for gp120 expression by quantitative ELISA. Binding curves were compared to a 
standard curve of known protein concentration. From the expression screen, the highest expressing clone 
(3E5) was expanded for an 11-day fed-batch fermentation run. Cells were monitored for; (D) cell count, 
(E) viability, and (F) rgp120 expression. Assays were performed in duplicate and error bars indicate 
Standard Deviation (SD). 
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Figure 3.4: Cell viability over time. A 106-day study designed to determine cell line stability and 
viability over time was carried out. The TZ97008 expressing 3E5 MGAT1− CHO cell line was entered 
into a viability stability assay and carried for a total of 31 passages. The 3E5 cell line culture was adapted 
to suspension culture with a fractioned (300µg/mL) concentration G418 in BalanCD® CHO Growth A 
medium and incubated at 37◦C. (A) Cell density and (B) cell viability was measured using Trypan Blue 
staining before cultures were diluted down to ∼3E5 cell/mL. Following dilution, cells were allowed to 
grow for 3–4 days before cell counts and viability were measured and cultures were again diluted. 

 

Development of a conventional purification process for TZ97008 rgp120 

A high degree of net charge heterogeneity present on envelope proteins 

produced in CHO cell previously necessitated gp120 purification schemes to employ 

immunoaffinity or lectin affinity chromatography [15, 62, 69, 129, 168, 169]. To 

eliminate complications introduced by such methods and to efficiently process the large 
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amounts of protein, we developed a purification process that does not rely on lectin or 

immunoaffinity based resins. While the negatively charged sialic-acid incorporated 

into gp120 produced in CHO cell lines results in a product displaying a broad spectrum 

of isoelectric points (pI 3.5-7.5) [18], rgp120 expressed in cell lines incorporating 

exclusively oligomannose N-linked glycans and exhibit pIs of a smaller range [18].The 

lower degree of net charge heterogeneity on TZ97008-rgp120s produced in the 3E5 

cell line permitted the use of ion exchange and size exclusion chromatography. The use 

of ion exchange and size exclusion chromatography additionally offers a cost-effective 

purification alternative that is amenable to optimization for high- throughput systems. 

For this method, growth conditioned cell culture medium from the 3E5 cell line was 

buffer exchanged to pH = 8.0 in a low salt solution and passed through Hitrap Q FF 

anion exchange column. Using this strategy, CHO host cell proteins were mostly 

retained on the column, while rgp120 was present in the flow through fractions. The 

flow through containing rgp120 was then passed over a size exclusion column for final 

purification. Size exclusion chromatographs of MGAT1− CHO expressedTZ97008-

rgp12 purified by either the affinity or anion exchange methods are compared in Figure 

3.5A. Supernatant, flow through and elution of affinity column and anion exchange 

column, and final TZ97008 rgp120 products from both methods were run on SDS-

PAGE in Figure 3.5B. Together, the chromatographs and the SDS-PAGE gel 

demonstrate that the TZ97008-rgp120 can be isolated to a clean, homogenous protein 

by either affinity purification or anion exchange methods. Although some TZ97008-

rgp120 bound to the QFF anion exchange column (Figure 3.5B, lane 10), the majority 

of the rgp120 could be found in the flow through (Figure 3.5B, lane 11). The yields of 
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each purification step are summarized in Table 3.1. In summary, roughly 74% of the 

original protein was recovered in the flow through of anion exchange chromatography, 

and 50% final recovery was reached after size exclusion chromatography. From a 

starting volume of 200 mL of fed- batch 3E5 fermentation supernatant containing an 

estimated 1.2 mg/mL, 120 mg of MGAT1− CHO TZ97008 rgp120 was recovered for a 

scaled yield of 600 mg rgp120/L of culture using the anion exchange method. While 

the anion exchange chromatography method exhibits a comparatively lower recovery 

than the traditional affinity chromatography approach (74 vs. 93%), it offers distinct, 

technical advantages. First, this method removes the potentially denaturing low pH 

elution step used in previous affinity chromatography processes. Additionally, the use 

of an ion exchange column removes additional cost and documentation associated with 

production and maintenance of affinity chromatography resins under cGMP standards. 
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Figure 3.5: Comparison of immunoaffinity and ion-exchange chromatography purification 
strategies for 3E5 MGAT1− CHO expressed TZ97008-rgp120. Two methods were compared for the 
purification of 3E5 MGAT1− CHO expressed TZ97008-rgp120. The first method reconstructed the 
method used to purify the rgp120 immunogens used in the RV144 clinical trial (3) and incorporated an 
affinity chromatography column that purified gp120 via an N-terminal gD tag as previously described 
(13). Briefly, gp120 molecules retained on the affinity chromatography column were selectively eluted 
at low pH. Following neutralization and buffer exchange. The second method incorporated anion 
exchange chromatography (QFF) as described in Materials and Methods. Briefly, growth conditioned 
cell culture medium was concentrated and buffer exchanged. The resulting solution was passed through 
a HiTrap QFF column, wherein gp120 molecules flowed through the column with a large proportion of 
CHO proteins were retained on the column. Size exclusion chromatography (SEC) was used to further 
purify protein products from Affinity and QFF methods (A). A chromatograph depicts the SEC elution 
profiles of the CHO or 3E5 derived TZ97008-rgp120 proteins initially purified by the Affinity method 
(red) and the QFF method, respectively (blue). The left Y-axis corresponds to the Post-Q FF 
chromatograph, and the right Y-axis corresponds to the Post- Affinity chromatograph. (B) The products 
resulting from the Affinity (lanes 2–5) and QFF (lanes 7–11) purification methods were compared by 
SDS-PAGE. Samples from each step of the purification were treated with SDS-PAGE sample buffer and 
loaded onto 4–12% Bis-tris gels. Starting cell culture supernatants from the 3E5 MGAT1− CHO 
fermentation cultures are shown (lanes 2 and 7). Flow through and eluate fractions of CHO culture 
supernatants after passage through immunoaffinity column (lanes 3 and 4, respectively) and the main 
rgp120 peak from the SEC column (lane 5) are shown. Flow through fractions of 3E5 MGAT1− CHO 
cultures following buffer exchange and the QFF column flow throughs are shown in lanes 8 and 9, 
respectively. Lane 10 and 11 indicate the proteins retained on the QFF column that eluted with salt 
solutions (predominantly CHO host cell proteins), and the major rgp120 containing fraction of SEC, 
respectively. Molecular weight standards are included (lanes 1 and 6). 
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Table 3.1: Comparison of methods for the purification of TZ97008-rgp120 

 Pre-purification STEP 1 yield STEP 2 yield Final 
yield  Starting Buffer 

Exchange 
FT Eluate Eluate 

Affinity/ Size 
exclusion 
chromatography 

2,650 ug 
(100%) 

N/A Affinity 
Chromatography 

Size exclusion 
chromatography 
1,840 ug (75%) 

70% 

25 ug 
(1%) 

2,460 ug 
(93%) 

QFF/Size 
Exclusion 
Chromatography 

3,350 ug 
(100%) 

3350 ug 
(100%) 

QFF (anion exchange) 
chromatography 

Size Exclusion 
Chromatography 
1,677 ug (67%) 

50% 

2,496 ug 
(74%) 

760 ug 
(23%) 

The efficiency of the recovery process for the purification of TZ97008-rgp120 produced in CHO-S cells 
and MGAT1- CHO cells were compared. TZ97008 produced in CHO-S cells l was purified in two steps; 
an immunoaffinity chromatography column which captured rgp120 via the N-terminal gD tag (23), 
followed by size exclusion chromatography (top row). MGAT1− CHO expressed gp120 was purified 
using an anion exchange chromatography column (QFF), followed by a size exclusion chromatography 
(bottom row). Surface plasmon resonance (Biacore X100+) was used to determine the concentrations of 
gp120 before and after each individual purification step. Yields were calculated by dividing protein 
recovered after each purification step to starting supernatant. Protein not accounted for in the flow 
through (FT) or eluate calculations was lost during wash steps. 

 

Biophysical characterization of purified TZ90008-rgp120 

Both CHO and MGAT1− CHO expressed TZ97008-rgp120 preparations could 

be purified to >95% purity as measured by scanning densitometry of SDS-PAGE gels. 

However, the differences resulting from cell expression system that facilitated the 

different purification schemes became apparent upon analysis of purified rgp120 by 

isoelectric focusing. Whereas, purified rgp120 expressed in the MGAT1− CHO cell line 

resulted in a bulk protein product of pI ∼8.4 (Figure 3.6A, right), purified TZ97008 

rgp120 expressed in the CHO line displayed 25 different gp120 isoforms with PIs 

spanning pH 3.5 to 6 (Figure 3.6A, left). When analyzed by RP-HPLC, both CHO and 

MGAT1− CHO purified preparations ran as a single peak, with the MGAT1− CHO 

derived protein preparation displaying a slightly more symmetrical peak and smaller 

trailing shoulder as compared to the CHO derived preparation (Figure 3.6B). CHO and 
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MGAT expressed proteins both exhibited absorbance peaks starting at 41 min with a 

minor shoulder eluting at 43 min. However, the CHO expressed gp120 exhibited a 

wider peak base. Purified rgp120 was assessed for the presence of oligomannose 

carbohydrate by sensitivity to degradation by the glycosidase Endo H that uniquely 

degrades oligomannose terminal N-linked glycans. While CHO derived rgp120 

remained largely resistant to Endo H digest, the MGAT1− CHO expressed TZ97008 

rgp120 was sensitive to Endo H digest, running as a ∼60 kDa band post-digest digest 

(Figure 3.6C). Additionally, unreduced CHO-S derived TZ97008 rgp120 displayed a 

faint band at ∼200 kDa (Figure 3.6C), indicative of a small dimerized fraction not 

present in purified 3E5 MGAT1− CHO derived rgp120 samples. These data indicate 

that when expressed in a MGAT1− CHO cell line and purified with ion exchange/size 

exclusion chromatography, TZ97008 rgp120 displayed increased size and glycoform 

homogeneity and decreased aggregation as compared to when expressed in a normal 

CHO-S cell line and purified by affinity and size exclusion chromatography. 
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Figure 3.6: Characterization of purified TZ97008 rgp120 proteins by isoelectric focusing, reverse 
phase HPLC and endoglycosidase digestion. Purified protein preparations of TZ97008 expressed in 
CHO-S and MGAT1- CHO and cell lines were analyzed by a variety of methods. (A), 2-dimensional 
isoelectric focusing gels of TZ97008-rgp120 purified from CHO-S and MGAT1− CHO cells (A left and 
right, respectively). Protein PI standards included the Amyloglucosidase from Aspergillus niger (97kDa, 
pI = 3.6, upward pointing arrow) and/or bovine carbonic anhydrase isozyme II (29kDa, pI = 5.9, 
downward pointing arrow) are indicated. A protein molecular weight ladder is included on the left-hand 
side of each panel. (B) Purified TZ97008 produced in CHO-S or MGAT1− CHO cells were assayed for 
purity by RP-HPLC. Absorbances were measured at 214nm (solid line) and 280nm (dashed line) 
wavelengths (C) Purified TZ97008 rgp120 proteins expressed in both cell lines were run on an SDS-
PAGE gel to assess for purity, proteolytic degradation (clipping), the presence of dimers, and 
heterogeneity in N-linked glycosylation. Purified TZ97008 rgp120 proteins expressed by the CHO or 
MGAT1− CHO 3E5 cell lines were run as reduced and non-reduced samples. Proteins were additionally 
assayed for Endo H sensitivity to evaluate for presence of simple oligo-mannose terminal glycans, or 
complex sialic acid containing carbohydrates. For Endo H digestion purified proteins were reduced and 
subject to Endo H digest overnight at 37◦C (C, lanes 3 and 6). The Endo H enzyme appears as a 30kDa 
band present in lanes 3 and 6. 
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bNAb binding to TZ97008-rgp120 

TZ97008-rgp120 expressed in the MGAT1− CHO or CHO cell lines was 

assayed for bNAb binding by SPR and fluorescence immunoassay. SPR indicated that 

production of rgp120 in MGAT1− CHO cells improved TZ97008 binding to the PG9, 

PGT128, PGT121, and VRC01 bNAbs. The production of TZ97008 rgp120 in the 

MGAT1− CHO line provided almost four-fold improvement in Kd of PGT128 binding, 

six- fold improvement in Kd of PG9 binding, and over ten-fold improvement in Kd of 

VRC01 binding (Table 3.2). While the VRC01 antibody does not directly contact a 

glycan, improved binding may be partially explained by better accessibility of protein 

epitopes in the context of smaller glycoforms. Both the PGT121 and 10-1074 bNAbs 

bind glycans (based at N332 or N334) at the stem of the V3 domain and derive from 

the same inferred IgVH germ-line genes [95, 100]. The 10-1074 bNAb exhibited 

binding to both CHO-S and MGAT1− CHO produced rgp120s. However, PGT121 

improved binding to CHO derived gp120 as compared to MGAT1− CHO derived 

rgp120 (Table 3.2). The binding of bNAbs and a positive control goat polyclonal 

antibody to the TZ97008 gp120 was also assayed by FIA. The results observed for SPR 

could be mostly recapitulated for fluorescence immunoassay (Figure 3.7). There was 

no apparent difference of either TZ97008 glycoform to the positive control goat 

polyclonal. However, a small discrepancy was observed in the PGT121 binding, for 

which FIA indicated improved MGAT1− CHO expressed gp120 binding, while Biacore 

results showed improved affinity for CHO derived gp120. However, both methods 

showed that PGT121 is able to bind to TZ97008- rgp120. Overall, the MGAT1− CHO 

expressed rgp120 displayed better bNAb binding than CHO derived TZ9708 gp120 to 
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three different families of bNAbs, indicating improved antigenic structure of 

neutralization sensitive epitopes to at least three different regions of the envelope 

protein. 

Table 3.2: Comparative bNAb binding affinities for TZ97008-rgp120 produced in 
CHO-S or MGAT1– CHO cells 

bNAb Ka*E4 (association) Kd*E-4 (dissociation) Chi2 Kd*E-9(nM) 
MGAT CHO MGAT CHO MGAT CHO MGAT CHO 

PG9 6.51 0.66 11.42 18.95 0.47 0.169 17.56 288 
PGT128 6.59 1.92 1.73 3.73 0.71 0.339 2.62 19.44 
10-1074 1.6 2.01 6.46 8.68 0.55 0.32 40.51 43.16 
VRC01 1.59 0.97 6.64 2.8 0.193 0.041 4.18 28.84 
PGT121 0.76 1.15 5.04 3.25 0.16 0.148 65.99 28.22 

Purified rgp120 was assayed for binding to a panel of panel of prototypic bNAbs that target three distinct 
sites of virus vulnerability of the gp120 envelope protein. These include antibodies to glycan dependent 
epitopes in the V2 domain glycan (PG9) or the stem of the V3 domain (PGT128, PGT121, and 10-1074), 
and a glycan independent epitope proximal to the CD4 binding site (VRC01). bNAbs were captured onto 
a CM5 sensor chip via a covalently immobilized anti-human FC antibody. Serial dilutions of TZ97008 
expressed in MGAT1− CHO or CHO cell lines were injected in HBS-EP buffer, at a flow rate of 30 
uL/min. Average measurements from blank injection were subtracted from analyte response 
measurements,and data was rejected if Chi2 values exceeded 1.0, or Rmax values exceeded 100. 
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Figure 3.7: Binding of CHO and MGAT1– CHO produced TZ97008 gp120 to a panel of bNAbs. 
Purified protein preparations of TZ97008-rgp120 expressed in either CHO (open circles) or MGAT1− 
CHO cell lines (closed circles) were compared for binding to a panel of bNAbs by FIA. Plates were 
coated with 2µg/mL of 34.1 specific for the g N-terminal gD tag appended to each protein. The plates 
were washed, blocked, and incubated with 6µg/mL of purified rgp120. After a subsequent wash, 
captured antigen was incubated with one of six different bNAbs. The binding of bNAbs to rgp120 was 
detected with fluorescently labeled goat-anti-human polyclonal antibody. Each curve represents the 
average of a minimum of triplicate assays. 

 

Discussion 

Here we report: (1) the screening and selection of a clade C gp120 (TZ97008) 

with improved ability to bind a panel of bNAbs, (2) the development of a stable, high 

expressing (> 1g/L) MGAT1− CHO cell line that limits N-linked glycosylation for 
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improved binding to glycan dependent bNAbs, (3) the development of an improved 

purification scheme for gp120 produced in the MGAT1− CHO cell line that eliminates 

the need for immunoaffinity chromatography, and (4) initial biophysical 

characterization of the purified rgp120 product. Based on screening of a panel of 

diverse clade C envelope proteins, TZ97008-rgp120 displayed a superior antigenic 

structure with respect to binding to a panel of prototypic bNAbs. An alignment of the 

TZ97008 sequence with the LANL clade C consensus sequence indicated that the 

TZ97008 is similar to the consensus sequence, particularly in relation to the amount 

and location of N-linked glycosylation motifs. From our screening experiment we 

found that TZ97008 is one of the few clade C gp120s able to bind the prototypic PG9 

and PGT128 bNAbs. Notably, the TZ97008 rgp120 also displayed improved bNAb 

binding over the TV1 and 1086 clade C strains of which rgp120 immunogens currently 

being tested in human clinical trials are derived [69]. 

Previously, rgp120 purification methods required the use of lectin affinity or 

immunoaffinity columns for purification [16]. These resins were required because the 

high degree of heterogeneity in net charge caused by variation in the sialic acid content 

precluded the use of conventional ion-exchange purification methods. Indeed, site-

specific glycan analysis of gp140 proteins identified up to 70 unique glycoforms 

occupying a single N-linked glycosylation site [43]. Production of HIV vaccine 

immunogens in the MGAT1− CHO cell line eliminated the need for affinity purification 

strategies by reducing the net charge and sialic acid heterogeneity of the rgp120 

product. The reduced heterogeneity in glycan structure and protein pI, facilitated 

downstream purification by allowing the use of ion exchange chromatography 
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strategies similar to those described previously [69, 170]. The final 3E5 MGAT1− CHO 

TZ97008 cell line expressed approximately 1200 mg of TZ97008-rgp120 in an 11-day 

shake flask culture. The two-step chromatography method has a final yield of roughly 

50%, resulting in about 600 mg final protein product per L of culture. This yield 

represents an improvement compared to other cell lines producing gp120 for clinical 

studies, where yields of 5-100 mg/L have been reported [69, 130]. The yields of gp120 

described here can be further improved in a setting intended for biopharmaceutical 

production incorporating regulated fed batch bioreactors, optimized cell growth 

medium, and improved filtration and purification methods. The recovery process 

developed for MGAT1− CHO expressed TZ97008-rgp120 was based on its predicted 

isoelectric point (pI 8.4) and direct IEF measurements. We expect rgp120 from other 

strains of HIV produced by the MGAT1− CHO cell line to possess similar pIs, and 

therefore, to also be amenable to purification by this method. 

Recently multiple gp120 immunogens have been advanced into human clinical 

trials [69, 171, 172] in an effort to repeat and verify the results from the RV144 HIV 

vaccine clinical trials [14]. The gp120s employed in these trials, like the gp120s used 

in the VAX003 [159], VAX004 [112], and RV144 clinical trials [16], were expressed 

in normal CHO cell lines. Thus, these vaccines failed to incorporate the knowledge 

gained since the RV144 trials related to the structure of glycans required for the binding 

of bNAbs. Both FIA and Biacore analysis indicated improved binding for MGAT1− 

CHO expressed TZ97008 rgp120 as compared to CHO expressed gp120 for the PG9, 

PGT128, 10-1074, and VRC01 bNAbs. While the improved binding of envelope 

proteins produced in the MGAT1− CHO cell to bNAbs does not necessarily translate 
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to improved bNAb immunogenicity, the closer emulation of the glycan structures found 

on infectious virions and required for bNAb binding is a logical first step in the 

development of an improved vaccine formulation. In principle, improving the 

immunogenicity of any one of the four major epitopes described in this paper could 

potentially improve the level of protection achieved from 31% obtained in the RV144 

trial to a level of 50% or more thought to be required for regulatory approval [172]. 

Previous studies comparing HEK 293 expressed TZ97008 have found it to 

induce comparable cross-clade anti-gp120 titers to a broad diversity of diverse clade C 

gp120 immunogens [160]. Additionally, expression of A244 gp120 in the GNTI− HEK 

293 cell line that limits glycoforms to oligomannose terminal glycans did not 

significantly decrease overall immunogenicity [23]. Together, these data suggest that 

overall immunogenicity of TZ97008 MGAT1− CHO will not significantly change, 

despite the changes in glycoform and bNAb binding. However, in the face of the 

historically short lived anti-gp120 response, future studies investigating dosing, 

different adjuvants, and different immunization schedules will need to be thoroughly 

performed to understand the full immunogenic potential of these immunogens. How 

the immunogenicity of MGAT1− CHO TZ97008 rgp120 compares to the original 

RV144 rgp120 immunogens is an open question, as is the best formulation strategy to 

enhance antibody responses to glycan dependent epitopes. bNAbs against HIV often 

contain unusual characteristics such as high levels of somatic hypermutation or long 

complementarity domain regions that are difficult to elicit in animal models [6, 97, 99, 

138, 173]. Because of this, the antigenic potential of new vaccine immunogens may 

only be ultimately determined in human clinical trials.  
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With this perspective in mind, the TZ97008-rgp120 is one a few gp120s that is 

designed to incorporate glycoforms required for bNAb binding and expressly produced 

for human clinical trials. The improvements described in this paper can be applied to 

facilitate the production and clinical testing of other HIV envelope-based vaccine 

concepts, including gp140 trimers [127] guided immunization [174, 175], DNA 

prime/gp120 boost protocols [176] vector/gp120s boosts [171, 177] and envelope 

protein fragments [23, 178]. 
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Summary 

This report describes the use of the CRISPR/Cas9 gene editing system to 

inactivate the Mannosyl (Alpha-1,3-)-Glycoprotein Beta-1,2-N 

Acetylglucosaminyltransferase (MGAT1) gene in suspension adapted CHO-K1 cells 

for the purpose of creating a stable cell line, with growth properties suitable for 

biopharmaceutical production, for the purpose of producing HIV envelope proteins for 

use as vaccine immunogens. 

Introduction 

It is widely believed that for an HIV vaccine to be successful, it needs stimulate 

the formation of broadly neutralizing antibodies (bNAbs). After more than 30 years of 

research none of the candidate vaccines developed to date are able to elicit these types 

of antibodies. For many years the specificity of bNAbs was unknown. Over the last few 

years advancements in B-cell cloning technology have allowed the isolation of broadly 

neutralizing monoclonal antibodies (bN-mAbs) from HIV infected humans. Many of 

these were found to recognize glycan dependent epitopes that required specific types 

of N-linked glycosylation for binding. The N-linked glycans required are high-

mannose forms, primarily mannose-5 and mannose-9 that are normally early 

intermediates in the N-linked glycosylation pathway. These glycans differ from the 

normal complex, sialic acid containing carbohydrates found in mature membrane 

bound and secreted proteins. The fact that virtually all previous HIV vaccines possessed 
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the normal type of complex glycosylation may explain their inability to elicit glycan 

dependent bNAbs. In this report we use genetic engineering techniques to create cell 

lines that incorporate these early intermediate glycoforms (mannnose-5, mannose-8, 

and mannose-9) at N-linked glycosylation sites in all endogenous cellular proteins as 

well as transgenes such as HIV envelope proteins. Here we describe the used of the 

CRISPR/Cas9 gene editing system to knockout the Mannosyl (Alpha-1,3-)-

Glycoprotein Beta-1,2-N-Acetylglucosaminyltransferase (MGAT1) gene of the 

Chinese hamster Ovary cells suitable for biopharmaceutical production. This mutation 

prevents the processing of N-linked glycans beyond the Man5 form, enabling the 

production of envelope proteins with high mannose N-glycans. Monomeric gp120 

produced by transient transfection of this cell line binds the prototypic glycan 

dependent bNAb PG9. Taking advantage of the robust productivity of CHO cells, this 

line has been established for the development of HIV-1 vaccine antigens as well as 

other vaccines, diagnostic, and therapeutic products requiring the incorporation of high 

mannose glycans. 

Materials and Methods 

Cells and antibodies 

CHO-K1 cells and HEK GnTI- cells were obtained from ATCC (ATCC, 

Manassas, VA). 293 HEK Freestyle cells were obtained from Thermo Fisher (Thermo 

Fisher, Life technologies, Carlsbad, CA). Broadly neutralizing monoclonal antibody 

PG9 was produced from synthetic genes created on the basis of published sequence 
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data (available from the NIH AIDS Reagent Program, Germantown, MD). The 

antibody genes were expressed in 293 HEK cells using standard techniques. Polyclonal 

rabbit sera was from rabbits immunized using a Complete Freund’s 

Adjuvant/Incomplete Freund’s Adjuvant (CFA/IFA) protocol (Pocono Rabbit Farms, 

AAALAC #926, Canadensis, PA) with A244rgp120 produced in GNTI- HEK293 cells. 

Fluorescently conjugated anti-Human, anti-Rabbit, and anti-Murine antibodies were 

obtained from Invitrogen (Invitrogen, Thermo Fisher, Carlsbad, CA)  

Cell culture conditions 

Stocks of adherent CHO-K1 cells, 293 HEK, and GNTI- cells were maintained 

in shake flasks (Corning, Corning NY) using a Kuhner ISF1-X shaker incubator 

(Kuhner, Birsfelden, Switzerland). For normal cell propagation shake flaks cultures 

were maintained at 37°C, 8% CO2, and 125 rpm. Static cultures were maintained in 96 

or 24 well cell culture dishes (Corning, Corning, NY) and grown in a Sanyo incubator 

(Sanyo, Moriguchi, Osaka, Japan) at 37°C and 8% CO2.  

Cell culture media 

For normal CHO cell growth, cells were maintained in CD-CHO medium 

supplemented with 0.1% pluronic acid, 8mM GlutaMax and 1X 

Hypoxanthine/Thymidine (Thermo Fisher, Life Technologies, Carlsbad, CA). 293 

HEK (Freestyle) and GNTI- 293 HEK cells were maintained in Freestyle 293 cell 

culture media (Life Technologies, Carlsbad, CA). For CHO cell protein production, the 

cells were maintained in OptiCHO medium supplemented with 0.1% pluronic acid, 

8mM GlutaMax and 1X H/T (Thermo Fisher, Life Technologies, Carlsbad, CA). For 
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protein production experiments the growth medium was supplemented with MaxCyte 

CHO A (Molecular Devices, Sunnyvale, CA), 0.5% Yeastolate (BD, Franklin Lakes, 

NJ), 2.5% CHO-CD Efficient Feed A; and 0.25mM GlutaMax, 2 g/L Glucose (Sigma-

Aldrich St. Louis, MO). 

Cell counts and growth calculation 

All cell counts were performed using a TC20TM automated cell counter 

(BioRad, Hercules, CA) with viability determined by trypan blue (Thermo Fisher, Life 

Technologies, Carlsbad, CA) exclusion. Cell-doubling time in hours was calculated 

using the formula: (((time2-time1) x 24hr) x log(2)) / (log(density2)-log(density1)).  

Gene sequencing 

The CHO MGAT1 gene sequence was confirmed using predicted mRNA 

transcript XM_007644560.1 to design primers. Genomic DNA was extracted using 

Qiagen AllPrep kit (Qiagen, Germantown, MD). The MGAT1 gene was PCR amplified 

using the synthetic primers F_CAGGCAAGCCAAAGGCAGCCTTG and 

R_CTCAGGGACTGCAGGCCTGTCTC (Eurofins Genomics, Louisville, KY) with 

Taq and dNTPs supplied by New England BioLabs (Ipswich, MA). The PCR product 

was gel purified using a Zymoclean kit (Zymo Research, Irvine, CA), then sequenced 

by Sanger method at the UC Berkeley Sequencing Center (UC Berkeley, Berkeley, 

CA). MGAT1 knockouts were sequenced in the same manner. 

CRISPR/Cas9 target design and plasmid preparation 

Target sequences to knock out CHO MGAT1 were designed using an online 

CRISPR RNA Configurator tool (GE Dharmacon, Lafayette, CO). Target 1: 



112 

CCCTGGAACTTGCGGTGGTC, target 2: GGGCATTCCAGCCCACAAAG, and 

target 3: GGCGGAACACCTCACGGGTG. Each sequence was run in NCBI’s BLAST 

tool for homologies with off-target sites in the CHO genome. Single stranded DNA 

oligonucleotides and their complement strands were synthesized (Eurofins Genomics, 

Louisville, KY) with extra bases on the 3’ ends for ligation into GeneArt CRISPR 

nuclease vector (Thermo Fisher, GeneArt). The strands were ligated and annealed into 

GeneArt CRISPR vector using the protocol and reagents supplied with the kit. One 

Shot® TOP10 Chemically Competent E. coli were transformed and plated following 

the Invitrogen protocol (Thermo Fisher, Invitrogen, Carlsbad, CA) Five colonies from 

each target plate were picked the following day. These were incubated in 5mL LB broth 

at 37°C and 225rpm overnight. Minipreps were performed using according to 

manufactures instructions (Qiagen, Germantown, MD) and sent to UC Berkeley DNA 

Sequencing Facility (Berkeley, CA) with U6 primers included in GeneArt® CRISPR 

kit to confirm successful integration of guide sequences via Sanger sequencing. A 

single 500mL MaxiPrep was performed for each of the three target sequences using 

PureLinktm MaxiPrep kit (Thermo Fisher, Invitrogen, Carlsbad, CA). 

Electroporation 

Electroporation was performed using a MaxCyte STX scalable transfection 

system (MaxCyte Inc., Gaithersburg, MD) according to the manufacturer’s 

instructions. Briefly, CHO-S cells were maintained at >95% viability prior to 

transfection. All steps were performed using aseptic technique. Cells were pelleted at 

250g for 10 minutes, and then re-suspended in MaxCyte EP buffer (MaxCyte Inc., 

Gaithersburg, MD) at a density of 2x108 cells/mL. Transfections were carried out in 
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the OC-400 processing assembly (MaxCyte Inc., Gaithersburg, MD) with a total 

volume of 400µL and 8x107 total cells. Crisper/Cas9 exonuclease with guide sequence 

plasmid DNA, in endotoxin-free water was added to the cells in EP buffer for a final 

concentration of 300µg of DNA/mL. The processing assemblies were then transferred 

to the MaxCyte STX electroporation device and appropriate conditions (CHO protocol) 

were selected using the MaxCyte STX software. Following completion of 

electroporation, the cells in Electroporation buffer were removed from the processing 

assembly and placed in 125mL Erlenmeyer cell culture shake flasks (Corning, Corning 

NY). The flasks were placed into 37°C incubators with no agitation for 40 minutes. 

Following the rest period pre-warmed OPTI-CHO media was added to the flasks for a 

final cell density of 4x106 cells/mL. Flasks were then moved the Kuhner shaker and 

agitated at 125rpm.  

Plating, expansion, and culture of CRISPR transfected CHO-S cells 

Twenty-four hours post transfection a 100μL aliquot was taken from each of 

the transfected pools for cell viability counts and to check for orange fluorescent protein 

expression using a light microscope (Zeiss Axioskop 2, Zeiss, Jena, Germany). 96 well 

flat bottom cell culture plates (Corning, Corning, NY) were filled with 50μL of 

conditioned CD-CHO media. Each of the three transfected pools were serially diluted 

with warmed media to 10 cells/mL and added to five plates per pool in 50μL volumes. 

Final calculated cell density was 0.5 cells/well in 100μL of media. Growth was 

monitored daily, any wells with more than a single colony were discarded. Once any 

single-colony well reached ≈20% confluency, the cells were moved to a 24 well cell 
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culture plate (Corning, Corning, NY) in 500uL of media. When confluency reached 

50% in a 24 well plate, a 200μL aliquot was removed for testing via a GNA lectin-

binding assay. Following successful lectin binding, cells were moved to a 6 well cell 

culture plate (Corning, Corning, NY) with 2mL of media per well. After 5 days of 

growth in 6 well plates, GNA assay was repeated, looking for uniform binding. Those 

colonies that still showed uniform lectin binding to all cells were moved to 125mL 

shake flasks with an initial 6mL of CD-CHO media. Daily counts were taken, and cell 

culture volume expanded to maintain 0.3x106 to 1.0x106 cells/mL density. 

Lectin binding assay 

 Fluorescein labeled Galanthus nivalis lectin, GNA (Vector Laboratories, 

Burlingame, CA), was used to probe for the expression of Man5 glycoforms on the cell 

surfaces. 200μL samples from 24 well plate wells were spun down at 3000rpm for 3 

minutes. The supernatant was discarded and the cell pellet washed three successive 

times with 500μL of ice-cold 10μM EDTA (Boston BioProducts, Ashland, MA) PBS 

(Thermo Fisher, Gibco, Carlsbad, CA). Following the final wash, the cell pellet was 

re-suspended in 200μL ice cold 10μM EDTA PBS with 5μg/mL of GNA-fluorescein. 

Samples were incubated with GNA on ice for 30 minutes while shielded from light to 

prevent photobleaching. Following incubation, samples were washed three times and 

re-suspended to a volume of 50μl in 10μM EDTA PBS. Samples were then examined 

under light microscope (Zeiss Axioskop 2, Zeiss, Jena, Germany) with 495nm 

excitation. Wild type CHO-S cells were used as a negative control and HEK GnTI were 

used as a positive. Representative images were taken on a Leica DM5500 B Widefield 
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Microscope (Leica Microsystems, Buffalo Grove, IL) at the UC Santa Cruz microscopy 

center. 

Small scale gp120 test transfection 

4x105 cells of each candidate line were placed in 450µl of CD-CHO media in a 

24well cell culture plate. A 1.7µl aliquot of Fugene (Promega, Madison, WI) was pre-

incubated at room temperature for 30 minutes with 550ng of plasmid DNA in a total 

volume of 50µL of media. Following incubation period, 50µL of Fugene/DNA mixture 

was added to each well, for a final transfected volume of 500µL. Aliquots of 

supernatant were removed for testing 72 hours post transfection. 

Experimental protein production 

Cells were electroporated following the above method. Twenty-four hours post 

electroporation, the culture was supplemented with 1mM sodium butyrate (Thermo 

Fisher, Life Technologies, Carlsbad, CA) and the incubation temperature lowered to 

34°C. Production culture was fed daily equivalent to 3.5% of the original volume with 

MaxCyte CHO A Feed. Cultures were run until viability dropped below 50%. 

Supernatant was harvested by pelleting the cells at 250 g for 30 minutes followed by 

pre-filtration through Nalgene™ Glass Pre-filters (Thermo Scientific, Waltham, MA) 

and 0.45-micron SFCA filtration Nalgene (Thermo Scientific, Waltham, MA), then 

stored frozen at -20°C before purification. 
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Protein purification 

 Proteins were purified using an N-terminal affinity tag as previously described 

(Yu, B. et al., 2012). 

Glycosidase digestion and SDS-PAGE 

Endo H and PNGase F (New England BioLabs, Ipswich, MA) digests were 

performed per the manufacturer’s protocol on 5ug of purified protein using on unit of 

glycosidase. Digested samples were run on NuPAGE (Thermo Fisher, Invitrogen, 

Carlsbad CA) 4-12% BisTris precast gels in MES running buffer then stained with 

SimplyBlue stain (Thermo Fisher, Invitrogen, Carlsbad, CA). Western blot analysis 

primary antibody was in-house 34.1 anti-gD flag mAb and secondary was HRP 

conjugated goat anti-mouse IgG (American Qualex, San Clemente, CA). Substrate was 

WesternBright ECL (Advansta, Menlo Park, CA). 

Isoelectric focusing 

Isoelectric focusing was performed using ReadyPreptm 2-D kit (Bio-Rd 

Laboratories, Hercules, CA). 50 µg of proteins were mixed with 150uL IEF sample 

buffer. 4 µl of two internal weight standards were added: carbonic anhydrase isozyme 

(pI =5.9, 29kDA) and Amyloglucosidase (pI =3.6, 97 kDa) (Sigma-Aldrich, St. Louis, 

MO). The protein mixture was loaded onto a ReadyStripTM IPG strip (pH 3-10, 11 cm) 

and separated by a preset protocol on a Protean® IEF Cell. Following first dimensional 

separation, the strips were loaded, along with a molecular weight marker (Novex® 

Sharp pre-stained standard, Invitrogen) onto a 4-20% polyacrylamide TRIS HCL gel 
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(BIO-RAD, Hercules, CA) and run for 1 hour at 225 V. The gels were then stained with 

SimplyBlueTM SafeStain (Invitrogen). 

Fluorescence intensity assays (FIA) 

A semi-automated fluorescence immunoassay (FIA) was used to measure the 

binding of polyclonal or monoclonal antibodies to recombinant envelope proteins. For 

antibody binding to purified proteins, Greiner Fluortrac 600 microtiter plates (Greiner 

Bio-one, Germany) were coated with 2ug/mL of peptide overnight in PBS with 

shaking. Plates were blocked in PBS + 2.5% BSA (blocking buffer for 90 min, then 

washed 4 times with PBS containing 0.05% Tween-20 (Sigma). Serial dilutions of PG9 

were added in a range from 10ug/mL to 0.0001ug/mL, then incubated at 25oC for 

90min with shaking. After incubation and washing, fluorescently conjugated anti-Hu 

or anti-Mu (Invitrogen, CA) was added at a 1:3000 dilution. Plates were incubated for 

90 minutes with shaking then washed three times with 0.05% tween PBS using an 

automated plate washer. Plates were then imaged in a plate spectrophotometer 

(Envision System, Perkin Elmer) at excitation (ex395nm) and emission (em490nm).  

For antibody binding to unpurified culture supernatant, Greiner Fluortrac 600 

microtiter plates (Greiner Bio-one, Germany) were coated with 2ug/mL of purified 

monoclonal antibody (Berman lab, anti gD tag 34.1 or anti V2 peptide 10C10) 

overnight in PBS with shaking. Plates were blocked in PBS + 2.5% BSA (blocking 

buffer for 90 min, then washed 4 times with PBS containing 0.05% Tween-20 (Sigma). 

150µl of 40x diluted supernatant were then added to each well or 10µg/mL of purified 

protein in control lanes, then incubated at 25oC for 90min with shaking. After 
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incubation and washing, PG9 was added in a range from 10µg/mL to 0.0001µg/mL, 

then incubated at 25oC for 90min with shaking. After incubation and washing, 

fluorescently conjugated anti-Hu or anti-Mu (Invitrogen, CA) was added at a 1:3000 

dilution. Plates were incubated for 90 minutes with shaking then washed three times 

with 0.05% tween PBS using an automated plate washer. Plates were then imaged in a 

plate spectrophotometer (Envision System, Perkin Elmer, Waltham, MA) at excitation 

(ex395nm) and emission (em490nm).  

All steps except coating were carried out at room temperature on a shaking 

platform; incubation steps were 90 min on a shaking platform. All dilutions were done 

in blocking buffer (1% BSA in PBS with 0.05% Normal Goat Serum). Polyclonal 

rabbit sera was from rabbits immunized using a CFA/IF protocol (Pocono Rabbit 

Farms) with A244rgp120 produced in GNTI-/- HEK293 cells. 

Glycan composition analysis by MALDI-TOF-MS 

Glycan analysis by mass spectrometry was performed by the Complex 

Carbohydrate Research Center at the University of Georgia (Athens, GA). Glycans 

were released from HIV-1 envelope proteins with PNGase F, permethylated, then 

analyzed by MALDI-TOF-MS.  

MVM infectivity assay 

 MVM infectivity assay was performed by IDEXX BioResearch (Columbia, 

MO). Cells were cultured at 4x105 cells/mL, in 100mL total volume under conditions 

described above in a spinner flask for five days. Wild type CHO-S and MGAT1 cells 

were infected with 1 MOI of MVMp or MVMi and evaluated in triplicate. 5mL aliquots 
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were removed on days 1, 3, and 5, and cells were pelleted by centrifugation and stored 

at -20°C. Day 5 samples were evaluated by PCR for MVM and 18S using proprietary 

primers. qPCR crossing point (CP) values were reported and copies based upon 

standard curves. 

Results 

Target design and cleavage of CHO-S MGAT1 

CRISPR/Cas9 allows for specific targeting of genes for knockout or 

modification by introducing double stranded breaks (DSB) followed by non-

homologous end joining (NHEJ) or homology directed repair (HDR). The details of 

CRISPR/Cas9, NHEJ, and HDR have been covered in a number of review articles [46, 

47]. GeneArt® CRISPR Nuclease Vector with OFP Reporter contains all the elements 

needed for gene knockout given a well-designed target sequence. A target specific 

double stranded guide sequence is ligated into the vector between a U6 promoter and a 

tracrRNA sequence. The same plasmid encodes the Cas9 endonuclease and an orange 

fluorescent protein reporter separated by a self-cleaving 2A peptide linker (Figures 4.2 

and 4.3). Following ligation of these guide sequences into the vector they were 

transfected into CHO-S cells using the MaxCyte electroporation system (Figure 4.4). 

This electroporation allows near 100% transfection, even with large plasmids, 

increasing the odds of finding successful knockouts in a given population. Targets 1 

and 2 were introduced individually, and target 3 plasmid was mixed and added together 

in equal ratio with target 2, creating separate pools of transfected cells. Twenty-four 
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hours post transfection samples from each of the three conditions were serially diluted 

and spread across five 96 well flat-bottoms plates at a calculated density of 0.5 cells 

per well. The plates were examined daily, any well with more than a single colony was 

discarded. Across the fifteen total plates, between fifteen and thirty wells per plate 

contained single viable colonies. Upon reaching approximately 20% confluency, those 

were expanded to 24 well plate wells in 500µL of media, taking between twelve and 

fifteen days to pass. Those that did not have at least several dozen cells by day fifteen 

were discarded. A total of 166 colonies were expanded to 24 well plates: 55 from target 

1 pool, 67 from target 2 pool, and 44 from combined target 2/3 pool. 

Lectin binding assay 

If MGAT1 was successfully knocked out, then any N-linked glycoprotein 

expressed by the cell should have exclusively high mannose glycans with a 

preponderance of Man5 isoforms. To determine successful knockout of MGAT1 at a 

phenotypic level, we used a fluorescein-conjugated Galanthus nivalis lectin, GNA 

(also known as GNL. Vector Laboratories, Burlingame, CA). GNA is an unusual lectin 

in that it does not require a Ca2+ or Mg2+ cofactor to bind, allowing the use of 10 µM 

EDTA to ameliorate cell clumping during repeated centrifugation and wash steps. A 

total of 20 candidate lines from the original 166 showed uniformly high GNA binding 

and were chosen for expansion and further analysis (Figure 4.5). This represents a 

potentially successful knockout rate of 12%, though many colonies were rejected early 

due to slow growth in the 96 well plates, so the overall rate may have been higher. 

Three days following initial GNA selection, the cell line candidates were re-examined 
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and six were rejected for lack of uniform lectin binding across the sample population, 

leaving 14 candidates. 

Cell growth and expression of full length gp120 and V1/V2 fragments 

 The fourteen candidate cell lines were grown in 125mL shaker flasks for two 

weeks with cell counts taken daily. At the end of this period the four with the shortest 

average population doubling time were transiently transfected with full-length gp120 

gene (A244) and a V1/V2 Env fragment also from A244 protein via electroporation. 

Five days post transfection, the proteins were purified by affinity chromatography and 

were tested via FIA, for their ability to bind the PG9 bNAb that requires mannoses for 

binding (Figure 4.7). This assay identified the highest protein producer of the four lines 

and confirmed the cell lines could produce envelope proteins with the correct glycans 

required to bind PG9. Wild type CHO-S produced material was used as a comparator 

and HEK GnTI produced material for both quantification and PG9 high mannose 

binding baseline. From this analysis, a single MGAT1- CHO cell line, 3.4F10, was 

selected for further characterization and analysis. 

Identification of CRISPR/Cas9 induced genetic alteration 

Up until this point all the analysis on the putative MGAT1- cell lines had been 

phenotypic. To confirm that MGAT1 had been altered to the point of non-functionality 

on a genetic level we sequenced the MGAT1 gene from the 3.4F10 line and the next 

three best candidates. In 3.4F10, an extra thymidine had been inserted at the cleavage 

site, introducing a frame shift mutation, leading to 23 altered codons and a premature 

stop (Figure 4.6). 3.5D8 has the same mutation, while 3.5D9 and 3.5A2 both had in 
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frame deletions of 24 and 30 nucleotides respectively. The deleted codons of 3.5D9 

and 3.5A2 corresponded to the transmembrane domain of the GnTI protein, leaving the 

active domain intact. This may explain why the envelope protein produced in these 

lines did not bind PG9 as well as 3.4F10 produced envelope did. 

Characterization of CHO-S MGAT1- gp120 glycosylation 

To fully characterize our CHO-S MGAT1- cell line (hereafter, simply referred 

to as MGAT1) glycosylation as completely high mannose we performed three further 

assays: Glycosidase digestion, 2-D isoelectric focusing, and mass spec analysis.  

Affinity purified, monomeric A244 gp120 produced in CHO-S, GnTI, 293 HEK, and 

MGAT1- cells was digested overnight by PNGase F and Endo H. PNGase F removes 

all N-linked glycans, while Endo H removes only high mannose glycans (Figure 4.1). 

The digest products were then separated on a 4-12% Bis-Tris SDS-PAGE gel and 

stained with Coomassie blue (Figure 4.8). As expected, the proteins expressed in 

normal CHO and 293 cells were only partially sensitive to Endo H, whereas the proteins 

produced in the GNTI- 293 and MGAT1- CHO cells were approximately 20kD smaller 

than the CHO-S material, due to the lower mass of Man5 glycan structures. Following 

Endo H digestion, the CHO-S material is largely unaltered but both the MGAT1 and 

GnTI products are reduced to approximately 60kd in size. This is consistent with the 

observation that approximately half the mass of a given gp120 molecule is from 

glycosylation [49, 51, 52]. The complete sensitivity to Endo H, consistent with that of 

GnTI, indicates that the glycosylation of the MGAT1 line is exclusively high mannose. 

When digested with PNGase F, all samples dropped to the same size, confirming 

undigested gp120 size variances were due to glycosylation. 
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Next, we resolved the CHO-S and MGAT1- produced A244 gp120 on 11 cm 

IPG strips followed by isoelectric fractionation in the second dimension (Figure 4.9). 

The CHO-S material had a broad pI spread and was heterogenous of both charge and 

mass, due to the varying levels and type of glycosylation. As expected, the charge of 

the MGAT1 material was highly homogenous and collapsed to a discreet spot.  

Beyond the strong indicators above that our MGAT1 line was producing 

glycoproteins with purely high-mannose residues, we next sought to determine the 

precise glycan composition of our A244 rgp120 envelope proteins. MALDI-TOFF-MS 

was used on CHO-S and MGAT1- produced material, confirming that the MGAT1 line 

was limited to only high-mannose material with an overwhelming preponderance of 

that being the Man5 isoform (Figure 4.10). At least 70% of the glycosylation could be 

attributed to mannose 5 glycans and as much as 30% could be attributed to earlier 

glycan precursors such as mannose 8 and mannose 9.  

Binding to PG9 

To confirm whether MGAT1- cell line could produce monomeric, full-length 

rgp120 capable of binding PG9, we performed a FIA with both A244 rgp120 and A244 

V1/V2 fragment proteins (Figure 4.11). Envelope proteins produced by HEK 293, 

HEK GnTI, CHO-S, and MGAT1- cells were all compared. Both the 293 and CHO-S 

material bound poorly, while the GnTI and MGAT1 material showed significant 

improvement over their glycan wild type counterparts, containing the necessary Man5 

epitope component. 
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Discussion 

The overwhelming majority of HIV-1 vaccine research over the better part of 

three decades has focused on designing an antigen capable of eliciting a safe and 

effective protective immune response. While this goal has not yet been realized, there 

is hope. The RV144 trial demonstrated for the first time that some level of protection 

could be achieved through the use of a subunit vaccine [14, 179, 180]. Since that time 

much has been learned about both the envelope protein itself and the panoply of new 

bNAbs that bind to it. Two general concepts have clarified the requirements for an 

envelope protein-based manufacturing scheme. First, the glycan topography became 

better understood, as well as the critical role of high-mannose glycans for the binding 

of bNAbs; something generally avoided in bio-therapeutic production [20, 21, 41, 42, 

101]. Second, a new class of potently neutralizing bNAbs were discovered that 

specifically required interaction with these high-mannose structures [5, 8, 12, 97]. The 

gp120 used in the RV144 trial used cell lines and methods in keeping with the best 

understanding of both HIV-1 and biopharmaceutical production of the time. This meant 

CHO production of recombinant gp120 with as much sialic acid as possible to increase 

stability and improve pharmacokinetic/pharmacodynamic properties. As our 

understanding of HIV-1 and its interaction with the immune system has matured, it 

became clear that high sialic acid content and complex glycosylation was likely a 

hindrance to the development of neutralizing antibodies. These new understandings are 

guiding the current development of what a HIV-1 vaccine may look like.  
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This creates the need for a cell platform capable of producing large amounts of 

recombinant high-mannose proteins. To this end we have created a line specifically for 

the scalable production high-mannose HIV-1 vaccine antigen. Using the CRISPR/Cas9 

gene editing system we established a CHO-S MGAT1 knock out line limited to Man5-

9 N-linked glycoforms. 

With the recent sequencing of the CHO genome [181, 182] and the advent of 

CRISPR gene technology, we had to tools to efficiently knock out MGAT1. This 

particular glycosyltransferase is something of a standout in the N-linked glycosylation 

pathway in that its action is one of the few bottlenecks (Figure 4.1). While enzymes 

before and after this point in processing have their preferred substrates, there is some 

minor overlapping and branch points [29, 30]. This means that there are multiple 

potential paths to arrive at the same glycoform or diverge to create different structures. 

If the expression of MGAT1 is silenced, then N-glycan processing essentially cannot 

proceed beyond Man5 (though a1,6 fucosylation of the primary GlcNAc by Fut8 may 

still occur independent of MGAT1 [73]), preventing the formation of hybrid or 

complex type glycans. Though the maturation process cannot proceed beyond Man5, 

upstream high-mannose glycoforms such as Man8 and Man9, required for 2G12 

binding, are not precluded and may still be present on completed proteins. 

When creating this cell line, we performed an initial screening via a positive 

selection test using GNA lectin, a mannose binding lectin with a preference for terminal 

a1,3 linked mannose residues. This is in contrast to previously isolated MGAT1/GnTI 

lines, generated by mutagenesis and zinc-finger nucleases, which have relied upon 

negative selection through ricin lectins, such as Ricinus communis agglutinin-I and II 
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(RCA-I, RCA-II) [78, 183, 184]. Unlike complex and hybrid glycans, high-mannose 

glycans are rare in high concentrations on healthy cell surface glycoproteins [185, 186]. 

Positive binding of GNA to surface high-mannose glycans would be strongly indicative 

of successful knockout of MGAT1. Initial tests comparing the GNA-fluorescein 

surface staining of HEK GnTI- and CHO-S cells confirmed this with a clear difference 

in staining (Figure 4.5). 

In order to be viable for large-scale production, the cells have to have a 

reasonable growth rate. One of the features that have made CHO the dominant substrate 

for bio-manufacturing production is their robust growth; our CHO-S cells have an 

average doubling time of 24.3 hours when split daily to 0.35e6 cells/mL. When seeded 

at the same densities, the four best candidate lines doubled between 24.0 and 38.3 hours 

(Figure 4.7). While rapid growth is one goal, the overall protein production level and 

quality is paramount. The candidate lines still had to demonstrate they could produce 

sufficient gp120 with the correct glycosylation to bind glycan dependent bNAbs. To 

show this, we performed a small-scale transient transfection with an A244 gp120 then 

performed a FIA with the purified material. This told us whether the candidate lines 

could produce monomeric gp120 with the correct glycosylation to bind PG9 (Figure 

4.7). As a positive comparator, we ran affinity purified HEK GnTI produced A244 

gp120. While all the candidate lines material bound PG9, the cell line candidate 3.4F10, 

had the highest level of PG9 binding, equal to that of the HEK GnTI material. As 

expected, the WT CHO-S material, with complex and hybrid glycosylation, bound 

poorly. When we sequenced the MGAT1 gene in the knockouts, the two lines with the 

lowest relative amount of PG9 binding showed only a partial knockout of the MGAT1 
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gene. They each had multiple-codon in-frame deletions, corresponding to the 

transmembrane domain of the MGAT1 protein (Figure 4.6). With the catalytic domain 

intact, it appears that the MGAT1 glycosyltransferase functionality in these two lines 

was curtailed, but not eliminated. Unfortunately, without a suitable antibody for CHO-

S MGAT1, we could not investigate what effect this had on cellular localization.  

From the initial growth characteristics and PG9 binding FIA data we selected a 

single cell line (3.4F10) to advance as a high-mannose HIV-1 antigen production line. 

We performed a 1.3L transient transfection of A244 gp120 and affinity purified the 

material for further glycan analysis and bNAb affinity binding. Digestion with Endo H 

confirmed the uniformly high-mannose glycosylation of the gp120 produced (Figure 

4.8). We than compared WT CHO-S and MGAT1- produced A244 gp120 through 2D 

isoelectric focusing (Figure 4.9). The CHO-S material, similar to what was used in the 

RV144 trial [14-16], showed broad heterogeneity of charge caused by varying levels 

of sialylation. The MGAT1 material, devoid of sialic acid and complex glycosylation, 

collapsed to a single discrete point. All the tests performed up to this point (lectin 

biding, size shifts, glycosidase digests, 2D electrophoresis) had been secondary 

indicators that the MGAT1 line was producing solely high-mannose material. As a final 

confirmation we analyzed the MGAT1- A244 gp120 material via MALDI-TOF mass 

spectrometry. This definitively showed the MGAT1- line is limited to high-mannose 

glycoprotein production, with the preponderance of species being Man5 (Figure 4.10). 

Having established the MGAT1- line’s bona fides as a producer of high-

mannose glycoproteins, we next looked determine whether it was an improved 

substrate for the production of HIV-1 vaccines. The PG9 epitope is frequently 
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described as quaternary, requiring a gp120 native-like trimer for binding [187, 188]. 

The requisite high-mannose glycans are thought to result from the high degree of 

glycosylation, large size, and complex nature of the trimeric gp120 molecule 

preventing glycosidases and glycotransferases from effectively maturing the initial 

high mannose structures [20, 21, 41]. We find that when these pathways are controlled, 

the same high-mannose structures can be generated on monomeric gp120, enabling 

PG9 binding. When comparing A244 gp120 produced by WT CHO-S cells, the 

MGAT1- material demonstrated a higher level of binding (Figure 4.11). 

At large-scale manufacturing facilities a viral contamination can be devastating, 

effectively shutting down production and only cleared with great effort and expense 

[55, 189]. One of the scourges of CHO cells is Minute Virus of Mice (MVM), a tiny 

(20nM) non-enveloped single stranded DNA parvovirus [55]. Viral infectivity assays 

performed by IDEXX BioResearch demonstrated insensitivity of the MGAT1 line to 

infection by the strain MVMc. While a full resistance to all MVM strains would be 

preferable, this removes one source of potential manufacturing contamination and shut-

down. 
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Tables and Figures 

 

Figure 4.1: Simplified view of N-linked glycosylation pathway. N-linked glycosylation begins in the 
endoplasmic reticulum with the en-block transfer of a highly conserved Gluc3Man9GlcNac2 structure 
(left) to asparagine residues within the N-X-S/T motif of nascent proteins. This initial structure is 
sequentially trimmed down to Man5GlucNac2 (center) by a number of glycosidases as the protein moves 
from the ER to the Golgi apparatus. Various glycosyltransferases then add monosaccharides creating 
hybrid (second from right) and complex (right) glycoforms. Kifunensine and Swainsonine are both 
inhibitors that halt further processing at the points shown above. Endo H and PNGase F remove the 
glycan structures where indicated by the arrows, with hybrid and complex glycans being insensitive to 
Endo H.  
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Figure 4.2: GeneArt® CRISPR nuclease vector. The orange fluorescent protein (OFP) reporter and 
Cas9 is expressed as a single unit, driven by a CMV promoter sequence, and joined by a self-cleaving 
2A peptide linker. Nuclear localization signals NLS1 and NLS2 usher Cas9 to the nucleus. The target 
sequence specific double stranded DNA oligo that will generate the crRNA is inserted into the pre-
linearized vector via 5 base pair overhangs. The tracrRNA sequence is located 3’ of the crRNA DNA 
oligo insert and is followed to by a DNA polymerase III termination sequence to ensure correct RNA 
folding for loading in the Cas9 complex. A U6 promoter drives expression of the crRNA and tracrRNA, 
which together will form the mature gRNA. Figure adapted from GeneArt® technical manual.  
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Figure 4.3: Vector to edit CHO MGAT1 gene. The CHO MGAT1 gene (A) is a single exon gene. 
Three gRNA sequences were designed to correspond with three target sequences in the 5’ region of the 
gene. One target is shown, in red, underlined above. Since Cas9 causes a double stranded break, either 
the template or non-template strand may be targeted. In this case the guide RNA was designed to be 
complementary to the template strand, with the requisite protospacer motif, AGG at the 3’ end of the 
template strand target sequence. B: Following design of the gRNA, a complementary oligonucleotide 
was ligated to the gRNA with sticky ends complementary to the GeneArt CRISPR nuclease vector 
(Thermo Fisher) to ensure correct directionality following ligation into the vector. This vector includes 
an orange fluorescent protein (OFP) reporter attached by a self-cleaving 2A linker to the Cas9 
exonuclease enzyme. Three separate gRNA sequences were created, each targeting the 5’ end of the 
gene. The crRNA sequence shown above was used for creation of the GB MGAT1 line.  
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Figure 4.4: Flow chart of MGAT1 gene editing and cell line selection strategy. The Cas9 nuclease 
vector with gRNA sequence inserted was electroporated into suspension adapted CHO-S cells. The 
transfected cells were re-suspended in conditioned media and cloned in 96 well plates at a calculated 
density of 0.5 cells/well. Those single cell derived colonies that grew well after 10-14 days were moved 
to 24 well plates. Aliquots were removed from each 24 plate well and screened for GNA lectin binding. 
Those that did not demonstrate uniform lectin binding were discarded. Candidate lines were expanded 
to shake flasks and screened for rapid growth, discarding slow growers. A test transient transfection was 
performed with A244 gp120 to determine relative expression levels and PG9 binding properties of gp120 
produced by candidate lines. Those with the best growth and PG9 binding were moved forward. The 
MGAT1 gene was PCR amplified from the remaining candidates and sequenced. The clones with the 
most robust growth and gp120 expression were expanded and frozen banks created. 
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Figure 4.5: GNA lectin Binding assay used to find cells with high mannose surface glycoproteins 
following CRISPR/Cas9 targeted cleavage of MGAT1. As a first step to determine successful 
knockout of the MGAT1 gene, the candidate cells were examined for fluorescein conjugated GNA lectin 
binding to surface glycoproteins. GNA binds exposed mannose residues with a preference for terminal 
a1,3 mannose residues, such as those found on the Man5 glycoforms. Cells were removed from culture, 
washed of media three times in ice cold 10μM EDTA PBS, then re-suspended in same wash buffer with 
5μg/mL fluorescein conjugated GNA and kept on ice for 30-minute incubation. Following incubation 
all cells were washed three times again to remove unbound GNA. Wild type CHO-S cells should have 
predominately complex and hybrid glycans on surface glycoproteins and demonstrated very little 
binding to GNA (E) serving as a negative control. HEK GnTI- is limited to Man5 glycans and 
demonstrated positive GNA binding (D). A representative sample of transfected CHO-S cells that 
showed uniform GNA binding is shown in F and C. Those wells that demonstrate uniform GNA binding 
were advanced for growth, productivity, and genetic characterization. All images are at 20X. A, B, and 
C are shown in differential interference contrast (DIC), D, E, F, are shown under 495nm excitation. 
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Figure 4.6: NHEJR induced changes to MGAT1 gene. Following initially promising phenotypic 
analysis, the four leading candidate lines MGAT1 genes were sequenced via Sanger sequencing to 
confirm silencing of the gene. The guide RNA was designed to be complementary with the template 
strand, using the PAM ‘AGG. Show above is the coding strands with the PAM complement, CTT, in 
bold and the putative double stranded cut site indicated by the black triangle. Changes from the native 
sequence are underlined. A: The native sequence. B: Clones 3.4F10 and 3.5D8, each had the same 
mutation, thymidine insertion indicated by yellow thymidine. C: Clone 3.5A2, deleted bases shown 
underlined. D: Clone 3.5D9, deleted bases shown underlined. 
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Figure 4.7: Cell doubling time and transient expression of gp120 in MGAT1- CHO cell lines. A: 
Candidate cell lines were placed in 125mL shake flasks at 20mL volumes. Cell counts were taken daily 
for 14 days and cells were back split to 3.5x105 cells/mL daily. B: Transient transfections were performed 
using Fugene in 24 well plates. Five days post transfection unpurified supernatant was tested via FIA 
using a gD flag epitope capture and detection with PG9. Purified gp120 from a HEK GnTI cell line was 
used as a comparator high-mannose line. 
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Figure 4.8: Expression of gp120 in GB MGAT1- CHO cell line. A: Purified A244 produced by WT 
CHO-S, GB MGAT1 CHO, and 293 HEK GnTI- cells, reduced and denatured then run on pre-cast 4-
12% tris-glycine SDS Page gel (NuPage, ThermoFisher) and stained with Simply Blue Safe Stain 
(ThermoFisher) Samples of the same proteins were than then digested with glycosidases Endo (New 
England BioLabs) H or PNGase F (New England BioLabs) for 16 hours at 37°C. B: Endo H digest. C: 
PNGase F digest. 
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Figure 4.9: Isoelectric focusing of CHO-S and MGAT1-gp120. Purified CHO-S (A) and MGAT1 (B) 
produced gp120 was fractionated in the first dimension by isoelectric focusing on 11cm IPG (pI 3-10) 
strips. Second dimension fractionation was performed using a 4-20% Tris-HCL SDS PAGE pre-cast gel. 
Two internal pH standards were included, pI 5.6 carbonic anhydrase isozyme II (solid arrow) and pI 3.9 
amyloglucosidase (open arrow). 
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Figure 4.10: MALDI-TOFF analysis of glycans present on gp120 produced by CHO-S and 
MGAT1 cell lines. The glycosylation on A244 gp120 produced by CHO-S (A) and MGAT1 (B) cells 
was stripped by PNGase F digestion and examined by MALDI-TOFF MS. The CHO-S glycosylation is 
heterogeneous with 72% being complex and 25% high mannose. The MGAT1 material was almost 
exclusively high mannose. This analysis was performed by the Complex Carbohydrate Research Center 
at the University of Georgia.
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Figure 4.11: PG9 binding to monomeric gp120 and V1V2 scaffold improved by MGAT1 knockout 
in CHO cells. Purified A244 gp120 (A) and V1/V2 fragment (B) protein produced by WT CHO-S, 293 
(gp120 only), HEK GnTI, and GB MGAT1- cell lines were compared for binding affinity to the canonical 
glycan dependent bNAb PG9. 
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This report describes the use of the CRISPR/Cas9 gene editing system to 

inactivate the Mannosyl (Alpha-1,3-)-Glycoprotein Beta-1,2-N 

Acetylglucosaminyltransferase (MGAT1) gene in suspension adapted CHO-K1 cells 

for the purpose of creating a stable cell line, with growth properties suitable for 

biopharmaceutical production, for the purpose of producing HIV envelope proteins for 

use as vaccine immunogens. 

Introduction 

It is widely believed that for an HIV vaccine to be successful, it needs stimulate 

the formation of broadly neutralizing antibodies (bNAbs). After more than 30 years of 

research none of the candidate vaccines developed to date are able to elicit these types 

of antibodies. For many years the specificity of bNAbs was unknown. Over the last few 

years advancements in B-cell cloning technology have allowed the isolation of broadly 

neutralizing monoclonal antibodies (bN-mAbs) from HIV infected humans. Many of 

these were found to recognize glycan dependent epitopes that required specific types 

of N-linked glycosylation for binding. The N-linked glycans required are high-

mannose forms, primarily mannose-5 and mannose-9 that are normally early 

intermediates in the N-linked glycosylation pathway. These glycans differ from the 

normal complex, sialic acid containing carbohydrates found in mature membrane 

bound and secreted proteins. The fact that virtually all previous HIV vaccines possessed 

the normal type of complex glycosylation may explain their inability to elicit glycan 

dependent bNAbs. In this report we use genetic engineering techniques to create cell 
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lines that incorporate these early intermediate glycoforms (mannnose-5, mannose-8, 

and mannose-9) at N-linked glycosylation sites in all endogenous cellular proteins as 

well as transgenes such as HIV envelope proteins. Here we describe the used of the 

CRISPR/Cas9 gene editing system to knockout the Mannosyl (Alpha-1,3-)-

Glycoprotein Beta-1,2-N-Acetylglucosaminyltransferase (MGAT1) gene of the 

Chinese hamster Ovary cells suitable for biopharmaceutical production. This mutation 

prevents the processing of N-linked glycans beyond the Man5 form, enabling the 

production of envelope proteins with high mannose N-glycans. Monomeric gp120 

produced by transient transfection of this cell line binds the prototypic glycan 

dependent bNAb PG9. Taking advantage of the robust productivity of CHO cells, this 

line has been established for the development of HIV-1 vaccine antigens as well as 

other vaccines, diagnostic, and therapeutic products requiring the incorporation of high 

mannose glycans. 

Materials and Methods 

Cells and antibodies 

CHO-K1 cells were obtained from ATCC (ATCC, Manassas, VA) as adherent 

cells prior to their adaptation to suspension in the Berman lab. HEK GnTI- cells were 

obtained from ATCC (ATCC, Manassas, VA). 293 HEK Freestyle cells were obtained 

from Thermo Fisher (Thermo Fisher, Life technologies, Carlsbad, CA). Broadly 

neutralizing monoclonal antibody PG9 was produced from synthetic genes created on 

the basis of published sequence data (available from the NIH AIDS Reagent Program, 
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Germantown, MD). The antibody genes were expressed in 293 HEK cells using 

standard techniques. Polyclonal rabbit sera was from rabbits immunized using a 

Complete Freund’s Adjuvant/Incomplete Freund’s Adjuvant (CFA/IFA) protocol 

(Pocono Rabbit Farms, AAALAC #926, Canadensis, PA) with A244rgp120 produced 

in GNTI- HEK293 cells. Fluorescently conjugated anti-Human, anti-Rabbit, and anti-

Murine antibodies were obtained from Invitrogen (Invitrogen, Thermo Fisher, 

Carlsbad, CA)  

Cell culture conditions 

Stocks CHO-K1, 293 HEK, and GNTI- cells were maintained in shake flasks 

(Corning, Corning NY) using a Kuhner ISF1-X shaker incubator (Kuhner, Birsfelden, 

Switzerland). For normal cell propagation shake flaks cultures were maintained at 

37°C, 8% CO2, and 125 rpm. Static cultures were maintained in 96 or 24 well cell 

culture dishes (Corning, Corning, NY) and grown in a Sanyo incubator (Sanyo, 

Moriguchi, Osaka, Japan) at 37°C and 8% CO2.  

Cell culture media 

For normal CHO cell growth, cells were maintained in CD-CHO medium 

supplemented with 0.1% pluronic acid, 8mM GlutaMax and 1X 

Hypoxanthine/Thymidine (Thermo Fisher, Life Technologies, Carlsbad, CA). 293 

HEK (Freestyle) and GNTI- 293 HEK cells were maintained in Freestyle 293 cell 

culture media (Life Technologies, Carlsbad, CA). For CHO cell protein production, the 

cells were maintained in OptiCHO medium supplemented with 0.1% pluronic acid, 

8mM GlutaMax and 1X H/T (Thermo Fisher, Life Technologies, Carlsbad, CA). For 
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protein production experiments the growth medium was supplemented with MaxCyte 

CHO A (Molecular Devices, Sunnyvale, CA), 0.5% Yeastolate (BD, Franklin Lakes, 

NJ), 2.5% CHO-CD Efficient Feed A; and 0.25mM GlutaMax, 2 g/L Glucose (Sigma-

Aldrich St. Louis, MO). 

Cell counts and growth calculations 

All cell counts were performed using a TC20TM automated cell counter 

(BioRad, Hercules, CA) with viability determined by trypan blue (Thermo Fisher, Life 

Technologies, Carlsbad, CA) exclusion. Cell-doubling time in hours was calculated 

using the formula: (((time2-time1) x 24hr) x log(2)) / (log(density2)-log(density1)).  

Gene sequencing 

The CHO MGAT1 gene sequence was confirmed using predicted mRNA 

transcript XM_007644560.1 to design primers. Genomic DNA was extracted using 

Qiagen AllPrep kit (Qiagen, Germantown, MD). The MGAT1 gene was PCR amplified 

using the synthetic primers F_CAGGCAAGCCAAAGGCAGCCTTG and 

R_CTCAGGGACTGCAGGCCTGTCTC (Eurofins Genomics, Louisville, KY) with 

Taq and dNTPs supplied by New England BioLabs (Ipswich, MA). The PCR product 

was gel purified using a Zymoclean kit (Zymo Research, Irvine, CA), then sequenced 

by Sanger method at the UC Berkeley Sequencing Center (UC Berkeley, Berkeley, 

CA). MGAT1 knockouts were sequenced in the same manner. Following initial 

candidate line selection using the lectin assay and growth characteristics, the same 

primers were used to sequence the MGAT1 gene of each candidate 
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CRISPR/Cas9 target design and plasmid preparation 

The gRNA sequence to knock out CHO-K1 MGAT1, 

GGCGGAACACCTCACGGGTG was selected based upon a prior successful 

knockout performed in the Berman Lab. A single stranded DNA oligonucleotide and 

its complement strand were synthesized (Eurofins Genomics, Louisville, KY) with 

extra bases on the 3’ ends for ligation into GeneArt CRISPR nuclease vector (Thermo 

Fisher, GeneArt). The strands were ligated and annealed into GeneArt CRISPR vector 

using the protocol and reagents supplied with the kit. One Shot® TOP10 Chemically 

Competent E. coli were transformed and plated following the Invitrogen protocol 

(Thermo Fisher, Invitrogen, Carlsbad, CA) Five colonies were picked the following 

day. These were incubated in 5mL LB broth at 37°C and 225rpm overnight. Minipreps 

were performed using according to manufactures instructions (Qiagen, Germantown, 

MD) and sent to UC Berkeley DNA Sequencing Facility (Berkeley, CA) with U6 

primers included in GeneArt® CRISPR kit to confirm successful integration of guide 

sequences via Sanger sequencing. A single 500mL MaxiPrep was performed using 

PureLinktm MaxiPrep kit (Thermo Fisher, Invitrogen, Carlsbad, CA). 

Electroporation 

 Electroporation was performed using a MaxCyte STX scalable transfection 

system (MaxCyte Inc., Gaithersburg, MD) according to the manufacturer’s 

instructions. Briefly, CHO-S cells were maintained at >95% viability prior to 

transfection. All steps were performed using aseptic technique. Cells were pelleted at 

250g for 10 minutes, and then re-suspended in MaxCyte EP buffer (MaxCyte Inc., 

Gaithersburg, MD) at a density of 2x108 cells/mL. Transfections were carried out in 
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the OC-400 processing assembly (MaxCyte Inc., Gaithersburg, MD) with a total 

volume of 400µL and 8x107 total cells. Crisper/Cas9 exonuclease with guide sequence 

plasmid DNA, in endotoxin-free water was added to the cells in EP buffer for a final 

concentration of 300µg of DNA/mL. The processing assemblies were then transferred 

to the MaxCyte STX electroporation device and appropriate conditions (CHO protocol) 

were selected using the MaxCyte STX software. Following completion of 

electroporation, the cells in electroporation buffer were removed from the processing 

assembly and placed in a 125mL Erlenmeyer cell culture shake flask (Corning, Corning 

NY). The flask was placed into a 37°C incubator with no agitation for 40 minutes. 

Following the rest period, pre-warmed OPTI-CHO media was added to the flask for a 

final cell density of 4x106 cells/mL. The flask was then moved to the Kuhner shaker 

and agitated at 125rpm.  

Plating, expansion, and culture of CRISPR transfected CHO-K1 cells 

Twenty-four hours post transfection a 100μL aliquot was taken from the 

transfected cells for a cell viability count and to check for orange fluorescent protein 

expression using a light microscope (Zeiss Axioskop 2, Zeiss, Jena, Germany). Five 96 

well flat bottom cell culture plates (Corning, Corning, NY) were filled with 50μL of 

conditioned CD-CHO media. The transfected cells were serially diluted with warmed 

media to 4 cells/mL and added to the plates in 50μL volumes. Final calculated cell 

density was 0.2 cells/well in 100μL of media. Growth was monitored daily, any wells 

with more than a single colony were discarded. Once any single-colony well reached 

≈20% confluency, the cells were moved to a 24 well cell culture plate (Corning, 
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Corning, NY) in 500uL of media. When confluency reached 50% in a 24 well plate, a 

200μL aliquot was removed for testing via a GNA lectin-binding assay. Following 

successful lectin binding, cells were moved to a 6 well cell culture plate (Corning, 

Corning, NY) with 2mL of media per well. After 5 days of growth in 6 well plates, 

GNA assay was repeated, looking for uniform binding. Those colonies that still showed 

uniform lectin binding to all cells were moved to 125mL shake flasks with an initial 

6mL of CD-CHO media. Daily counts were taken, and cell culture volume expanded 

to maintain 0.3x106 to 1.0x106 cells/mL density. 

Lectin binding assay 

Fluorescein labeled Galanthus nivalis lectin, GNA (Vector Laboratories, 

Burlingame, CA), was used to probe for the expression of Man5 glycoforms on the cell 

surfaces. 200μL samples from 24 well plate wells were spun down at 3000rpm for 3 

minutes. The supernatant was discarded, and the cell pellet washed three successive 

times with 500μL of ice-cold 10μM EDTA (Boston BioProducts, Ashland, MA) PBS 

(Thermo Fisher, Gibco, Carlsbad, CA). Following the final wash, the cell pellet was 

re-suspended in 200μL ice cold 10μM EDTA PBS with 5μg/mL of GNA-fluorescein. 

Samples were incubated with GNA on ice for 30 minutes while shielded from light to 

prevent photobleaching. Following incubation, samples were washed three times and 

re-suspended to a volume of 50μl in 10μM EDTA PBS. Samples were then examined 

under light microscope (Zeiss Axioskop 2, Zeiss, Jena, Germany) with 495nm 

excitation. Wild type CHO-K1 cells were used as a negative control and HEK GnTI 

were used as a positive. Representative images were taken on a Leica DM5500 B 
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Widefield Microscope (Leica Microsystems, Buffalo Grove, IL) at the UC Santa Cruz 

microscopy center. 

Results 

Target design and cleavage of CHO-S MGAT1 

CRISPR/Cas9 allows for specific targeting of genes for knockout or 

modification by introducing double stranded breaks (DSB) followed by non-

homologous end joining (NHEJ) or homology directed repair (HDR). The details of 

CRISPR/Cas9, NHEJ, and HDR have been covered in a number of review articles [46, 

47]. GeneArt® CRISPR Nuclease Vector with OFP Reporter contains all the elements 

needed for gene knockout given a well-designed target sequence. A target specific 

double stranded guide sequence is ligated into the vector between a U6 promoter and a 

tracrRNA sequence. The same plasmid encodes the Cas9 endonuclease and an orange 

fluorescent protein reporter separated by a self-cleaving 2A peptide linker (Figures 4.2 

and 5.3). Following ligation of these guide sequences into the vector they were 

transfected into CHO-S cells using the MaxCyte electroporation system (Figure 4.4). 

This electroporation allows near 100% transfection, even with large plasmids, 

increasing the odds of finding successful knockouts in a given population. This same 

gene had been previously been silenced by the Berman lab using the same methodology 

in CHO-S cells. This simplified the process, eliminating the need to use multiple target 

sites. Only the one gRNA sequence that had demonstrated the highest frequency of 

successful knockout in the CHO-S line was used.  
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Twenty-four hours post-transfection the cells were serially diluted and spread 

across ten 96 well flat-bottoms plates at a calculated density of 0.2 cells per well. The 

plates were examined daily, any well with more than a single colony was discarded. 

Across the ten plates, between four and seventeen wells per plate contained single 

viable colonies. Seventeen days post transfection, those single colony wells that had 

reached 20% or greater confluency were expanded to 24 well plate wells in 500µL of 

media. Those that had not reached 20% confluency by this point were discarded. A 

total of 103 colonies were expanded to 24 well plates. 

Lectin binding assay 

If MGAT1 was successfully knocked out, then any N-linked glycoprotein 

expressed by the cell should have exclusively high mannose glycans with a 

preponderance of Man5 isoforms. To determine successful knockout of MGAT1 at a 

phenotypic level, we used a fluorescein-conjugated Galanthus nivalis lectin, GNA 

(also known as GNL. Vector Laboratories, Burlingame, CA). GNA is an unusual lectin 

in that it does not require a Ca2+ or Mg2+ cofactor to bind, allowing the use of 10 µM 

EDTA to ameliorate cell clumping during repeated centrifugation and wash steps.  

A total of 42 candidate lines from the original 106 showed uniformly high GNA 

binding and were chosen for expansion to six well plates and further analysis (Figure 

5.5).This number, 40%, is significantly higher than the 12% that passed the first lectin 

screen when multiple gRNA targets were attempted in the CHO-S knockout line [132], 

underscoring the value of using a validated target sequence. Five days later, the lectin 
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screen was repeated and the twelve candidate lines that showed the most consistent 

lectin binding were expanded to shake flasks at a density of 4e5 cell/mL. 

Identification of CRISPR/Cas9 induced genetic alteration 

The MGAT1 gene from each of the twelve candidate lines was PCR amplified 

and sequenced using Sanger sequencing to confirm that MGAT1 had been rendered 

non-functional. In every case, there was an identical mutation, an extra thymidine 

inserted at the Cas9 cut site (Figure 5.6).  

Cell growth 

The cells were seeded in shake flasks at 4e5 cells/mL in CD-CHO and the 

growth rate determined during the log phase of growth using the formula (((time2-

time1) x 24hr) x log(2)) / (log(density2)-log(density1)). Doubling times ranged from 

19.4 to 27.3 hours. The fastest grower, line 2A4, was selected and a master cell bank 

frozen, followed by a working cell bank.  

Discussion 

The overwhelming majority of HIV-1 vaccine research over the better part of 

three decades has focused on designing an antigen capable of eliciting a safe and 

effective protective immune response. While this goal has not yet been realized, there 

is hope. The RV144 trial demonstrated for the first time that some level of protection 

could be achieved through the use of a subunit vaccine [14, 179, 180]. Since that time 

much has been learned about both the envelope protein itself and the panoply of new 
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bNAbs that bind to it. Two general concepts have clarified the requirements for an 

envelope protein-based manufacturing scheme. First, the glycan topography became 

better understood, as well as the critical role of high-mannose glycans for the binding 

of bNAbs; something generally avoided in bio-therapeutic production [20, 21, 41, 42, 

101]. Second, a new class of potently neutralizing bNAbs were discovered that 

specifically required interaction with these high-mannose structures [5, 8, 12, 97]. The 

gp120 used in the RV144 trial used cell lines and methods in keeping with the best 

understanding of both HIV-1 and biopharmaceutical production of the time. This meant 

CHO production of recombinant gp120 with as much sialic acid as possible to increase 

stability and improve pharmacokinetic/pharmacodynamic properties. As our 

understanding of HIV-1 and its interaction with the immune system has matured, it 

became clear that high sialic acid content and complex glycosylation was likely a 

hindrance to the development of neutralizing antibodies. These new understandings are 

guiding the current development of what a HIV-1 vaccine may look like.  

This creates the need for a cell platform capable of producing large amounts of 

recombinant high-mannose proteins. To this end we created a line specifically for the 

scalable production high-mannose HIV-1 vaccine antigen. Using the CRISPR/Cas9 

gene editing system we first established a CHO-S MGAT1 knock out line, GB MGAT1 

3.4F10 [132], limited to Man5-9 N-linked glycoforms. While this was successful, we 

then felt it would adventitious to repeat this knockout in a CHO-K1 line, allowing for 

greater use under intellectual property restrictions. 

With the recent sequencing of the CHO genome [181, 182] and the advent of 

CRISPR gene technology, we had to tools to efficiently knock out MGAT1. This 
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particular glycosyltransferase is something of a standout in the N-linked glycosylation 

pathway in that its action is one of the few bottlenecks (Figure 4.1). While enzymes 

before and after this point in processing have their preferred substrates, there is some 

minor overlapping and branch points [29, 30]. This means that there are multiple 

potential paths to arrive at the same glycoform or diverge to create different structures. 

If the expression of MGAT1 is silenced, then N-glycan processing essentially cannot 

proceed beyond Man5 (though a1,6 fucosylation of the primary GlcNAc by Fut8 may 

still occur independent of MGAT1 [73]), preventing the formation of hybrid or 

complex type glycans. Though the maturation process cannot proceed beyond Man5, 

upstream high-mannose glycoforms such as Man8 and Man9, required for 2G12 

binding, are not precluded and may still be present on completed proteins. 

When creating this cell line, we had already established a protocol and had all 

the necessary tools from the CHO-S knockout, saving months of work. When 

developing the CHO-S knockout line, we used multiple gRNA sequences, and saw one 

consistently perform better. When developing this CHO-K1 line, we only used the 

single gRNA that was most successful with the CHO-S knock out and saw the 

efficiency of successful knockout events go from 12% to 42% in the isolated single 

colonies. As with the CHO-S, we performed an initial screening via a positive selection 

test using GNA lectin, a mannose binding lectin with a preference for terminal a1,3 

linked mannose residues. This is in contrast to previously isolated MGAT1/GnTI lines, 

generated by mutagenesis and zinc-finger nucleases, which have relied upon negative 

selection through ricin lectins, such as Ricinus communis agglutinin-I and II (RCA-I, 

RCA-II) [78, 183, 184]. Unlike complex and hybrid glycans, high-mannose glycans are 
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rare in high concentrations on healthy cell surface glycoproteins [185, 186]. Positive 

binding of GNA to surface high-mannose glycans would be strongly indicative of 

successful knockout of MGAT1. Initial tests comparing the GNA-fluorescein surface 

staining of HEK GnTI- and CHO-K1 cells confirmed this with a clear difference in 

staining (Figure 4.5). 

In order to be viable for large-scale production, the cells have to have a 

reasonable growth rate. One of the features that have made CHO the dominant substrate 

for bio-manufacturing production is their robust growth; our CHO-K1 cells have an 

average doubling time of 20 hours when split daily to 0.35e6 cells/mL. When seeded at 

the same density, our new CHO-K1 MGAT1- cell line, 2A4, has doubling time of 

19.4hrs. This is compared to the 38 hour doubling of our CHO-S knock out line, GB 

MGAT1 3.4F10, an additional benefit. From the growth rate data and genetic 

sequencing confirmation of MGAT1 silencing, we selected the line 2A4 to go forward 

with as our high mannose producing line for the production of gp120 immunogens. 
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Tables and Figures 

 

Figure 5.1: Simplified view of N-linked glycosylation pathway. N-linked glycosylation begins in the 
endoplasmic reticulum with the en-block transfer of a highly conserved Gluc3Man9GlcNac2 structure 
(left) to asparagine residues within the N-X-S/T motif of nascent proteins. This initial structure is 
sequentially trimmed down to Man5GlucNac2 (center) by a number of glycosidases as the protein moves 
from the ER to the Golgi apparatus. Various glycosyltransferases then add monosaccharides creating 
hybrid (second from right) and complex (right) glycoforms. Kifunensine and Swainsonine are both 
inhibitors that halt further processing at the points shown above. Endo H and PNGase F remove the 
glycan structures where indicated by the arrows, with hybrid and complex glycans being insensitive to 
Endo H.  
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Figure 5.2: GeneArt® CRISPR Nuclease vector. The orange fluorescent protein (OFP) reporter and 
Cas9 is expressed as a single unit, driven by a CMV promoter sequence, and joined by a self-cleaving 
2A peptide linker. Nuclear localization signals NLS1 and NLS2 usher Cas9 to the nucleus. The target 
sequence specific double stranded DNA oligo that will generate the crRNA is inserted into the pre-
linearized vector via 5 base pair overhangs. The tracrRNA sequence is located 3’ of the crRNA DNA 
oligo insert and is followed to by a DNA polymerase III termination sequence to ensure correct RNA 
folding for loading in the Cas9 complex. A U6 promoter drives expression of the crRNA and tracrRNA, 
which together will form the mature gRNA. Figure adapted from GeneArt® technical manual.  
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Figure 5.3: Vector to edit CHO MGAT1 gene. The CHO MGAT1 gene (A) is a single exon gene. 
Three gRNA sequences were designed to correspond with three target sequences in the 5’ region of the 
gene. One target is shown, in red, underlined above. Since Cas9 causes a double stranded break, either 
the template or non-template strand may be targeted. In this case the guide RNA was designed to be 
complementary to the template strand, with the requisite protospacer motif, AGG at the 3’ end of the 
template strand target sequence. B: Following design of the gRNA, a complementary oligonucleotide 
was ligated to the gRNA with sticky ends complementary to the GeneArt CRISPR nuclease vector 
(Thermo Fisher) to ensure correct directionality following ligation into the vector. This vector includes 
an orange fluorescent protein (OFP) reporter attached by a self-cleaving 2A linker to the Cas9 
exonuclease enzyme. Three separate gRNA sequences were created, each targeting the 5’ end of the 
gene. The crRNA sequence shown above was used for creation of the GB MGAT1 line.  
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Figure 5.4: Flow chart of MGAT1 gene editing and cell line selection strategy. The Cas9 nuclease 
vector with gRNA sequence inserted was electroporated into suspension adapted CHO-K1 cells. The 
transfected cells were re-suspended in conditioned media and cloned in 96 well plates at a calculated 
density of 0.2 cells/well. Those single cell derived colonies that grew well after 17 days were moved to 
24 well plates. Aliquots were removed from each 24 plate well and screened for GNA lectin binding. 
Those that did not demonstrate uniform lectin binding were discarded. Candidate lines were expanded 
to shake flasks and screened for rapid growth, discarding slow growers. The MGAT1 gene was PCR 
amplified from the remaining candidates and sequenced.  
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Figure 5.5: GNA lectin Binding assay used to find cells with high mannose surface glycoproteins 
following CRISPR/Cas9 targeted cleavage of MGAT1. As a first step to determine successful 
knockout of the MGAT1 gene, the candidate cells were examined for fluorescein conjugated GNA lectin 
binding to surface glycoproteins. GNA binds exposed mannose residues with a preference for terminal 
a1,3 mannose residues, such as those found on the Man5 glycoforms. Cells were removed from culture, 
washed of media three times in ice cold 10μM EDTA PBS, then re-suspended in same wash buffer with 
5μg/mL fluorescein conjugated GNA and kept on ice for 30-minute incubation. Following incubation 
all cells were washed three times again to remove unbound GNA. Wild type CHO-S cells should have 
predominately complex and hybrid glycans on surface glycoproteins and demonstrated very little 
binding to GNA (E) serving as a negative control. HEK GnTI- is limited to Man5 glycans and 
demonstrated positive GNA binding (D). A representative sample of transfected CHO-S cells that 
showed uniform GNA binding is shown in F and C. Those wells that demonstrate uniform GNA binding 
were advanced for growth, productivity, and genetic characterization. All images are at 20X. A, B, and 
C are shown in differential interference contrast (DIC), D, E, F, are shown under 495nm excitation. 
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Figure 5.6: NHEJR induced changes to MGAT1 gene. (A) the wild type CHO-K1 MGAT1gene, a 
single exon gene, and the resultant protein (B). When sequenced, each of the 12 CHO-K1 MGAT1 knock 
out candidate lines had the same mutation, a single thymidine inserted at the double stranded cut site 
(C). This insertion causes a frame shift mutation (D), resulting in 23 altered amino acids, underlined, and 
a premature stop. 
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Chapter 6  

 

Further projects related to glycoprotein production 

Membrane Facilitated Transport for Complete Sialylation 

Introduction 

As the biotech industry has matured, a greater amount of attention has shifted 

to post-translational modifications, driving a move away from bacterial production, to 

mammalian cells becoming the dominant production platform. The principle reason for 

this change is the ability of these cell lines to produce complex, proteins a with a range 

of post-translational modifications. Of these post-translational modifications, 

glycosylation is perhaps the area of most intense focus currently. Subtle changes in 

glycan structures can influence immunogenicity, efficacy, protein-protein interactions, 

and circulatory half-life. Unlike the DNA code, where a given codon order will give a 

pre-determined sequence of peptides, glycosylation is a “non-templated” process. 

Potential N-linked glycosylation sites (PNGs) on proteins are those with the primary 

consensus sequence N-X-S/T, where X may be any amino acid other than proline [190]. 

This short sequence alone is not sufficient to ensure glycosylation; the site must be 

located within a accessible domain of the polypeptide. This restricts the number of 

PNGs that are glycosylated, making site prediction more complex than simply reading 
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the amino acid primary sequence. It is estimated that only two thirds of PNGs are 

glycosylated in vivo [191, 192]. When a cell is artificially pushed to generate an excess 

of recombinant protein, such as insulin or erythropoietin, the glycan heterogeneity 

becomes more of an issue. Ideally, each PNG would be occupied and each glycan 

would be of a complex, multi-branched type, terminating in sialic acid residues. As the 

sialic acid content increases, so does stability and in vivo half-life; leading to longer 

lasting, more effective drugs. 

One contributing factor to glycan heterogeneity and incomplete sialyation is the 

speed at which developing proteins transit the secretory system. A highly conserved, 

tri-antennary Glc3Man9GlcNAc2 core structure is transferred to PNGs on nascent 

proteins within the endoplasmic reticulum (ER), co-translationally. These glycan 

structures serve as binding partners to ER resident folding chaperon proteins. As the 

protein moves from the ER and through the Golgi apparatus (GA), the glycan structure 

is modified through the removal of some monosaccharides and the addition of others. 

The final result is a multi-branched structure that with dozens of possible 

configurations. For biotherapeutics, what is sought is a quaternary branched structure, 

with each branch terminating in sialic acid. New proteins, may spend up to an hour 

within the ER, but transit through the GA in a matter of minutes. The GA is where 

sialic acid residues are added on, so if the protein moves too quickly through the GA, 

there is not time for complete sialylation. We created a model chimeric protein 

designed to accelerate the protein egress from the ER and slow it down in the GA, 

allowing for complete sialylation to occur.  
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Chimeric fusion protein design 

In order to achieve complete sialylation of a recombinant protein, we designed 

a system termed membrane facilitated transport (MFT) using the blockbuster drug 

Enbrel as a model. Enbrel is a fusion protein for the treatment of rheumatoid arthritis 

and psoriasis created by combining the tumor necrosis factor receptor (TNFR) fused to 

the Fc domain of an IgG1 antibody. The construct we created used the 75kD TNFR 

(TNFRSF1B), instead of Enbrel’s 55kd (TNFRSF1A), and a modified IgG2/4 hybrid 

Fc domain (Figure 6.1). This structure forms a homodimer with two TNFR domains 

attached to the Fc portion which is linked by di-sulfide bonds in the hinge region. In 

order to slow down transit through the GA, we attached the transmembrane (TM) 

domain of the GA resident proprotein protease furin to the C terminus of our chimera. 

This effectively turns the protein from a soluble protein to a membrane bound one. By 

using the furin protein TM domain, the new protein is localized, and kept in, the GA, 

where sialyation occurs. By keeping the protein in the GA, full sialylation may happen. 

To transfer the fusion protein form a membrane bound form back into a soluble one for 

secretion and harvest, we inserted a furin cleavage site, borrowed from the human 

influenza virus, in between the Fc domain and the Furin TM domain.  
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Figure 6.1: Design of the membrane facilitated transport (MFT) chimeric protein. (A) MFT 
chimera: The TNFR-IgG Fc fusion protein with a modified IgG2/4 domain, TNFR signal sequence, a 
furin cleavage site (from the human influenza virus), and the furin transmembrane domain. During 
processing and folding the signal sequence is removed and the protein forms a homodimer. The furin 
TM slows processing in the Golgi, allowing for full sialylation before cleavage to a soluble form by 
furin. (B) The soluble fusion protein, will follow normal protein trafficking patterns and be incompletely 
glycosylated.  

 

Fusion proteins use Fc domains for their longevity and tolerability, but there 

can be potential side effects with regards to complement activation by the Fc. For this 

reason we used an IgG2 as our base Fc, as it has minimal immune activating functions, 

and further modified it to increase half-life and minimize effector functions. Using the 

EU number system for antibody sequencing we made the following changes: N434A 

to improve binding to the neonatal Fc receptors, improving circulatory half life; 

H268N, reducing binding to complement factor C1q; and V309L/A330T/P331T to 

reduce affinity for FcgRI, FcgRIIa/b/c, and eliminate binding to FcgRIII (Figure 6.2). 
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Figure 6.2: Modified IgG2 Fc domain. The shown above in EU antibody number, is the native human 
IgG2 Fc (top), IgG4 Fc (bottom), and the hybrid sequence (middle) used in the MFT fusion protein to 
minimize effector functions and increase half-life. 

 

Expression and analysis of MFT protein 

When we first transiently expressed this protein using HEK 293 cells, we 

noticed some oligomerization under non-reducing conditions, (Figure 6.3, non-

reduced supernatant). Positing that this may be due to the four cystine residues found 

in the hinge region of IgG2 Fc, we changed two of them to serines. This changed the 

hinge region from VERKCCVECPPCPA, to VERKSSVECPPCPA. When expressed 

again, the oligomerization issue was removed while still allowing the formation of 

dimers and secretion to the supernatant.  
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Figure 6.3: Oligomerization of expressed fusion protein. Three chimeric fusion proteins were 
expressed: (1) Enbrel, with 55kD TNFR and IgG1 Fc; (2) 75kD TNFR with IgG2/4 hybrid Fc, and (3) 
75kD TNFR with IgG2/4 Fc and two hinge cystines removed. A fourth protein, (4), GFP was expressed 
as a control. Protein G coupled beads were used to immunoprecipitate fusion proteins from transiently 
transfected HEK 293 cell culture supernatant and cell lysate, prior to separation on a 4-12% Bis-Tris gel 
and detection with a goat anti-human HRP conjugated antibody. The left column shows the reduced and 
denatured material collected from supernatant. The right column is the same material, non-reduced. The 
middle column shows the material precipitated from cell lysate. 

 

We then performed immunocytochemistry using HEK 293T cells to determine 

whether the MFT construct was being localized to the GA more than the soluble version 

(Figure). The staining patterns of the soluble form vs the MFT version were distinct 

from one another, with the soluble form more diffuse and co-localized with the ER 

(Figure 6.4, B and C), while the MFT fusion protein stain was more punctate and 

appeared to co-localize with the Golgi more (Figure 6.4, E and F).  
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Figure 6.4: Immunocytochemistry of soluble and MFT fusion proteins. HEK 293T cells transiently 
transfected with either the soluble form (A, B, C) or the MFT form (D, E, F) of our fusion protein. Red 
= Calnexin probe, ER resident protein. Blue = DAPI, nucleic acid stain. Cyan = Golgin probe, golgi 
localized protein. Green = Human Fc probe, Fusion protein location. 
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While the immunocytochemistry results were promising, and indicated that we 

may have successfully localized the MFT fusion protein to the GA, we needed to 

examine the effects this had upon glycosylation. We transiently transfected HEK 293 

T cells with the two constructs, the MFT and soluble versions of our fusion protein, 

and immunoprecipitated out protein from both the cell culture supernatant and cell 

lysates 48 hours post transfection. The collected material was reduced and denatured, 

then digested with one of two glycosidases. Endo H cleaves intermediate glycan 

structures, called high-mannose glycans. If a glycan structure is sialylated, it should be 

insensitive to digestion with Endo H. All the material from cell lysates should be 

sensitive to Endo H digestion, as this material should be largely from the ER, where 

glycosylation has not proceeded beyond the high-mannose point. A second 

glycosidase, PNGase F, will digest all glycans off of a protein, regardless of 

complexity. If the MFT system is working as designed we would expect to see two 

things: 1) There should be less of the MFT material present in the cell lysates, as it is 

transited more rapidly from the ER. And, 2) The material from the cell culture 

supernatant should be more heterozygous in glycosylation and less sensitive to Endo H 

digestion for both constructs, but the MFT should be completely insensitive to Endo H 

if it is fully glycosylated. Examining the western blots it does appear as though there is 

significantly less of the MFT material caught up inside the cell than with the soluble 

version of the protein (Figure 6.5B). Also, as expected the material from the cell lysate 

is equally sensitive to both Endo H an PNGase F. What little MFT is present has a 

higher molecular weight, consistent with the additional mass imparted by its furin 

transmembrane domain tail. This transmembrane tail would still be present within the 
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ER, but should be cleaved in the GA, making both proteins equal in size, as seen in 

Figure 6.5A.  

 

Figure 6.5: Glycosidase digest of MFT and soluble fusion proteins. Western blots of 
immunoprecipitated fusion proteins from transient transfections of HEK 293 T cells. (A) Cell culture 
supernatant. (B) Cell lysates. Key: MFT = membrane facilitated transport fusion protein construct; S = 
soluble fusion protein; - = no digest; H = Endo H digestion; F = PNGase F digestion. 

 

The effect of the MFT system upon glycosylation is less clear. Though the 

immunocytochemistry indicates the MFT works to localize the material to the GA 

(Figure 6.4), and it appears to be escaping the ER efficiently (Figure 6.5B), a 

difference in size of secreted material is difficult to definitively claim. When digested 

with Endo H, the MFT material appears marginally larger (Figure 6.5A), indicting 

possibly more complete glycosylation, but a more thorough investigation is needed.  

Conclusion 

We set about attempting to making permanent CHO-K1 cell lines expressing 

both the soluble and MFT versions of our TNFR Fc fusion proteins using an in-house 
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plasmid, pCF, containing mammalian selection markers. This would allow us to make 

enough protein to evaluate using MALDI-TOF for more accurate glycan analysis. It 

would also push the expression level higher following clonal selection and perhaps 

show a greater difference in glycosylation at higher expression levels. Unfortunately, 

for reasons that remain unclear, when the CHO-K1 (as well as HEK 293 test cells) cells 

were transfected there was virtually no expression of protein with the new plasmid. 

Attempts were made to rescue expression by co-expressing exogenous furin, guessing 

that endogenous furin was overwhelmed, with no effect. As it stands, this experiment 

shows some preliminary promise and could be pursued in several ways. Further glycan 

analysis could be performed through working out the expression problems associated 

with the plasmid. Aside from the MFT premise, the fusion protein we designed to have 

less immune effector functions is also worthy of further exploration as a possible next-

generation biotherapeutic.  

Mixed Production Using Kifunensine 

Introduction 

This purpose of this investigatory study was to determine the feasibility of 

producing rgp120 with hi-mannose glycoforms capable of binding multiple glycan-

dependent bNAbs. While many of the glycan dependent bNAbs require high-mannose 

glycans, the particular number of mannose residues required is not uniform between 

them. The canonical glycan dependent antibody PG9 binds the V1/V2 region of gp120 

and requires Man5 [5], while the V3 stem binding bNAb PGT128 requires Man8-9 [175]. 



170 

In order to re-create, in a single production run, rgp120 capable of binding both Man5 

and Man8-9 dependent antibodies we developed a method using transiently transfected 

HEK GnTI- cells. The HEK GnTI- cells are unable to process the N-linked glycan 

structure beyond Man5 (Figure 6.6) and are therefore limited to solely high-mannose 

glycosylation. Kifunensine is a broad mannosidase inhibitor, preventing the removal of 

any mannose residues from the initial Man9 oligomer. By adding the kifunensine mid-

run to shift glycosylation patterns, we can harvest rgp120 with both Man5 and Man9 

glycosylation, yielding what we have termed “mixed batch,” production (Figure 6.7) 

 

Figure 6.6: Simplified N-linked glycosylation process. The N-linked glycan structure is progressively 
modified as it transits the secretory system. The agents kifunensine and swainsonine halt all further 
processing where shown. Endo H and PNGase F are glycosidases that will remove glycans from 
glycoproteins at the position indicated by the grey arrows; note that complex glycans are insensitive to 
Endo H. 
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Figure 6.7: Mixed batch production. HEK 293 GnTI cells produce glycoproteins limited to Man5 
glycosylation. Kifunensine halts all mannosidase activity, any subsequent proteins produced will have 
exclusively Man9 gloycosylation. By adding kifunensine to a production run using HEK 293 GnTI cells, 
the collected proteins will have a mixture of Man9 and Man5 glycoforms.  

 

Mixed batch development and analysis 

To determine the correct timing for the addition of kifunensine, we performed 

an experiment adding kifunensine to cell culture at different time points to determine 

when addition would yield an even ratio of Man5 to Man9 upon final harvest. 

Suspension adapted HEK GnTI- cells were transiently transfected using 

polyethylenimine (PEI) with a plasmid encoding a V1/2/3 scaffold protein based upon 

the clade AE envelope protein A244. With the start of the culture run being hour zero, 

kifunensine was added to culture at either hour 24, 48, 72 or 96 and the culture run 

stopped at hour 120. Samples were collected daily from each culture flask for later 

analysis. The working concentration of kifunensine in culture was 100μΜ. The 

collected supernatant material was separated on a 4-12% bis/tris gel, transferred to a 
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polyvinylidene fluoride (PVDF) membrane and probed with a polyclonal anti-A244 

antibody. The scaffold protein generated showed two distinct band weights at 

approximately 48kD and 60kD. These two masses are due to the different size of the 

respective glycan present, with the Man9 increasing the overall mass. Using Image J 

software, it is possible to determine the ratio of Man5 to Man9 upon final collection at 

hour 120.  

When kifunensine was added 24 hours following transfection (Figure 6.8A) 

nearly all, 92%, of the material was glycosylated with Man9 residues. When 

kifunensine was added at 48 hours (Figure 6.8B), the percentage of Man9 material 

drops to 78%, followed by 64% and 28% when added at hours 72 and 96 respectively 

(Figure 6.8C and D). 

 

Figure 6.8: Mixed batch titration experiment. HEK 293 GnTI cells were transiently transfected with 
an A244 V1/2/3 envelope scaffold protein. 100uM of kifunensine was added at 24 hours (A), 48 hours 
(B), 72 hours (C), or 96 hours (D). Samples of supernatant were taken every 24 hours for five days from 
each condition, reduced and denatured, and separated on a 4-12% Bis-Tris tris gel. The gels were 
transferred to PVDF membranes and probed using a rabbit polyclonal anti-A244 gp120 antibody. 
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Immunoprecipitation of mixed batch scaffold protein 

We next set out to determine whether the mixed batch material could bind the 

glycan dependent epitopes of PG9 and PGT128. Though the material produced by 

mixed batch appeared to be the correct size to correlate with the expected glycosylation, 

we performed immunoprecipitations to confirm that each band was capable of binding 

the desired antibody. Unpurified supernatant from each of the four separate cultures 

that had received kifunensine treatment at different time points was collected at hour 

120 post-transfection. The supernatant was then incubated with either PG9 or PGT128 

for 1 hour. The antibody/protein complex was then combined with protein G coupled 

magnetic beads for thirty minutes before being washed three times to remove any 

unbound material. The antibody and scaffold protein complex was then eluted off the 

beads and decoupled by boiling and reduction in 25mM dithiothreitol (DTT). The 

reduced samples were then run on a 4-12% bis/tris gel, transferred to a PVDF 

membrane and probed using a murine monoclonal antibody, 34.1, previously described 

[23], against an N-terminal herpes simplex glycoprotein D (gD) flag epitope on the 

envelope scaffold. Detection was then performed using a horse radish peroxidase 

(HRP) conjugated goat anti-mouse IgG antibody (Figure 6.9). 
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Figure 6.9: Immunoprecipitation of mixed batch produced scaffold proteins using PGT128 and 
PG9. Supernatant was taken from one of four cultures transiently expressing A244 V1/2/3 scaffold 
proteins and one mock transfection one day five of cell culture. Kifunensine was added to culture at hour 
24, 48, 72, or 96, with no kifunensine added to the mock transfection. The supernatant was 
immunoprecipitated using either PG9 or PGT128. The immunoprecipitated material was reduced and 
denatured then separated on a 4-12% Bis-Tris gel prior to probing with a polyclonal anti A244 antibody. 

 

Both PG9 and PGT128 pulled down the A244 gp120 V1/2/3 scaffold protein, 

demonstrating that mixed bath can be used to produce product with several kinds of 

high mannose glycosylation.  

Glycosidase digestion of mixed batch material 

To validate that the recombinant proteins produced by mixed batch methods 

were exclusively high mannose we next performed a glycosides digest. 

Endoglycosidase H (Endo H), originally isolated form Streptomyces plicatus, removes 

high-mannose glycans the surface of glycoproteins, cleaving between the two GlcNAc 

core residues (Figure 6.6). Glycans that have been processed beyond high mannose, 

i.e. complex and hybrid forms, are insensitive to digestion by Endo H. We expressed 

the same A244 V1/2/3 scaffold protein under several different conditions using PEI 

mediated transient transfections in both HEK 293 GnTI- cells and in wild type HEK 
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293 cells, which are capable of producing complex glycosylation. The cell cultures 

were grown with either no kifunensine added, kifunensine added immediately 

following transfection, or in mixed batch production with kifunensine added at hour 

72. The supernatants were collected at hour 120, centrifuged to remove cells and debris, 

and filtered through a 2μm filter. The A244 scaffold protein was then 

immunoprecipitated from the clarified supernatant using 34.1 and protein G coupled 

magnetic beads. This antibody/protein complex was then reduced and denatured prior 

to overnight digestion with Endo H. Following digestion, the material was separated 

on a 4-12% bis/tris gel, transferred to a PVDF membrane and probed with a polyclonal 

rabbit antibody against A244 gp120. Detection was accomplished with a goat anti-

rabbit HRP conjugated antibody (Figure 6.10). 

Without the addition of kifunensine, material produced in HEK 293 cells should 

be largely insensitive to endo H digestion, and no reduction in size is expected. 

Additionally, the glycosylation on the HEK 293 produced material is heterogenous, 

with high-mannose, hybrid, and complex glycan being present. This is well 

demonstrated in Figure 6.10A, with no kifunensine added the HEK 293 protein size 

ranges from approximately 49kD to 70kD. When digested with endo H, Figure 6.10B, 

the same HEK 293 material drops to a range of approximately 39kD to 55kD. As 

kifunensine is added, the HEK 293 material becomes sensitive to endo H Digestion. 

Full endo H sensitivity is seen when kifunensine is added at hour 0, and only partial 

resistance in the mixed batch condition. The HEK 293 GnTI- material is approximately 

48kD in the absence of both kifunensine and Endo H digestion. As kifunensine is added 

the size of the HEK 293 GnTI- material increases with the Man9 glycosylation, but it 
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remains sensitive to Endo H. The HEK 293 GnTI- protein is fully sensitive to EndoH, 

with or without kifunensine, as expected. 

 

Figure 6.10: Glycosidase digestion of mixed batch material. A244 V1/2/3 scaffold protein 
immunoprecipitated from the cell culture supernatant using either HEK 293 cells, or HEK 293 GnTI- 
cells. Each cell type batch culture was grown under one of three conditions: No kifunensine, kifunensine 
added at hour zero, or mixed batch conditions with kifunensine added at hour 72 (A) Undigested 
material. (B) the same material following digestion with glycosidase Endo H. 

 

Conclusion 

A mixed batch production strategy proved to be a useful tool for the expressing 

HIV envelope proteins with the ability to bind multiple glycan dependent bNAbs that 

require different glycan epitopes produced in a single production run. Though this was 

successful at small scale, the potential toxicity and cost of kifunensine would make 

such a strategy difficult at the scale needed for clinical or commercial use. With that in 
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mind, we set out to accomplish the same thing through genetic engineering of a CHO 

cell line. 

CRISPR/Cas9 Knockout of ER Mannosidase 1 in a MGAT1 

Deficient CHO Cell Line 

Introduction 

Having developed a CHO cell line that produced glycoproteins with primarily 

Man5 glycosylation [132], we next attempted to further engineer this line to push the 

glycosylation to species with a greater number of mannose residues. This can be done 

using kifunensine, which inhibits all mannosidase activity. As previously discussed 

though, there are a number of problems with using kifunensine in therapeutic protein 

production. By knocking out the first mannosidase in the eukaryotic glycosylation 

pathway, endoplasmic reticulum mannosidase one (ER Man1, also commonly known 

as Man1B1), we hoped to limit glycosylation to Man9 species. 

The role of ER Man1 

ER mannosidase 1 plays a central role in protein folding quality control. 

Glycosylation occurs co-translationally, with the core Glc3Man9GlcNAc2 structure 

being attached to PNG’s within the ER as the peptide chain emerges from the 

translocon. The two most distal Glucose residues are removed, leaving a 

GlcMan9GlcNac2 structure, which acts to attract the lectin chaperones calnexin and 

calreticulin [75]. These lectins recruit ERp57, (aka: protein di-sulfide-isomerase A3, 
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PDIA3), and help prevent non-native di-sulfide bond formation and hydrophobic 

aggregation [77, 193]. The terminal glucose molecule is cyclically removed by 

Glucosidase II and re-added by UDP-glucose:glycoprotein glycosyltransferase 

(UGGT1), allowing for rebinding of the lectin chaperones. This process is necessary 

for correct folding of the new protein within the ER and underscores the importance of 

glycosylation even before synthesis is complete. UGGT1 recognizes glycan structures 

on incompletely folded proteins and pushes re-entry to the calnexin checkpoint cycle 

[75, 194].  

As a final quality control mechanism, proteins that fold too slowly and over 

extend their ER residence time may be targeted for degradation by glycan trimming 

mannosidases. Proteins with missing mannose residues are recognized by a protein 

complex on the ER membrane and targeted for ER-associated degradation (ERAD) 

[75, 77]. Within mammalian cells seven separate enzymes remove mannoses, both for 

ERAD and further complex maturation in the Golgi [76]. The first of these, ER Man1, 

removes the terminal mannose residue of the central ‘B’ branch of the glycan structure 

(leading to its common name, Man1B1), forming Man8GlcNAc2. With the removal of 

this mannose residue, the glycan can no longer serve as a binding partner to UGGT1, 

and the new protein proceeds to transit the secretory pathway. 
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Figure 6.11: Simplified schematic of glycans role protein folding. As the nascent protein is being fed 
through the translocon pore into the lumen of the ER the oligosaccharyl transferase (OST) 
simultaneously transfers the glycan core structure from its lipid carrier to the acceptor protein. Trimming 
of the glycan begins immediately, with removal of two glucose residues by a-glucosidase I and a-
glucosidase II. This leaves a Glc1Man9GlcNAc2 structure, which serves as a ligand for the lectins 
calnexin and calreticulin, forming a complex with ERp57. Upon disassociation, the final glucose residue 
is removed, providing room for folding chaperone proteins. Correctly folded proteins are exported to the 
Golgi for further glycan modifications and eventual secretion. Proteins that fail to fold correctly are 
recognized by UDP-Glc:glycoprotein glucosyltransferase (UGGT1) and re-glucosylated. This allows re-
admittance to the calnexin cycle. Proteins that repeatedly fail to fold correctly are subject to disposal by 
mannose trimming, called the ‘mannose timer,’ which allows binding of disposal chaperone lectins, and 
the protein is translocated to the cytosol for degradation by the proteasome. The action of Man1B1 
removes the protein from the folding cycle as Man9 is the required binding substrate for UGGT [30, 75, 
195].  

 

Sequencing ER Man1 and gRNA design 

Thought the CHO genome has been sequenced [182], it remains poorly 

annotated with many large gaps. When we knocked out the MGAT1 gene [132], we 

were fortunate that it was a well characterized, single exon gene, simplifying 

sequencing and gRNA design. The ER Man1 gene was found to be quite different, 

comprising 13 exons spread over 14.5kb, with large sections reported as undefined 
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nucleotides. Without being certain of the gene sequence, we could not design a gRNA 

for use with the CRISPR/Cas 9 gene editing system. Using the better defined mouse 

genome as a template we designed primers to PCR amplify and sequence the second 

exon along with some of the first intron. With Sanger sequencing results from the UC 

Berkeley sequencing center we were able to design five gRNA sequences knock out 

ER Man1 with CRISPR/Cas9 using the same technique as with the MGAT1 knockout 

[132]. 

Knockout results 

With the knockout or ER Man1 being attempted in MGAT1- CHO cells, we 

could not use the GNA lectin stain as a first screen as we had with the MGAT1- cells. 

In this case we sequenced every single cell colony that grew up. When seeded across 

five 96 well plates for each gRNA (twenty five plates total), we saw a much lower 

number of viable colonies than with the MGAT1 cell line development. Only two to 

twelve colonies from each gRNA pool grew enough over three weeks in the 96 well 

plates to pass on to 24 well plates. DNA was extracted from samples of those that did 

grow and the ER Man1 exon two was sequenced to find a knockout. Of 39 clones 

sequenced, six were successfully modified using CRISPR/Cas9, with multi-nucleotide 

deletions or insertions resulting in frame shift mutations that should render the ER 

Man1 protein inactive (Figure 6.12). 
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Figure 6.12: Western blot of cell lysates for ER Man1 and representative gene edit. Left: western 
blot of cell lysates from six clones with sequences that indicate likely knockout of ER Man1 (lanes 1-6) 
and lysate from an unmodified MGAT1- CHO cell line (lane 7). The lysates were separated on a 4-12% 
bis tris gel and probed with a commercial rabbit polyclonal anti-mouse ER Man1. Right: a representative 
image of CRISPR/Cas9 induced change in ER Man1 exon 2 from clone 2.1. The wild type gene is on 
top, with clone 2.1 sequence below, showing five bases removed by non-homologous end join repair. 

 

A sample of 10 million cells from each clone were lysed in 0.5mL of NP-40 

with protease inhibitor present (cOmpleteMini EDTA). The whole cell lysate was 

centrifuged at 13,000rpm and the clarified lysate collected. Thirty micrograms of total 

protein (by BCA) was loaded per lane on a 4-12% Bis-Trios SDS PAGE gel. The gel 

was transferred to a PVDF membrane and probed using a commercial polyclonal rabbit 

antibody directed against ER Man1 (Figure 6.12). The results were, unfortunately, 

inclusive. The expected protein size is 75kD and though this antibody is raised against 

mouse ER Man1, there should be more than adequate homology for detection by a 

polyclonal antibody. There was no discernable difference in bands between the putative 

knockout clones and the wild type. Additionally, there were multiple bands both above 

and below the predicted protein weight. While the gene sequencing gave strong 
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evidence that the protein had been silenced, a difference from Wild type could not be 

determined with the tools at hand.  

When an HIV envelope V1/2/3 scaffold protein was expressed in these six clone 

lines, no difference in size was observed from the same protein expressed in MGAT1- 

CHO cells. If the glycosylation had been limited to Man9, as this knockout of ER Man1 

was intended to do, then we should have seen an increase in size of glycoproteins 

produced compared to the MGAT1- CHO line Man5 covered envelope protein.  

Conclusion 

While the sequencing data suggests that we successfully knocked out the ER 

Man1 gene, we did not see the change in glycosylation patterns that we had hoped for. 

There are several possible explanations for this: 1) the sequencing data is wrong and 

the gene is intact. This is unlikely, that of six clones, there were four separate types of 

alterations, all of which should introduced a frame shift and subsequent premature stop 

codon in the early part of the gene. Unfortunately we were unable to devise either a 

lectin test to differentiate a ER Man1 knockout line (with Man9 glycosylation) from an 

MGAT1- CHO line, or locate a functional antibody probe for the CHO ER Man1. 2) 

The more likely explanation is that redundancy within the glycan processing machinery 

compensated for the absence of ER Man1 and mannose trimming continued apace. 

There are seven different mannosidases in the glycosylation pathway, and though each 

has their preferred substrate, they will remove mannose residues on other positions 

given sufficient time and exposure. As we were digesting these results, continued 

analysis of our MGAT1- CHO showed that thirty percent of the gp120 glycans 

produced on this line were of the Man8-9 variety and capable of binding the glycan 
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dependent bN-mAbs that were the reason behind developing an ER Man1 knockout 

line. This new data, coupled with the fact that protein misfolding would be likely in an 

ER Man1 knockout line (given ER Man1’s role in folding), led us to cryopreserve the 

lines we had made and halt further work on this project for now. 

  



184 

 

Conclusion 

The work presented here demonstrates the application of cell line 

glycoengineering to overcome the challenge of HIV vaccine production. The principle 

requirements were two-fold: A) Establish a cell line that would produce glycoproteins 

with exclusively high-mannose moieties; and B) Increase yields from historic levels of 

tens of milligrams per liter, to a gram or more per liter. 

At the beginning of this project there was no suitable cell line for large scale 

production of glycoproteins incorporating primarily high mannose glycans. Through 

the use of CRISPR/Cas9 precision gene editing, I created a CHO cell line in which the 

MGAT1 gene was inactivated. This knockout cell line limits glycosylation to 

exclusively high mannose forms. Previously attempts to create cell lines incorporating 

high-mannose glycans suffered from poor growth and low productivity and were not 

suitable for biopharmaceutical production. Our new CHO MGAT1 deficient line grows 

at a rate comparable to its parental line and maintains the robust productivity that have 

made CHO cells a staple of the biotech industry. The high mannose glycosylation of 

gp120 proteins produced in this line have also been demonstrated to improve binding 

to bNAbs. 

The application of electroporation transfection and robotic picking of clones 

allowed for the creation of permanent clonal CHO MGAT1- lines producing in excess 

of one gram per liter of gp120. This means that material for future clinical trials may 

be generated in small, fifty liter bioreactors instead of the two thousand liter or ten 
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thousand liter reactors used in the past. The automation of the process through robotics 

also means that a permanent line can be established in three to four months, down from 

twelve months to a year.  

Together, these advances mean that HIV vaccine antigens can now be produced 

for clinical trials more rapidly, at significantly lower cost barrier, and they will have 

glycosylation that mirrors that found on circulating HIV viral envelope proteins.  
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Appendix 

MGAT1 CHO-S Cell Line Contamination Assay Process and 

Results 

Technical description and results of assays provided by IDEXX BioResearch, written 

by IDEXX, minor editing by Gabriel Byrne 

IDEXX BioResearch Biological Material PCR Testing Capabilities Overview and 

Quality Assurance  

Experience 

IDEXX BioResearch has over 40 years of experience in providing diagnostic 

services with expertise in molecular diagnostics polymerase chain reaction (PCR) 

services including biological materials testing, cell line authentication genetic testing, 

and microbiological services which form the cornerstone of our biologic materials 

testing. In addition to these services, serology, clinical pathology, and anatomic 

pathology services are provided for animal health monitoring. IDEXX BioResearch 

currently serves over 4000 clients worldwide including universities, research institutes, 

pharmaceutical companies, rodent producers, biotechnology companies, and the 

federal government.  
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General methodology 

IDEXX BioResearch uses real-time PCR assays to detect an extensive list of 

viral, bacterial and fungal contamination of biological materials. The assay is designed 

and validated to have ≤ 10 copy sensitivity per PCR reaction to the agents in Table A.1.  

Quality assurance 

IDEXX BioResearch uses strict quality control and quality assurance measures, 

in accordance with good laboratory practices, to ensure exceptional performance of all 

testing procedures. Quality control practices include: Experience, training, redundancy, 

and use of proper equipment and conditions.  

Experience 

The molecular diagnostic laboratory at IDEXX BioResearch has over a decade 

of experience in biological material testing, and more than 40 years of experience 

designing and validating assays to detect an extensive list of agents.   

Real-time PCR assay validation 

All Real-Time PCR assays are put through an extensive validation process. 

Assays are designed utilizing all genome sequences deposited in GenBank or from 

sequence information generated in-house for organisms with limited or no genome 

sequences available from public databases. Assays are designed to be specific for the 

intended target by choosing genes and genome regions unique to the intended target. 

In addition, to ensure robust assay sensitivity, the most conserved genome regions of 

the intended target are chosen such that the primer and probe binding regions are areas 

less likely to be altered by potential genetic variation among field strains of the intended 
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organism. Assays must pass analytical validation when tested in triplicate against 

dilutions of 1) a known positive control and 2) a known positive clinical case sample 

with the following criteria being met and reproduced on different run days: 

amplification efficiency of 95-105%, linearity over 5 points, calculated coefficient of 

variation (CV) of crossing points (Cp) equal to or smaller than 3%, CV calculated with 

absolute values equal to or smaller than 20%, r2 value equal to or larger than 0.993, 

signal to noise ratio of fluorescent signal: ≥10 and analytical sensitivity of 10 molecules 

or less per PCR reaction. Assays must pass clinical validation with the assay being 

tested against clinical samples characterized as positive or negative by another 

acceptable method. These methods will vary depending on diagnostic methodologies 

available for the organism of interest and include IDEXX BioResearch conventional 

PCR assays, sequence analysis, microbiologic methods (i.e., Vitek, MALDI-TOF), 

microscopic examination or ATCC deposited isolates. Sequence analysis is performed 

on select positive samples to confirm amplification of the intended target. The assay 

passes the validation phase if it is proven to be sensitive and specific for the intended 

target(s).   

PCR reaction setup 

Two separate dedicated rooms are used for PCR reaction set up. The first is the 

“Clean Room” which is an isolated room maintained under positive air pressure where 

PCR reagents (enzymes mixes, buffers, primers and probes) are stored and has three 

dedicated hoods where PCR master mixes are added to reaction plates. Test sample 

nucleic acids and positive controls are never allowed into this room, preventing any 
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exposure of these reagents to potential contaminating nucleic acids. The second room 

is the “Real-Time PCR Room” that has dedicated hoods for performing reverse 

transcription (RT) reactions to convert RNA into cDNA (hence forth referred to as 

DNA) and adding test sample DNA to PCR reaction plates. The “Real-Time PCR 

Room” also contains three networked real-time PCR machines that thermocycle 384 

well PCR plates.   

The PCR reaction master mixes and appropriate control reaction master mixes 

(PCR primers, TaqMan probe, Hot Start polymerase, buffers and water) are assembled 

in the “Clean Room” under sterile conditions in a dedicated hood. Like PCR assays and 

appropriate controls are grouped together on the test plate for efficient set up. Each 

real-time PCR reaction is performed individually in a 384 well plate. Once all PCR 

master mixes have been added, the plates are sealed and transported to the “Real-Time 

PCR Room”. Here, under a dedicated hood, test sample template DNA is added to the 

appropriate wells of the 384 well plate. In addition to each sample being tested for the 

agent(s) of interest, it is also tested by another PCR assay (extraction control) to make 

sure the sample contains amplifiable nucleic acids and does not contain PCR inhibitors. 

All handling of DNA is done in dedicated hoods under sterile conditions using filter 

barrier aerosol resistant tips. Hoods and work surfaces are decontaminated after each 

use. For RNA agents, RNA is reverse transcribed to cDNA under sterile conditions in 

a dedicated hood in the “Real-Time PCR Room” prior to addition to the real-time PCR 

reaction plate. In addition to the individual sample extraction control mentioned above, 

positive and negative control reactions are performed for each test assay to ensure assay 
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performance. After the addition of all template DNA, the PCR plates are sealed, 

centrifuged and placed in a thermocycler.  

Thermocycling and target detection 

The laboratory is equipped with 4 networked real-time thermocyclers that can 

perform 384 PCR reactions per hour. Data from all PCR runs are saved on the 

thermocyclers and on a secure networked server that is backed up daily. After rapid 

thermocycling, the data from the PCR reactions are interpreted. If the test sample 

contains DNA for the specific pathogen of interest, the PCR primers will bind and 

generate a PCR amplicon the length (in nucleotide bases) of the distance between the 

two primers. In addition, during the generation of the specific PCR product, the real-

time PCR probe (which is also specific for the agent of interest) is hydrolyzed, releasing 

a fluorescent signal that is measured after each cycle of the PCR reaction. Positive 

reactions generate a sigmoidal fluorescent curve and negative reactions produce no 

curve; collectively these signals are referred to as amplification plots. The PCR cycle 

number at which a positive signal rises above baseline is called the crossing point or 

Cp value. Samples with larger amounts of target DNA present produce a florescent 

signal after fewer PCR cycles (i.e., have a lower Cp value) than samples that contain 

lower amounts of target DNA (i.e., have a higher Cp value).   

PCR data interpretation 

The thermocycler software makes a determination on each reaction as being 

positive or negative, but occasionally it can make the wrong determination. Thus, the 

amplification plot of each test and control reaction is reviewed by two separate 
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individuals: 1) the technician performing the PCR does the primary review of the data 

and 2) a select group of senior PCR technicians, the PCR laboratory supervisor or the 

PCR laboratory director performs the secondary review of the data. For the given test 

being run, the positive control must be positive, and the negative control must be 

negative. If these criteria are not met the test is considered a “no test” and the testing is 

repeated. For each test sample, the extraction control must show that there is 

amplifiable DNA in the test sample. If this criteria in not met, DNA or RNA is re-

extracted from remaining original material and the PCR testing is repeated. If all of the 

quality control criteria are met, then the individual sample reactions are evaluated for 

positive or negative status. Any sample generating a positive signal is noted and 

retested to confirm the positive result. In the retesting of positive samples, if the 

secondary testing confirms the positive result then the sample is turned out as positive. 

If the secondary testing does not confirm the original result, then the extracted nucleic 

acid is subjected to additional repeat testing or nucleic acid is re- extracted from 

remaining original sample material and repeat testing is performed until a clear 

disposition of the sample as positive or negative can be made. Any sample producing 

no signal is interpreted as a negative test result.  

PCR quality control and assurance 

The exquisite sensitivity of PCR requires extensive quality control measures to 

prevent cross-contamination between samples. A number of general procedures are in 

place to address this issue. First, IDEXX BioResearch has dedicated laboratories for 

each of the following PCR activities: sample preparation, nucleic acid extraction, PCR 

master mix and plate setup and template addition. There is also a dedicated area for 
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post-PCR analysis when conventional PCR’s are run, or sequence analysis is performed 

and a dedicated room under negative air pressure for maintaining concentrated positive 

controls. Moreover, the room where PCR master mix and plate setup occur houses all 

primers, probes and reagents for the PCR reactions and is under positive pressure; 

sample template never enters this room. Each of these laboratories has dedicated 

equipment that remains in these areas including technician lab coats. To avoid 

contamination of PCR reactions with previously amplified nucleic acids, dUTP and 

uracil N-glycosylase (UNG) are used in real-time PCR master mixes rendering 

previously DNA amplified non-amplifiable. Technicians wear disposable gloves that 

are changed frequently and are disposed of and replaced with new gloves when moving 

between the different laboratory areas. All samples are handled under sterile conditions 

throughout sample preparation, nucleic acid purification and PCR setup. This includes 

the use of sterile reagents, sample tubes, sample prep trays, scalpel blades and filter-

barrier pipette tips. In addition, when samples are being prepared before nucleic acid 

extraction, only one sample is prepared at a time. Sample holding trays are 

decontaminated by UV irradiation after each use and individual sterile disposable pads 

are placed over the work surface while samples are prepared before nucleic acid 

extraction. All hoods are decontaminated by UV irradiation and bleach after each use 

and other laboratory work surfaces are decontaminated with bleach after each use. The 

use of robotics during nucleic acid extraction also reduces the chance of cross- 

contamination. To reduce any chance of environmental contamination contributing to 

a false positive PCR result, the real-time PCR laboratory is monitored weekly for 

environmental contamination of amplifiable nucleic acid for each of the assays run in 
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the laboratory. Areas that are found to contain amplifiable DNA are decontaminated 

and then retested until the area tests negative.   

PCR controls 

Multiple controls are used when performing the PCR reactions. For each sample 

tested, in addition to the requested assays, an additional PCR is set up to ensure that the 

test sample contains amplifiable DNA or cDNA for the respective sample type. This 

ensures that nucleic acid extraction was successful, there is no inhibition of the PCR 

reaction, the reverse transcriptase step (if performed) was successful and PCR setup 

was performed correctly. Each run of a specific PCR assay includes a positive control 

with a low number of template copies providing a robust control of assay performance 

and a reaction that contains no template DNA or cDNA to ensure the PCR reagents are 

not contaminated with any template nucleic acids. Each lot of PCR reagents is tested 

for performance against low copy number positive controls to ensure that new reagent 

lots maintain established assay sensitivity. This is accomplished by measuring the 

crossing point (Cp) values of each of the real-time PCR assays. The real-time 

thermocyclers give error codes if the thermocycling parameters on any run fall outside 

of factory set specifications. All pipettes used in the laboratory are routinely calibrated. 

Freezers used to store PCR reagents, samples and extracted nucleic acid are equipped 

with temperature probes that are connected to the Rees Centron Environmental 

Monitoring System. This system is designed to meet AABB, AAALAC, FDA, GxP, 

GAMP, USDA and USP regulatory requirements by constantly monitoring critical 

equipment, and provides centralized data collection, automatic reporting and around-

the-clock alarm notification should the environment fall outside of compliance.  
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Confirmation of PCR results 

Because of the exquisitely high sensitivity of PCR assays, there is the potential 

for cross- contamination of samples and the generation of a false positive test result. 

The laboratory has developed a comprehensive set of practices described above to 

minimize the potential for false positive test results. To further reduce false positive 

test results, all positive PCR tests are re-tested by performing a second PCR with the 

same or alternate PCR primers and probe. False negative results can occur for several 

reasons. The most common reason for false negative reactions is failure to eliminate 

substances that are inhibitory to the PCR reaction from the purified nucleic acids. After 

extensive efforts and validation, IDEXX BioResearch has developed protocols for 

isolation of nucleic acids from an array of sample types, including tissues and feces 

that yield sensitive PCR and RT-PCR reactions and allow detection of microorganisms 

present at very low abundance (≤10 organisms). False negative reactions can also occur 

due to improper sample or reagent storage during shipping or while in the laboratory. 

The extraction controls mentioned above are used to ensure amplifiable nucleic acids 

that lack inhibitory substances are present in the test samples. All samples received are 

checked for integrity (i.e., labeling, container damage, leakage, arriving thawed, etc.). 

Our quality checks on reagents minimize the chance of obtaining faulty reagents from 

the manufacturer; sample and reagent storage temperatures are monitored in real-time 

using the Rees Centron Environmental Monitoring System as described above and 

sample handling procedures in the laboratory are designed to preserve samples and 

reagents. The use of low copy positive controls with every run of a specific PCR assay 

provides a sensitive indicator of proper assay performance. The real-time PCR gives 
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an objective output [crossing point (Cp) value] of these positive controls allowing for 

sensitive day-to-day monitoring of assay performance.  

Additional procedures relevant to real-time testing 

Nucleic acid purification 

The laboratory has protocols to process and extract DNA and RNA from a 

variety of samples including, but not limited to solid tissues, feces, blood, serum, 

ascites, swabs (of the animal or environment), Matrigel, cultured cells, blood, formalin-

fixed paraffin embedded tissue and cultured bacteria. Two nucleic acid extraction 

robots that utilize a silica-coated magnetic bead technology are used for most DNA and 

RNA purifications. These dedicated robots are specifically able to efficiently isolate 

high quality, inhibitor-free nucleic acids while maintaining sample integrity and 

preventing cross-contamination of samples. If needed, the laboratory is also equipped 

to purify DNA and RNA manually using spin column technology which we routinely 

use when extracting nucleic acids from formalin fixed paraffin embedded tissue.  

PCR data reporting 

After each test is completed and has passed review by two separate individuals, 

the PCR technicians record the testing results in the case file. In addition, the bar code 

specific test data are electronically uploaded into the IDEXX BioResearch LIMS and 

become associated with the correct case/test sample. When all of the required tests for 

the case are completed and reviewed, a preliminary report is generated. This case file 

along with the newly generated report and the original PCR data are critically reviewed 

by a senior technician, the IDEXX BioResearch PCR laboratory supervisor, Dr. 
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Mariana Morales-Quinones, or Dr. Robert Livingston to ensure that the data has been 

interpreted correctly and that all of the data from the original submitted paperwork is 

accurately reflected in the report. Approved case results are made immediately 

available to the designated institutional personnel.  

PCR sample retention and storage 

All extracted nucleic acids and unused original sample material are frozen and 

are retained for at least six months or one month, respectively. These samples are 

available for additional testing. 

PCR deviation investigation process 

Given that positive and negative controls are run with all PCR assays, it is clear 

when the tests do not perform as expected. Depending on the nature of the test failure 

different courses of action are taken:  

Should all PCR assays perform outside of normal testing parameters then 

reagents and equipment common to all tests are investigated as the root cause (e.g. 

extraction robots and chemistries, thermocyclers and PCR enzyme master-mix 

reagents). Given that we have redundancies in the lab including at least two of every 

machine (thermocyclers and extraction robots), machine malfunctions are easily 

identified. In addition, we maintain working stocks and back-up stocks of all reagents, 

so reagent problems can be easily investigated and identified. ii. As the PCR reagents 

are checked for quality upon receipt and all tests, including appropriate controls with 

each run, are performed on a daily basis, testing deviations are rare. However, when 

individual assay controls do not perform as expected, the first course of action is to 
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repeat the PCR test which usually resolves the issue. In instances when this does not 

fix the problem, fresh back-up aliquots of primers and probes are used to run the assays 

which nearly always resolve the issue. In the course of supervising the PCR laboratory 

for over 13 years, we have always been able to identify and expediently resolve test 

deviation issues.  

Table A.1: IDEXX cell species confirmation assay results. 

Species GB MGAT1 (3.4F10) SMO UCSC1331 MGAT1 
Mouse - - 
Rat - - 
Human - - 
Chinese hamster + + 
African green monkey - - 

The CHO cell lines ‘GB MGAT1’ and ‘SMO UCSC1331 MGAT1’ were tested for species 
contamination by IDEXX BioResearch (Columbia, MO) by PCR. 

 

Table A.2: DEXX pathogen screen assay. 

Pathogen GB MGAT1 (3.4F10) SMO UCSC1331 MGAT1 
EBV  - - 
HAdV  - - 
HCMV  - - 
Hepatitis A  - - 
Hepatitis B  - - 
Hepatitis C  - - 
HHV 6  - - 
HHV 8  - - 
HIV1  - - 
HIV2  - - 
HPV16  - - 
HPV18  - - 
HSV 1  - - 
HSV 2  - - 
HTLV 1  - - 
HTLV 2  - - 
VZV - - 
Ectromelia  - - 
EDIM  - - 
Hantaan  - - 
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K virus  - - 
LCMV - - 
LDEV  - - 
MAV1  - - 
MAV2  - - 
mCMV  - - 
MHV  - - 
MNV  - - 
MTV  - - 
Mycoplasma pulmonis  - - 
Mycoplasma sp.  - - 
MVM - - - - 
MPV - - 
KRV  - - 
RMV  - - 
RPV  - - 
H1  - - 
Polyoma  - - 
PVM  - - 
rCMV  - - 
RCV/SDAV  - - 
REO3  - - 
Sendai  - - 
Seoul  - - 
Sin Nombre  - - 
Treponema pallidum  - - 
RTV  - - 
TMEV - - 

The CHO cell lines ‘GB MGAT1’ and ‘SMO UCSC1331 MGAT1’ were tested for pathogen 
contamination via PCR amplification. + = Positive - = Negative 
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