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Abstract

Recent studies suggest that single genome amplification (SGA) as compared to standard bulk PCR 

and virus stocks from 293T transfection versus short term passage in peripheral blood 

mononuclear cells (PBMC) yield a less biased representation of HIV-1 envelope characteristics. In 

9 different subjects, genetic diversity, divergence, and population structure was not significantly 

different among SGA or bulk PCR amplified envelope V1–V3 segments. In these subjects, 293T 

transfection derived virus stocks with SGA or bulk PCR amplified envelopes had similar 

infectivity, replication kinetics, co-receptor usage, and neutralization susceptibility. While PBMC 

passage as compared to the 293T derived virus stocks had similar co-receptor usage, PBMC 

viruses were less neutralization susceptible to some specific antibodies. Our results suggest that 

the method of envelope sequence amplification, either SGA or bulk PCR, does not have a 

significant impact on the genotypic and phenotypic properties of the virus envelope quasispecies.
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1. INTRODUCTION

Genotypic and phenotypic properties of the human immunodeficiency virus type 1 (HIV-1) 

envelope glycoprotein have important implications for understanding disease pathogenesis 

and developing prevention strategies. Interrogation of the HIV-1 envelope properties, 

however, is complicated because an infected subject often harbors a large number of 

different HIV-1 envelopes, termed quasispecies (Coffin, 1995; Gaschen et al., 2002). An 
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amplification reaction starting with multiple templates can be used to sample the diverse 

envelopes present within the virus quasispecies. In addition, combining the product from 

multiple independent PCRs can be used to overcome resampling bias (Liu et al., 1996). This 

bulk PCR amplification strategy, however, has been supplanted in more recent studies with 

single genome amplification (SGA) or limiting dilution PCR (Keele et al., 2008; Sagar et al., 

2004; Salazar-Gonzalez et al., 2008). As named, SGA starts with a presumed single 

template; this strategy avoids polymerase induced recombination artifacts observed in PCRs 

with multiple genomes as the starting template. In comparison to bulk PCR, however, SGA 

is both labor intensive and expensive. In addition, a large number of independent SGAs are 

required to achieve the same sampling depth as that from multiple independent bulk PCRs. 

Previous studies that compared the SGA and bulk PCR methodology found no significant 

differences in the amplified sequence genotypic characteristics (Buzon et al., 2014; Jordan et 

al., 2010). These comparisons, however, have been in relatively short or genetically constant 

regions which may limit detection of differences among SGA versus bulk PCR amplified 

sequences. Furthermore, no study has compared phenotypic differences among envelope 

products generated either through SGA or bulk PCR. Thus, it remains unclear if envelope 

sequences generated from either SGA or bulk PCR will yield similar genotypic and 

phenotypic characteristics.

Once envelopes are amplified, they are routinely incorporated into a heterologous HIV-1 

backbone to examine their phenotypic properties within a viral context. Viruses with the 

envelopes of interest are often generated from transfections or peripheral blood mononuclear 

cell (PBMC) passages. While transfection derived virus stocks are relatively easy to 

generate, they yield viruses that have non-physiologic envelope content and different types 

of glycosylation commonly observed in patient derived virions (Binley et al., 2010; Nawaz 

et al., 2011; Raska et al., 2010). On the other hand, while PBMC derived viruses are more 

physiologically relevant, passaging viruses in PBMCs may favor the replication of specific 

variants, which changes the proportion and affects the virus quasispecies phenotype 

(Voronin et al., 2007). Thus, it is possible that transfection and PBMC passaged virus stocks 

have differences in the phenotype of interest.

In this study, we compared both genotypic and phenotypic characteristics among envelope 

products isolated from 9 subjects that were amplified using both SGA and bulk PCR. We 

also examined the effect of short term PBMC passage of 293T derived virus stocks on co-

receptor usage and neutralization profile.

2. MATERIAL AND METHODS

2.1 Study subjects

Envelopes were isolated from 9 different HIV-1 infected subjects. Three subjects were from 

the AIDS Linked to the IntraVenous Experience (ALIVE) cohort, which follows HIV-1 

uninfected and HIV-1 infected injection drug users in Baltimore, Maryland through 

semiannual visits (Etemad et al., 2014; Vlahov et al., 1998). Samples from these 3 subjects 

were obtained prior to HIV-1 seroconversion. The remaining 6 samples were from subjects 

with known HIV-1 seropositivity with infection of undetermined duration. All subjects were 
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not on antiretroviral therapy. The study was deemed as not human subject research by the 

Boston University human subjects review board.

2.2 Envelope amplification and virus stocks

HIV-1 RNA was isolated from 100 ul of the sample, and RNA was reverse transcribed to 

generate cDNA using previously described primers and conditions (Salazar-Gonzalez et al., 

2008). Both bulk PCR and SGA used the same primers and amplification conditions as 

previously described (Salazar-Gonzalez et al., 2008). Bulk PCRs were done with a minimum 

of 1 ul of cDNA as the starting template. For the SGAs, cDNA was diluted to ensure that a 

maximum of 30 from a total of 96 independent PCRs yielded a positive reaction. Sequence 

of the SGA amplicons was examined directly after ExoSap IT (Affymetrix) treatment. Bulk 

PCRs were cloned as detailed below and sequences from individual clones were picked for 

sequence examination. All SGA and 4 independent bulk PCRs were combined to generate a 

SGA and bulk PCR amplified envelope library respectively. SGA and bulk PCR envelope 

pools were inserted into linearized pCMV-NL4-3-PBS→LTRΔGp160 plasmid using yeast 

gap-repair homologous recombination as previously described (Chatziandreou et al., 2012; 

Dudley et al., 2009). Clone pools were transfected into HEK293T cells to yield 293T 

transfection virus stocks. The 293T virus stock from bulk envelope pools was passaged in 

PBMC for 4 days to generate PBMC virus stock. The number of infectious particles (IP) 

was estimated on TZM-bl cells as previously described (Kimpton and Emerman, 1992; 

Sagar et al., 2006). The p24gag content was estimated using commercially available ELISA 

kit (Perkin Elmer). V1–V3 SGA and bulk derived sequences were used to construct a 

maximum likelihood phylogenetic (ML) tree. For each subject, ML phylogenies were 

generated using Paup with parameters from FindModel best fit evolutionary model as 

described previously (Sagar et al., 2009). The ML trees were used to estimate a MRCA. 

Within each subject, SGA and bulk PCR sequences were grouped, and the average of 

pairwise distances was used to estimate genetic diversity within a group. Group sequence 

divergence was estimated as the average distance from the MRCA to a node. Within each 

subject, population structure among SGA and bulk sequences was examined using a web 

based non-parametric panmixia test http://wwwabi.snv.jussieu.fr/~achaz/hudsontest.html 

(Achaz et al., 2004). This test compares intra-group average pairwise genetic distances 

among user specified groups or among sequences randomly allocated to 2 different groups. 

For each subject, sequences were randomly allocated to different groups 10,000 different 

times to generate a probability that the observed as compared to the random population 

structure was significantly different.

2.3 Replication kinetics

PBMCs were isolated from HIV-1 negative blood donation volunteer’s buffy coats using 

Ficoll Hypaque density centrifugation. Primary human CD4+ T cells were positively 

isolated from the PBMCs using antibody conjugated magnetic beads (Stem Cell 

Technologies) according to manufacturer’s instructions. CD4+ T cells were activated with 

2% phytohaemagglutinin (PHA) and 20 U/ml recombinant human IL-2 (r-IL-2) for 2 days. 

CD4+ T cells from 3 different blood donation volunteers were combined to assess 

replication kinetics. Around 2×106 CD4+ T cells were exposed to 1,000 infectious particles 

in the presence of 20 ug/ml diethylaminoethyl (DEAE) Dextran. After two hours, cultures 
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were washed a minimum of three times to remove unbound virus. Infectious virus 

concentration was estimated by infecting 1 × 104 TZM-bl cells with 4 to 8 serial two-fold 

dilutions of supernatant culture starting at 50 ul (Etemad et al., 2014; Pena-Cruz et al., 

2013). All infections were done in triplicate in a 96 well format. Two days post-infection, 

TZM-bls were examined for beta-galactosidase production using Galacto-Light Plus System 

(Applied Biosystems). Virus stock dilutions in the non-linear range of the TZM-bl assay 

were discarded. A linear interpolated curve of the relative light units (RLUs) versus 

supernatant dilution was used to estimate RLU/ul. The AUC was generated from the plot of 

RLU/ul versus days post infection (Pena-Cruz et al., 2013). Replication kinetics and 

infectivity but not the genotypic characteristics or other phenotypic properties have been 

described for 6 of 9 subjects in our previous work (Etemad et al., 2014).

2.4 Co-receptor usage

Co-receptor usage was determined on TZM-bl cells in the presence or absence of CCR5 

inhibitor, TAK779, or CXCR4 antagonist, AMD3100. Each virus infection was done in 

triplicate in a 96 well format under 4 different conditions: 1) without any inhibitor; 2) with 

800nM TAK779; 3) with 800nM AMD3100, 3) and with both TAK779 and AMD3100 at 

800nM. Two days after virus exposure, RLU values from each well were log transformed. 

As a first test, a virus was deemed as both infectious and using no other co-receptor, other 

than CCR5 or CXCR4, if the RLUs in the presence of no inhibitor as compared to the wells 

with both inhibitors was greater than 0.4 log10 and significantly different (p < 0.05, t-test). 

No subsequent tests were done if a virus failed this first test. A virus was deemed as 

exclusively CCR5 tropic if the RLU in the presence of no inhibitor as compared to the wells 

with TAK779 was greater than 0.4 log10 and significantly different (p < 0.05, t-test). A virus 

was deemed as exclusively CXCR4 tropic if the RLU in the presence of no inhibitor as 

compared to the wells with AMD3100 was greater than 0.4 log10 and significantly different 

(p < 0.05, t-test). A virus stock was deemed dual-mixed if it had a positive result in both the 

CCR5 and CXCR4 usage tests. In every assay, reference viruses with known co-receptor 

usage, such as NL4-3, YU-2, and 89.6, were used as controls.

2.5 Neutralization sensitivity

TZM-bl, TAK779, AMD3100, and HIV-1 IgG were obtained through Research and 

Reference Reagent Program, Division of AIDS, NIAID, NIH (Bjorndal et al., 1997; Wang et 

al., 1999; Wei et al., 2002). VRC01, PGT121, and 10E8 antibodies were generated by the 

transfection of 293F cells with immunoglobulin heavy and light chain plasmids containing 

the appropriate variable loop domains as described previously (Huang et al., 2012; Sagar et 

al., 2012; Walker et al., 2011; Wu et al., 2010). Infection of TZM-bl cells in the absence and 

presence of two-fold serial dilution of the antibody was used to estimate the 50% inhibitory 

concentration (IC50) as previously described (Etemad et al., 2009). All reported IC50s are 

mean estimates from a minimum of 2 independent assays.

2.6 Statistical analysis

Estimations from SGA and bulk PCR methods were compared using Bland Altman plots 

and by analyzing summary statistics of their differences. Different estimates were also 

compared using Spearman correlation coefficients. The neutralization IC50s from 293T virus 
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stocks with either SGA or bulk PCR, and PBMC passaged virus were compared among each 

other using the matched pairs Wilcoxon rank sum test. All p-values were based on a two-

sided test.

3. RESULTS

3.1 Subjects

We chose 9 convenience samples to examine if envelope amplification using either SGA or 

bulk PCR influenced its genotypic and phenotypic properties. Three of the 9 samples were 

collected prior to HIV-1 seroconversion, and the remaining 6 samples were from subjects 

known to be HIV-1 seropositive with infection of unknown duration. No subject was on 

antiretroviral therapy. As expected the virus levels in the individuals sampled prior to 

seroconversion (median HIV-1 copies per ml 1,031,929, range 499,713 – 1,289,549) was 

significantly higher compared to those that were known seropositive (median HIV-1 copies 

per ml 227,198, range 126,346 – 416,487, p = 0.02) (Table 1).

3.2 Genotypic characteristics

For each sample, full-length envelopes were amplified using both bulk PCR or SGA with 

the same primer set and cycling conditions (Salazar-Gonzalez et al., 2008). To examine 

genotypic differences among bulk PCR versus SGA envelopes, we compared the most 

diverse portion of the HIV-1 envelope, namely the variable loop 1 to variable loop 3 

segment (V1 – V3) (Gaschen et al., 2002). A median of 12 (range 8 – 17) SGA and a 

median of 12 (range 11 – 20) bulk amplified envelope V1–V3 segments were sequenced 

from each sample (Table 1). Phylogenetic analysis revealed that each individual’s bulk and 

SGA envelope V1–V3 sequences clustered together (Fig. 1). This suggests that there was no 

evidence of contamination or super-infection in this small envelope segment at this 

relatively limited level of sampling. The phylogenetic analysis further revealed that although 

SGA and bulk PCR cloning often yielded different unique envelope V1–V3 variants, 

sequences acquired for both methodologies were intermingled. A panmixia test was used to 

detect differences among SGA and bulk PCR population structure (Achaz et al., 2004; 

Hudson, Boos, and Kaplan, 1992). Panmixia probability (P) of 1 denotes identical 

populations while a value less than 1 indicates different populations (Table 1). Four of the 9 

subjects (D, E, F, and G) had relatively low P values which are potentially driven by a 

cluster of sequences selectively found with the bulk PCR methodology (Fig.1). Values for P 

below or at 0.003 has previously been deemed as significant population structure difference 

because it accounts for sampling error and multiple nucleotide comparisons (Achaz et al., 

2004). Thus, 7 of the 9 subjects had no significant population structure difference among 

SGA versus bulk PCR sequences. Importantly, Bland Altman plots revealed that the 

difference in estimated genetic diversity (mean 0.00013, range −0.0052 – 0.0078, standard 

deviation (SD) 0.0046) and divergence (mean −0.00099, range −0.014 – 0.0068, SD 0.0057) 

between SGA versus bulk amplified V1–V3 sequences did not appear substantially 

different, and overall, differences were very small relative to the standard deviation of the 

differences (Table 1) (Fig. 2). Furthermore, SGA and bulk PCR estimations of genetic 

diversity (ρ = 0.96) and divergence (ρ = 0.93) were highly correlated among the different 

subjects. The phylogenetic tree also showed that samples A33, C, E, F, and H potentially 
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harbored recombinant V1–V3 sequences (Fig. 1). Because these potential recombinant 

sequences were observed with both the SGA and bulk PCR strategy, it is difficult to know 

whether any or all of these variants are present in the sample or represent a PCR artifact. In 

aggregate, our results suggest that by sampling a median of 12 sequences, bulk PCR cloning 

yields similar gross envelope genotypic characteristics as that obtained by examining a 

median of 12 SGA variants.

3.3 Infectivity and replication kinetics of SGA versus bulk PCR envelope virus stocks

Because bulk PCR cloning as compared to SGA showed envelope variants in different 

proportions although the population structure was the same in the majority of subjects, we 

wished to investigate if envelopes generated using these 2 different methods yielded viruses 

with different phenotypic characteristics. For each sample, we generated independent virus 

stocks incorporating envelopes amplified using either SGA or bulk PCR. A median of 18 

(range 9 – 32) different SGA full-length envelope amplicons were combined and 4 

independent bulk PCRs were pooled to generate HIV-1 recombinant clones (Table 2). All 

SGA derived clones and a median of 106 (range 13 – 258) clones generated from bulk PCR 

pools were combined to make virus stocks. Virus stocks were generated by transfecting 

293T cells with either SGA or bulk PCR envelope recombinant clone pools.

Infectivity and replication kinetic differences among virus stocks incorporating either SGA 

or bulk PCR envelopes in 3 further subjects (C, D, and H) was combined with previously 

published data on 6 individuals (Etemad et al., 2014). Infectivity was defined as the pg 

p24gag content per ul relative to infectious particles (IP) per ul. SGA versus bulk PCR 

envelope 293T derived virus stock infectivity difference was not significantly different from 

0 (mean 0.0022, range −0.070 – 0.10, SD 0.047) (Table 2) (Fig. 3A). SGA and bulk PCR 

infectivity, however, failed to show a strong correlation (ρ= 0.18). Discarding infectivity 

data from 1 outlier subject (E), however, showed that the infectivity in the remaining 

subjects was more strongly correlated (ρ= 0.46).

Replication kinetics was examined by measuring infectious virus in the culture supernatant 

of CD4+ T cells at multiple times after virus exposure. For these assays, the target cells 

consisted of CD4+ T cells combined from three different blood donation volunteers to 

alleviate concerns about host variability. We found that envelopes conferring high 

replication replicated well and envelopes that led to low replication replicated less well 

regardless of whether the virus stock contained SGA or bulk PCR amplified envelopes 

(Table 2) (Fig. 3C). To quantify differences among SGA versus bulk PCR amplified 

envelopes, we estimated the area under the replication curve (AUC). SGA versus bulk PCR 

envelope 293T derived virus stock replication AUC difference was not significantly 

different from 0 (mean −8,399, range −56,500 – 47,630, SD 34,044) (Fig. 3B). In addition, 

AUC from viruses with bulk amplified envelopes was highly correlated (p = 0.01) to the 

AUC obtained from HIV-1 with SGA derived envelopes (ρ= 0.68). Thus, the method used to 

amplify the HIV-1 envelopes does not have significant impact on the replication kinetics of 

the subsequent virus stock.
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3.4 Co-receptor usage

To enhance virus titers and generate more physiologically relevant viruses, 293T derived 

viruses are often passaged in PBMC cultures. Because virus passage can select for specific 

virus strains, it is possible this methodology may change virus phenotype (Voronin et al., 

2007). To examine this possibility, we passaged 293T virus stocks containing bulk amplified 

envelopes in PBMC cultures for a maximum of 7 days. We compared the phenotype of 

293T virus stocks with SGA or bulk PCR amplified envelopes and PBMC derived viruses. 

First, we examined co-receptor usage. One subject’s, C, 293T and PBMC derived viruses 

was classified as dual-mixed (DM) because it demonstrated the ability to infect target cells 

using either CCR5 or CXCR4 (Table 2). On the other hand, virus stocks from all the other 

remaining subjects were not able to infect cells in the absence of CCR5, and thus they were 

classified as CCR5 tropic only (R5). Importantly, in all subjects, the 293T virus stocks 

incorporating either SGA or bulk amplified envelopes and the PBMC viruses demonstrated 

the same co-receptor phenotype. Thus, the method of envelope amplification, either SGA or 

bulk PCR, and virus stock generation, either 293T transfection or PBMC passage, did not 

alter the co-receptor tropism of the envelope quasispecies.

3.5 Neutralization sensitivity

We further compared the neutralization sensitivity of 293T virus stocks containing either 

SGA or bulk PCR amplified envelopes and PBMC passaged viruses. Neutralization 

sensitivity was examined against broadly neutralizing antibodies (bnAbs) that target the 

CD4 binding site, VRC01, the envelope V3 loop, PGT121, and the trans-membrane 

proximal external region (MPER), 10E8 (Huang et al., 2012; Walker et al., 2011; Wu et al., 

2010) and polyclonal HIV IgG. Neutralization profiles were used to cluster the different 

virus stocks (Fig. 4) (Table 3). In all 9 different subjects, the 293T virus stocks with either 

SGA or bulk PCR derived envelopes clustered together based on their neutralization profile. 

The IC50s for the 293T derived virus stocks with either SGA or bulk PCR envelopes were 

highly correlated both when IC50s values that exceeded the maximum tested antibody 

concentration was set as 5 (ρ = 0.90) or when this data was censored (ρ = 0.63).

In all subjects except 2 (A33 and A41), the PBMC virus stocks did not cluster with their 

respective 293T generated viruses (Fig. 4). The PBMC virus stocks failed to cluster with 

their corresponding 293T derived viruses because in general they exhibited less 

neutralization susceptibility. For instance, all PBMC virus stocks were not neutralized at the 

highest tested concentration of 10E8 (5 ug/ml) and HIV IgG (500 ug/ml). PBMC virus 

stocks were significantly more neutralization resistant compared to the corresponding 293T 

virus with either bulk PCR (p = 0.0006) or SGA envelopes (p = 0.0008) when the IC50s 

values above the maximum tested antibody concentration was set as 5. If IC50s beyond the 

maximum threshold were censored in the analysis, the IC50s for the 293T virus stocks with 

bulk PCR envelopes were significantly correlated to the corresponding PBMC viruses (n = 

10, ρ = 0.92) (Fig. 5). This suggests that, in general, PBMC passage increases neutralization 

resistance in an antibody dependent manner. In specific virus antibody combinations, 

however, PBMC passage as compared to 293T transfection virus stocks do not have 

significantly different neutralization susceptibility.
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4. DISCUSSION

Characterizing the HIV-1 envelope quasispecies is important for understanding virus 

pathogenesis and devising prevention strategies. As compared to the standard bulk PCR 

cloning, newer studies have employed SGA or limiting dilution PCR to generate HIV-1 

envelope amplicons (Sagar et al., 2004; Salazar-Gonzalez et al., 2008). These newer studies 

that use SGA have questioned the validity of the results from studies that used standard bulk 

PCR strategy because bulk PCR can introduce polymerase induced recombination and 

resampling bias. In this study, we show that SGA and bulk PCR derived envelope segments 

had similar genetic diversity, divergence, and population structure. Viruses with SGA or 

bulk PCR amplified envelopes have similar infectivity, replication kinetics, co-receptor 

usage, and neutralization sensitivity. In addition, PBMC passage, which is often used to 

enhance virus stock titers and generate more physiological viruses, does not change co-

receptor usage as compared to 293T virus stocks. On the other hand, PBMC as compared to 

293T derived viruses were less neutralization susceptible although this was antibody and 

virus strain dependent. Our studies suggest that the method of envelope isolation, either 

SGA or bulk PCR, have minimal impact on the genotypic and phenotypic properties of the 

virus quasispecies.

Similar to previous studies, we found that SGA and bulk PCR amplification strategies yield 

envelopes with no significant difference in genetic diversity, divergence, or population 

structure (Buzon et al., 2014; Jordan et al., 2010). These previous investigations, however, 

examined either relatively short segments (around 100 base-pairs of the envelope V3 loop) 

(Buzon et al., 2014) or relatively conserved portions (pro-pol gene) (Jordan et al., 2010) of 

the HIV-1 genome. In addition, the envelope V3 loop is relatively conserved compared to 

other variable portions of the HIV-1 envelope (Andrabi et al., 2012; Gaschen et al., 2002; 

Lin et al., 2012). In contrast to these studies, we examined approximately 700 bp of the 

envelope V1–V3 segment, which is the most diverse part of the HIV-1 genome (Gaschen et 

al., 2002). Examination of relatively long highly polymorphic sequences will be better at 

identifying differences among the two amplification methods. In addition, we studied 

subjects both prior to seroconversion who had extremely limited viral diversity and 

individuals sampled during the chronic phase of infection with more extensive number of 

variants (Sagar, 2010). Both amplification methods yielded similar envelope genotypic 

characteristics after sampling an average 12 sequences. In conjunction with the previous 

studies (Buzon et al., 2014; Jordan et al., 2010), we conclude that SGA and bulk PCR yield 

similar genotypic characteristics regardless of the genetic diversity in the viral segment of 

interest.

To our knowledge, no study has examined phenotypic differences among virus stocks with 

either bulk PCR or SGA derived envelopes. One would hypothesize that the envelope 

phenotypes should be not be different because SGA and bulk PCR yielded similar 

sequences. In our studies, however, virus stocks incorporated a much larger number of 

envelope products compared to the number of sequences examined for the genotypic 

analysis. If the differences in the proportion of viral variants among SGA versus bulk PCR 

cannot be observed by examining an average of 12 sequences, incorporating a larger number 

of envelope products in the virus stocks will potentially identify a significant frequency bias. 
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We found no significant difference in infectivity, replication kinetics, co-receptor usage, and 

neutralization sensitivity among 293T transfection generated virus stocks with either SGA or 

bulk PCR derived envelopes. While, it is quite possible that individual envelopes isolated 

using SGA or bulk PCR may differ in the phenotype of interest, there is no evidence that the 

characteristics of the quasispecies differ. Indeed, viruses incorporating a pool of either SGA 

or bulk PCR envelopes may have similar phenotypes because the property of interest may be 

primarily determined by a small number of variants that are preferentially amplified using 

either methodology. Thus, pooling around 18 independent SGA envelope amplicons will 

yield virus quasispecies with similar phenotypic characteristics as pooling amplicons from 4 

bulk PCRs.

We also compared co-receptor usage and neutralization sensitivity among virus stocks 

generated by 293T transfections and short term PBMC passage of 293T virus supernatants. 

It is possible that PBMC cultures may alter the virus phenotype because in-vitro passage 

potentially selects for specific variants. We found that virus stocks from 293T stocks had the 

same co-receptor usage as compared to viruses from PBMC passage. This conclusion, 

however, is limited because we only had 1 subject in which we isolated envelopes that could 

use both the CCR5 and CXCR4 co-receptor. In this 1 subject, short term PBMC passage did 

not select for or against viruses with the ability to use a specific receptor.

In contrast to co-receptor usage, we found that PBMC generated virus stocks had lower 

neutralization susceptibility as compared to 293T transfection derived viruses. Our results 

corroborate findings from previous publications that also found that PBMC generated 

viruses as compared to 293T transfection stocks have decreased sensitivity to neutralizing 

antibodies (Louder et al., 2005; Mann et al., 2009; Provine et al., 2012). Similar to these 

studies, we also found that neutralization susceptibility differences between 293T 

transfection virus stocks and PBMC passaged virus varied between different antibodies and 

were virus specific. In contrast to these previous studies, we examined neutralization 

susceptibility of virus quasispecies as opposed to individual variants. Short term PBMC 

passage of both viral quasispecies and individual variants have decreased neutralization 

susceptibility compared to the 293T transfection virus. This suggests that the changes likely 

do not occur because of the enrichment of specific variants. Indeed, in a previous study, we 

have shown that short duration PBMC passage virus stocks contain similar level of envelope 

genotypic diversity as evident in bulk PCR clones, and there was no evidence of selection 

sweep (Pena-Cruz et al., 2013). Rather differences in neutralization sensitivity are 

potentially related to changes in envelope content or types and density of glycosylation 

among the viruses from the 2 different producer cells.

5. CONCLUSIONS

In summary, we found that the method of envelope amplification, either SGA or bulk PCR, 

did not have a significant impact on the genotype or phenotype of the quasispecies. Thus, 

pooling 4 independent bulk PCRs and subsequently sampling around 12 sequences should 

yield similar genotypic and phenotypic characteristics as the SGA methodology. Therefore, 

the more expensive and labor intensive SGA methodology does not necessarily have any 

superiority over the standard bulk PCR strategy as long as the goal is to examine 
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characteristics of the quasispecies rather than an individual variant. Furthermore, while one 

can compare neutralization sensitivities among virus stocks that contain either SGA or bulk 

amplified envelopes, one cannot compare relative neutralization differences among viruses 

generated from different producer cells.
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Figure 1. Bulk PCR and SGA derived envelope sequences cluster together
Envelope V1–V3 sequences derived either using bulk PCR (red) and SGA (blue) were 

aligned with reference sequence HXB2 from the Los Alamos database using Clustal X. Paup 

was used to generate the maximum likelihood tree using parameters from FindModel best fit 

evolutionary model. Subject IDs and HXB2 reference outgroup node are noted. Arrows 

point to potential recombinant sequences within specific subjects. Brackets denote cluster of 

sequences isolated using the bulk PCR methodology but not SGA. The tree was generated 
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using a web tool at http://www.hiv.lanl.gov/content/sequence/RAINBOWTREE/

rainbowtree.html.
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Figure 2. Genetic diversity and divergence are similar among envelope V1–V3 sequences derived 
using either SGA or bulk PCR strategies
Bland Altman plots of genetic diversity (A) and divergence (B) among sequences obtained 

from SGA compared to bulk PCR. The solid line shows the mean difference among the 2 

methodologies and the dotted lines delineate values at 2 standard deviations of the 

difference. The mean difference in diversity and divergence was 0.00013 and −0.00099 

respectively. The standard deviation in diversity and divergence was 0.0046 and 0.0057 

respectively. The x-axis shows the average and the y-axis shows the difference of the value 

obtained by the 2 methodologies.
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Figure 3. Virus stocks with either SGA or bulk PCR derived envelopes have similar infectivity 
and replication kinetics
Bland Altman plots of infectivity (A) and replication kinetics (B) among virus stocks with 

pool of either SGA or bulk PCR envelopes. The solid line shows the mean difference among 

the 2 methodologies and the dotted lines delineate values at 2 standard deviations of the 

difference. Graph C shows the relative light units (RLU) per ul (y-axis) generated from 

infecting TZM-bl cells with virus stocks collected at different days post – infection (x-axis). 

Replication kinetics was quantified by measuring the area under the curve (AUC) for a plot 

of RLU per ul of virus stock versus days post-infection on TZM-bl cells at days 3, 7 and 10 

post-infection of CD4+ T cells. The mean difference in infectivity and AUC was 0.0022 and 

−8,399 respectively. The standard deviation in infectivity and AUC was 0.047 and 34,044 

respectively. The x-axis shows the average and the y-axis shows the difference of the value 

obtained by the 2 methodologies.
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Figure 4. Virus stocks with either SGA or bulk PCR derived envelopes have similar 
neutralization profile
The heatmap shows neutralization IC50s to VRC01, PGT121, 10E8, and HIV IgG among 

different virus stocks. The different colors used to represent the range of IC50s are displayed 

on the left. All IC50s represent mean of 2 independent experiments. The IC50s for VRC01, 

PGT121, and 10E8 are in ug/ml. The HIV IgG IC50s are ×102 ug/ml. For the heatmap, virus 

stocks that failed to be neutralized by more than 50% at the highest tested antibody 

concentration (5 ug/ml for VRC01, PGT121, and 10E8 and 500ug/ml for HIV IgG) were 

deemed above the threshold. The dendogram on the right shows the clustering of the 
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different virus stocks based on the neutralization profile. Hierarchical clustering was used to 

group the different virus stocks. Heatmaps were generated using web based tools at http://

www.hiv.lanl.gov/content/sequence/HEATMAP/heatmap
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Figure 5. The IC50s for 293T derived and PBMC passage virus stocks are correlated
Graph shows IC50s for 293T virus stocks with bulk envelope PCRs (x – axis) compared to 

short term PBMC passage virus (y-axis). All virus antibody combinations that yielded an 

IC50 above the maximum tested antibody concentration were not included in this analysis. 

Graph also shows the estimated correlation coefficient for a best fit linear regression curve.
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