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Abstract
Neutralizing antibodies (Nabs) are thought to play an important role in prevention and control of
HIV-1 infection and should be targeted by an AIDS vaccine. It is critical to understand how HIV-1
induces Nabs by analyzing viral sequences in both tested viruses and sera. Neutralization
susceptibility to antibodies in autologous and heterologous plasma was determined for multiple
Envs (3–6) from each of 15 subtype C infected-individuals. Heterologous neutralization was
divided into two distinct groups: plasma with strong, cross-reactive neutralization (N=9) and
plasma with weak neutralization (N=6). Plasma with cross-reactive heterologous Nabs also more
potently neutralized contemporaneous autologous viruses. Analysis of Env sequences in plasma
from both groups revealed a three-amino acid substitution pattern in the V4 region that was
associated with greater neutralization potency and breadth. Identification of such potential
neutralization signatures may have important implications for the development of HIV-1 vaccines
capable of inducing Nabs to subtype C HIV-1.
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Introduction
The ability to elicit cross-reactive neutralizing antibodies (Nabs) is an important goal for
HIV-1 vaccines (Burton et al., 2004; Haynes and Montefiori, 2006). HIV-1 has nine
genetically related lineages (subtypes A–K), and at a minimum at least one clade should be
effectively targeted in an HIV vaccine for the vaccine to be useful in a part of the world
where a single subtype dominates the epidemic (Korber and Gnanakaran, 2009; Korber et
al., 2009). Nabs capable of targeting subtype C variants of the virus would be particularly
useful, since subtype C accounts for approximately 50% of all HIV-1 infections world-wide
(Hemelaar et al., 2006). In addition, the HIV epidemic in large regions of Southern Africa
and India is almost completely dominated by subtype C infections; hence in this study we
focus on subtype C antibody responses in natural Infection. Efforts to generate cross-
reactive Nabs have had limited success, and novel approaches are urgently needed (Burton
et al., 2004; Desrosiers, 2004). Cross-reactive neutralizing activity that is seen with a subset
of human monoclonal Abs (Binley et al., 2004; Lin and Nara, 2007; Moore et al., 1994;
Trkola et al., 1995; Wu et al., 2010; Zwick et al., 2001) and serum samples from HIV-1-
infected individuals (Binley et al., 2008; Dhillon et al., 2007; Li et al., 2007; Sather et al.,
2009; Shen et al., 2009; Stamatatos et al., 2009) is evidence that improvements in
immunogen design may be possible.

Insights into how to make such improvements are being sought by studying autologous and
heterologous Nabs in HIV-1-positive serum samples. Recent results indicate that epitopes in
and around the CD4 binding site of gp120 comprise key targets for broadly neutralizing
HIV-1-positive sera and that other key targets that play a substantial role remain to be
identified (Binley et al., 2008; Dhillon et al., 2007; Li et al., 2007; Wu et al., 2010; Zhou et
al., 2010). Studies of autologous virus neutralization have shown that the response targets
multiple regions of gp120, most notably epitopes in V1/V2 (Rong et al., 2009) and epitopes
that require an interaction between C3 and V4 (Moore et al., 2008; Moore et al., 2009;
Rademeyer et al., 2007; Rong et al., 2009). A recent study identified 19 amino acid
signatures in gp120 and 14 signatures in gp41 associated with neutralization susceptibility of
a multi-subtype panel of viruses (Kulkarni et al., 2009). Walker et al. have recently found
two mAbs that bind to conformation determinants of HIV-1 Env and broadly neutralize
about two-thirds of viruses tested (Walker et al., 2009).

Previous studies of the autologous and heterologous Nab responses in HIV-1 infection have
utilized one or a limited number of representative env genes from each individual to
characterize neutralization susceptibility (Cham et al., 2006; Derdeyn et al., 2004; Wei et al.,
2003; Zhang et al., 2007). Since env is highly variable in chronic HIV-1 infection (CHI) and
because minor sequence changes can affect the biological function and antigenicity of the
envelope glycoproteins (Cordonnier et al., 1989; Kalia et al., 2005; LaBranche et al., 1995;
Morris et al., 1994; Shimizu et al., 1999; Shioda et al., 1994), the study of a single env gene
from each infected individual provides only a minimal representation of viral populations in
vivo. Thus, depending on the design of the study, key information about neutralization
epitopes may be missed under these conditions.

Another limitation of previous studies is the reliance on a traditional bulk PCR methodology
for Env cloning (Cham et al., 2006; Derdeyn et al., 2004; Palmer et al., 2005; Wei et al.,
2003; Zhang et al., 2007). Viral sequences from the quasispecies population obtained by
bulk PCR can result in artificial recombination and re-sampling as well as in nucleoside
misincorporation by low fidelity Taq polymerase (Fang et al., 1998; Liu et al., 1996;
Salazar-Gonzalez et al., 2008). The single genome amplification (SGA) methodology makes
it possible to obtain bona fide viral genomes from the infected individual (Keele et al., 2008;
Kirchherr et al., 2007; Palmer et al., 2005; Salazar-Gonzalez et al., 2008). Because viral
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sequences obtained by SGA more accurately reflect what is present in vivo, they can be used
to better characterize viral gene functions.

The study of multiple env genes in chronic infection in autologous and heterologous
neutralization assays enabled us to explore the question of whether there are common
neutralization signatures that associate with cross-reactive Nab responses among clade C
viral sequences. We have utilized SGA and a novel promoter PCR method to express
functional Envs in a high throughput format (Kirchherr et al., 2007). Multiple env genes
from each of 37 HIV-1 infected individuals were obtained and characterized with respect to
their infectivity and their susceptibility to neutralization by autologous and heterologous
plasma samples. After scanning the full Env for potential signature sites, we found potential
signature amino acids in the fourth variable region (V4) of gp120 that were associated with
cross-reactive Nab responses in subtype C HIV-1-infected individuals; this region has been
show to be critical for NAb susceptibility in the C subtype (Moore et al., 2008).

Methods and Materials
Amplification of HIV-1 env genes

Plasma samples were collected from 37 HIV-1 positive individuals enrolled in a study of
contemporary HIV-1 strains in Ndola, Zambia. The study was approved by the ethics
committee of the Tropical Disease Research Centre, the Duke University Institutional
Review Board, and the National Institutes of Health. No people in this study were treated
with antiretroviral drugs. The homosexual activity was not reported in the study population.
The studied individuals in our study were most likely infected through heterosexual
transmission. Viral RNA was extracted from the plasma and reverse transcribed into cDNA
using Superscript III (Invitrogen; Carlsbad, CA). Multiple rev/env genes from each
individual were obtained by using single genome amplification (SGA), followed by the
addition of a CMV promoter to the 5′ end of the SGA products using pPCR technology as
previously described (Kirchherr et al., 2007).

Single round infection assay
pPCR products were cotransfected with an env-deficient HIV-1 backbone plasmid
(pSG3Δenv) into 293T cells in a 24 well plate using FuGENE6 transfection reagent (Roche
Diagnostics; Indianapolis, IN). Briefly, pPCR DNA (150 ng) and pSG3Δenv DNA (150 ng)
were mixed with 1.2 μl of FuGENE6 (FuGENE:DNA ratio at 3 μl:1 μg) in a total volume of
20 μl with serum free DMEM, incubated for 30 minutes and added to 293T cells (70%
confluence) seeded one day earlier at 5 ×104 per well. Forty-eight hours after transfection,
supernatants were harvested. Equal volumes of pseudovirions were added to TZM-bl cells
with DEAE (5 μg/ml) in a 96 well plate (200 μl). Cultures were incubated for 48 hrs at 37°C
with 5% CO2. Supernatants (100 μl) from infected TZM-bl cells were removed and 100 μl
of Bright-Glo Luciferase Assay substrate with buffer (Promega; Madison, WI) was added to
the cells. Following a 2-minute incubation, 100 μl of cell lysates were added to a solid black
96 well plate. Luminescence was measured with a Wallac 1420 Multilabel Counter
(PerkinElmer: Waltham, MA).

Neutralization assay
HIV-1 neutralization was measured as a reduction in luciferase activity after a single round
infection of TZM-bl cells, as previously described (Li et al., 2005; Li et al., 2006). Equal
amounts of pseudovirions (200 TCID50) were used in each reaction. Neutralization titers
against pseudoviruses were determined for 16 plasma samples (15 autologous and 1
heterologous to the tested Env pseudoviruses) and one HIV-1 positive serum control. An
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amphotropic murine leukemia Env pseudovirus was also included as non-specific
neutralization control.

Western blot
Forty-eight hours after co-transfection with pPCR products and pSG3Δenv, 293T cells were
lysed with 250 μl of lysis buffer (50mM Tris-HCl, 150mM NaCl, 20mM EDTA, 1% Triton-
X100, 0.1% SDS, pH 7.4). Cell lysates were mixed with 6x denaturing sample buffer (300
mM Tris-HCl pH 6.8, 12 mM EDTA, 12% SDS, 864 mM 2-mercaptoethanol, 60% glycerol,
0.05% bromophenol blue). Samples were boiled for 10 minutes and then loaded on a
NuPAGE Novex 4–12% Bis-Tris gel (Invitrogen; Carlesbad, CA). After the samples were
transferred to a nitrocellulose membrane, the membrane was blocked in PBS containing 1%
casein and 0.01% NaN3 for 1 hr. The blot was reacted with an HIV-1 positive serum (1:500)
and a mouse mAb 13D5 (1 μg/ml) to the HIV-1 Env protein. Finally, the membrane was
reacted with an IRDye800 conjugated affinity purified goat anti-human IgG antibody
(Rockland Immunochemicals; Gilbertsville, PA) and an Alexa-Fluor 680 conjugated goat
anti-mouse IgG antibody (Invitrogen; Carlesbad, CA). Fluorescence was detected and the
density of Env protein and p24 bands was determined with an Odyssey Infrared Imaging
system (LiCor Biosciences; Lincoln, NE). The level of Env protein in the transfected cells
was expressed as fold differences over the amount of p24 Gag antigen in the same cells.

Sequence analysis
Sequences of SGA env amplicons were obtained by cycle-sequencing and dye terminator
methods with an ABI 3730xl genetic analyzer (Applied Biosystems; Foster City, CA).
Individual sequence fragments for each env SGA were assembled and edited using the
Sequencher program 4.7 (Gene Codes; Ann Arbor, MI). The env sequences were aligned
using CLUSTAL W (Thompson et al., 1994), and Genecutter (www.hiv.lanl.gov) for
obtaining codon aligned files that could be used for signature analysis. Phylogenetic tree
was constructed with complete env gene sequences using the neighbor-joining method
(Saitou and Nei, 1987) and the Kimura two-parameter model (Kimura, 1980). The reliability
of topologies was estimated by performing bootstrap analysis with 1000 replicates.

Hierarchical clustering analysis
The neutralizing potential of plasma (the log reciprocal dilution ID50 scores) was organized
into patterns of similar neutralizing potency when tested against the panel of envelopes used
in this study using the Los Alamos National Lab web-based heatmap interface
(http://www.hiv.lanl.gov/content/sequence/HEATMAP/heatmap.html) and the statistical
package R (R Development Core Team, 2009). The test panel of Envs was resampled
10,000 times using a random-with-replacement bootstrap strategy, and this identified two
robust and distinctive clusters recurring in 96% of the bootstrap samples: one group with
little cross-neutralizing potential and another group with the ability to cross-neutralize
multiple heterologous C clade viruses (Shimodaira, 2004). These two groups were used for
subsequent signature analysis. The same strategy was used to identify statistically robust
clusters of the Envs with like-neutralizing susceptibility. Clusters with high bootstrap values
typically only included a few Envs each, and these Env clusters were typically found within
a single subject. Therefore, we decided to organize Env pseudoviruses by individual in a
heatmap figure (Fig. 7), while retaining the information regarding significant bootstrap
clusters, shown superimposed onto the figure.

Signature analysis
We first divided the envelope sequences into the two groups, based on heatmap clustering
patterns that indicated whether they were derived from an individual with plasma with a
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cross-reactive neutralizing profile or a weakly neutralizing profile. Alignments used for
signature analysis were generated with GeneCutter (www.hiv.lanl.gov) to provide codon-
aligned DNA for phylogenetic analysis. Phylogenetically corrected methods were used to
identify all signature sites. Phylogenetic correction is critical because observed patterns in
data can result either from correlations imposed by the initial historical emergence of a
lineage of viruses (founder effects), or in the case of HIV-1, be a consequence of recent
biological interactions. Not accounting for founder effects can lead to erroneous statistical
conclusions (Bhattacharya et al., 2007). The sequence of the virus depends on its full
evolutionary history, while causal correlations are manifest in correlations with recent
changes. The separation of the two effects, i.e. a phylogenetic correction, enables one to
estimate the impact of recent changes on the phenotype. This requires statistical
reconstruction of genealogical relationships between the viruses and an estimate of ancestral
states of the viruses. We implemented this through maximum likelihood phylogenies, and
tested for phenotypic associations with mutational patterns based on change or stasis in a
given amino acid, when compared to the most recent common ancestor, adapting the
phylogenetically corrected Fisher’s exact methods first developed by Bhattacharya et al
(Bhattacharya et al., 2007). We screened the mutational pattern of each amino acid found at
every column in the alignment. To correct for multiple tests, we used a q-value to assess the
false discovery rate (Storey and Tibshirani, 2003). The four strongest associations had a p-
value of 0.03 and q-value of 0.27, thus it is likely that at least one of the signatures identified
is a false positive, and only borderline significance was obtained overall. Consequently,
these signatures should be considered in a hypothesis-raising framework as potentially
interesting sites that merit further investigation.

Nucleotide sequences accession numbers
GenBank accession numbers of the env gene sequences are GU329048-GU329523.

Results
Genetic analysis of full-length env genes

Plasma samples were collected from 50 CHI individuals in Ndola, Zambia in 2005. A total
of 474 complete env genes were obtained from 37 of 50 subjects by SGA. Negative PCR
results for the remaining 13 subjects were due to either low or undetectable plasma viral
loads. An average of thirteen env SGAs (range 5–23) were sequenced from each of the 37
PCR-positive subjects (Table 1). Phylogenetic analysis showed that the majority of subjects
(n=34) were infected with HIV-1 subtype C (Fig. 1). Three others were infected with either
subtype D, an A/C recombinant (subtype C in the most central region), or a G/J
recombinant. (Abrahams et al., 2009;Keele et al., 2008)

Identical or closely related env sequences were identified in 13 of 37 (35%) of subjects
(Table 2), suggesting frequent clonal expansion of minority viral populations in the HIV-1
infected individuals. In these subjects, clonally expanded Envs comprised 9–38% of the
sampled env population. Clonal expansion sequences formed a tight cluster with zero or
very short branch lengths in the phylogenetic trees (Fig. 2); this tight clustering was
supported by high bootstrap values (> 85%). Nine subjects had one clonally expanded env
variant (Fig. 2A–I), whereas another four subjects (ZM377, ZM405, ZM414, and ZM415)
had two independent clonally expanded populations (Fig. 2J–M). Clonally expanded
variants in two subjects (ZM402 and ZM405) formed new lineages (Fig. 2E and 2K).
Sequences closely related to, but beginning to diverge from the clonally expanded variants,
were observed in four subjects (ZM377, ZM401, ZM414, and ZM415) (Fig. 2D, J, L and
M). Recombinant env sequences were also detected between clonally expanded viruses and
other viruses in ZM394 (Fig. 2I). These latter recombinants contributed to a substantial
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increase in diversity of the viral population in the subject. When recombinant sequences
were excluded from the phylogenetic tree, the clonally expanded viruses represented an
emergence of a new viral lineage in the subject (Fig. 2I).

Functional analysis of the env quasispecies in infected individuals
A pPCR method that adds a CMV promoter to SGA amplicons was used for high throughput
functional screening of multiple env genes from each infected individual (Kirchherr et al.,
2007). Env-pseudotyped viruses were generated by cotransfecting 293T cells with pPCR
products and an Env-defective backbone plasmid (SG3Δenv). Infectivity was measured by
luciferase activity in TZM-bl cells. Of the 474 Envs examined, 377 (80%) were found to be
functional (Table 1). All env genes were functional in eight subjects, whereas in a few
subjects only a small fraction of env genes were functional (10% and 18% for ZM419 and
ZM393, respectively). In three individuals (ZM373, ZM380 and ZM382), all Env-
pseudotyped viruses were highly infectious and differed in infectivity by only a few fold
(Fig. 3). Notably, infectivity of Env-pseudotyped viruses from most other individuals was
highly variable (1–2 log differences in luciferase activity).

Recombinant genes were found in 11 env sequences from 6 individuals infected with two
lineage viruses. Examination of their functionality showed that 8 (73%) were biologically
functional while the other three were not. ZM420.9 was not functional due to a reading
frame shift caused by one nucleotide insertion. The result suggested that while some
recombinants might gain biological advantages, others might be lethal and result in
nonfunctional genes. For example, in ZM394, the recombinant viruses between the clonal
expansion viruses and other viruses resulted in different levels of infectivity, ranging from
nonfunctional to highly infectious (Fig. 2I and 3). However, recombinant sequences were
not particularly enriched for inactive viruses relative to non-recombinant (Fisher’s exact test,
p=0.4).

Given the range of variability in Env function, it was of interest to determine whether the
level of Env infectivity in pseudovirus assays was associated with either protein expression
levels or with plasma viral RNA load. As shown in Figure 4, a trend toward a positive
correlation was seen between pseudovirus infectivity and viral load (p = 0.05). Protein
expression in transfected 293T cells was quantified by Western blot for multiple env SGAs
from three subjects (ZM400, ZM413 and ZM414) whose Env clones demonstrated a
substantial range in infectivity. To control for variation between independent transfections,
Env expression was standardized to Gag protein P24 expression in the same cells. The sizes
and processing cleavage efficiency of gp160 into gp120 were different among tested env
genes. While all Envs showed little size variation in ZM414 (except the prematurely
truncated ones), they varied in both ZM400 and ZM413 (Fig. 5). The cleaved gp120 was
observed for nearly all expressed Envs in ZM400, but most were uncleaved gp160 in
ZM413 and ZM414. Infectivity of Env-pseudoviruses did not to correlate with the level of
Env expression in each individual.

These results suggested that variation in infectivity was not determined by expression levels
or the cleavage efficiency of gp160 in transfected cells. It is possible that the amount of Env
in transfected cells was above the threshold required for the production of infectious
pseudoviruses since only a small number of Env spikes are present on mature HIV-1
particles (Chertova et al., 2002; Zhu et al., 2003). Non-infectious pseudoviruses were
associated with either the absence of Env expression or with the expression of truncated
Envs; these cases were explained by either premature stop codons or frame-shifting
deletions by sequence analysis.
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Autologous and heterologus neutralization
A checkerboard-style dataset of the neutralizing activity in autologous and heterologous
plasma samples was generated by assaying plasma samples against multiple representative
Env-pseudotyped viruses from each subject. Because of the limited supply of plasma, it was
only possible to perform neutralization assays with 60 Env-pseudotyped viruses from 15
subjects (14 subtype C and one A/C recombinant) using plasma samples from these 15
subjects plus one additional plasma sample (ZM383). Multiple env genes (range 3–6) from
each subject were selected to represent the viral population as seen in a Maximum-
likelihood tree analysis (Fig. 6). Three or four env genes were chosen for monophyletic
viruses, whereas 1–3 env genes were selected from each lineage in individuals with multiple
Env lineages.

Neutralization results are summarized in Supplementary Table 1. A majority of virus/plasma
combinations (75%) were positive with neutralization titers of 20 – 3,769, where
approximately one-third of the combinations resulted in a neutralization titer >100. Variable
levels of autologous virus neutralization by contemporaneous plasma (i.e., plasma obtained
at that same time point as Env) were detected in all but one subject (ZM380). The
neutralization potency was relatively weak in most cases; however, titers >100 were
detected against at least one variant in the autologous virus quasispecies of 7 subjects
(ZM378, ZM379, ZM401, ZM408, ZM413, ZM416 and ZM417). In several cases,
substantial differences were seen between multiple env genes from the same subject. For
example, titers of autologous neutralization against multiple env variants ranged from 24 to
598 in subject ZM408, and from 37 to 449 in subject ZM416.

All Env-pseudotyped viruses were then assayed for neutralization susceptibility by
heterologous plasma. Plasma samples were segregated into low (L) and high (H)
neutralization potency groups by heatmap analysis (Fig. 7). Statistically supported clustering
of plasma samples was observed, with the distinctive low-activity cluster boxed on the left.
Overall, seven plasma samples had limited cross-neutralizing activity. However, the other
nine plasma samples possessed moderate to potent cross-reactive neutralization activity (Fig.
7 and Supplementary Table 1). Some plasmas (ZM408, ZM378, ZM395 and ZM379)
neutralized nearly all 60 pseudoviruses from the 15 infected individuals.

Neutralization signature analysis
Identification of plasma samples with potent and cross-reactive Nabs prompted us to ask if
there were signature sequences present among the Envs associated with the potent
neutralizing activity. Because each plasma sample represented one value per individual, we
used only the consensus sequence of all variants within an individual for the signature study,
thereby capturing the most common amino acid in each position. Based on the two distinct
clusters shown in the heatmap (Fig. 7), we scanned each position in the alignment for amino
acids associated with either strong or weak subtype C cross-reactive neutralization responses
using the Maximum likelihood tree correction method previously described (Bhattacharya et
al., 2007). Because of multiple test issues (a test was done for every site in Env), we used a
q-value to estimate the false discovery rate, based on the distribution of p-values (Storey and
Tibshirani, 2003).

Four signature sites were identified: three in gp120 and one in gp41 (Fig. 8). Each site had a
p-value of 0.03, but a q-value of 0.27; thus it is probable that one or more of the signatures
identified were false positives. Nonetheless, we include them here in a hypothesis-raising
mode because they displayed the strongest trends towards significance. Intriguingly, three of
the four signature sites were found in the V4 region (393G, 397G, and 413N). The V4
region, in association with the C3 alpha-2 helical domain, is thought to contribute to patterns
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of neutralization susceptibility in subtype C viruses (Gnanakaran et al., 2007;Moore et al.,
2008;Rong et al., 2007) (Fig. 9). The fourth signature was found at the very end of the gp41
cytoplasm domain and consisted of a lysine (L) in position 856. The most intriguing
signature was position 413N, which is part of a potential N-linked glycosylation (PNLG)
site signature that was independently identified to be associated with good serological Nab
breadth in a multi-subtype study of envelopes isolated from individuals who had elicited
particularly potent neutralizing antibodies versus those that had weak responses
(Gnanakaran et al., In press). Thus, Envs associated with more cross-reactive Nabs tended to
have mutated towards an Asn (N) in position 413. They also tended to have mutations
towards Gly (G) in positions 393 and 397, although position 397 was in a highly variable
region that is difficult to align with confidence. Interestingly, autologous neutralizing
activity was significantly higher (p=0.0016) in the high neutralization plasma group than in
the low neutralization plasma group of heterologous neutralization potencies (Fig. 10). In
other words, plasmas that possessed stronger neutralizing activity against heterologous
viruses more potently neutralized the contemporaneous autologous virus. In addition,
positions 393, 397, and 413 were found to be highly variable within single individuals,
indicative of recurrent immune pressure in different infections at these sites. Collectively,
these data suggest that signature patterns in the V4 loop are associated with potent and
cross-reactive neutralizing antibodies against subtype C viruses.

Discussion
We characterized multiple HIV-1 env genes in each of 37 individuals using SGA and pPCR
methods. Sequence and functional analysis of the env gene quasispecies in each individual
showed frequent clonal expansions, a trend towards a positive correlation between viral
loads and infectivity of Env pseudoviruses, highly variable infectivity among env gene
quasispecies populations, and, importantly, signature amino acids in the V4 region of
sequences in plasma with high levels of cross-reactive HIV-1 neutralization activity.
Identification of such neutralization signatures may have implications for the development
of effective HIV-1 vaccines.

As expected for chronic HIV-1 infection, a highly divergent viral quasispecies population
was detected in the subjects in this study. Intra-subject env gene diversity was as high as 8%
in this study. Using our recently established pPCR method, we were able to characterize the
phenotypic properties of a large number of env genes from each HIV-1 infected individual
by generating pseudoviruses without cloning SGA PCR products. Analysis of the infectivity
of 474 Env pseudoviruses from 37 individuals revealed that a high percentage (80%) of the
env genes were functional. This is consistent with our previous report with a smaller number
of env genes (Kirchherr et al., 2007), but much higher than the rate (10%) from env gene
populations characterized by bulk PCR from PBMC (Cham et al., 2006). The different rates
were likely due to differences in methods and sample sources used to obtain env genes. It is
likely that non-functional PCR-generated recombinants were avoided by SGA (Keele et al.,
2008; Kirchherr et al., 2007; Palmer et al., 2005; Salazar-Gonzalez et al., 2008).

Functional analysis showed that the infectivity of Env pseudoviruses from the same
individuals varied significantly (1–2 logs) in most individuals. This is similar to plasma
derived env genes from one individual (Huang et al., 2008), but different from PBMC
derived env genes which showed uniform infectivity from the same individual (Cham et al.,
2006). Examination of Env proteins in the transfected cells showed that the variation of
infectivity among Env pseudoviruses in each individual was not correlated with in vitro
expression levels. With an intact env open reading frame, the non-functionality of the env
genes may be caused by mutations that affect either incorporation into virus particles or poor
interaction with CD4 and coreceptors on target cells. Interestingly, a positive correlation
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trend was observed between the levels of infectivity of Env-pseudoviruses and viral loads in
the donor subjects, suggesting that viruses with more infectious env genes may lead to a
high level of viral loads in vivo.

Sequence analysis showed that 13 of 37 individuals (35%) carried one or two clusters of
closely related sequences among the quasispecies viral populations. These sequences,
unique to each individual and conserved within that individual, were identical or nearly
identical to each other. Since each sequence was obtained from independent PCR by SGA,
they represent in vivo derived independent viral genomes. The env sequences related to but
beginning to diverge from the identical or nearly identical sequences, as well as
recombinants between these conserved sets and more diverse viruses from that individual,
indicate that there is clonal expansion of some viruses in the infected individuals. They
generally accounted for 9–38% of viral population. Clonal expansion of some virus species
was found in different tissues in HIV-1 infected individuals (Bull et al., 2009). In another
study, clonal expansion viruses and other divergent viruses were found in an infected mother
a day after delivery, but only viruses identical or highly similar to those clonal expansion
viruses were detected in the infected infant at birth (Verhofstede et al., 2003). The result
from this study strongly suggests that clonal expansion viruses may play an important role in
virus transmission and pathogenesis. The current study cannot explain the sources for clonal
expansion viruses in plasma. It is possible that they are more fit, selected by immune
responses, or from a reservoir activated by unknown factors. Since they are genetically
different from the viruses in the major viral population and can recombine with other viruses
(Fig. 2I), they might play a role in evasion of immune responses elicited by the majority
viruses in the population. A longitudinal study of multiple time point samples will be
required to test this hypothesis.

An analysis of checkerboard neutralization data with multiple representative env genes from
each individual using autologous and heterologous plasma samples enable us to classify
neutralization responses and revealed a signature of four amino acids associated with potent
neutralizing plasmas, three were near the base of the V4 loop. Amino acids found in
signature sites are not expected to be perfectly predictive of a complex state like
neutralization phenotype, but the fact that they are enriched in association with such a
phenotype indicates that they are important and likely to be relevant to the state. Glycines
associated with signature sites 393 and 397 in the V4 loop of gp120 could impact antibody
neutralization in several ways. Firstly, the loss of electrostatic charge associated with side
chains can perturb antibody binding by modulating the electrostatic potential of the cognate
epitope. Secondly, due to their lack of side chains, glycines exhibit higher flexibility that
might affect conformational motions in the V4 loop. Flexibility and less charge repulsion
due to glycines at positions 393 and 397 might allow V4 to sample a wide variety of
conformations. In contrast, the signature 413N might play a role by mediating N-linked
glycosylation and potentially inhibiting V4 loop movement by steric hindrance.

Site 413 is proximal to the 17b and CCR5 binding sites, and is adjacent to the proximal
binding motif RIKQ (HXB2 residues 419–422). A recent glycopeptide mass spectroscopy
(MS) study found that glycans were indeed attached at this site in the group M consensus
HIV-1 envelope, CON-S gp140 (Irungu et al., 2008). Both high-resolution methods, online
high performance liquid chromatography-electrospray ionization mass spectrometry (HPLC/
ESI-MS), and offline HPLC followed by matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS) determined that the potential glycosylation site 413 is, in fact,
glycosylated. It is not clear, however, how glycosylation at this position is associated with
higher levels of neutralizing antibody titers in vivo. This position is quite variable; indeed
the glycosylation site could be enriched in Envs associated with potent neutralization
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activity because it is selected against by a strong response rather than being required to elicit
a strong response.

In a recent study, a neutralization signature was investigated in subtype C sera using 36 sera
against a panel of 5 subtype B and 5 C subtype viruses (Rademeyer et al., 2007). No clear
clustering of serological patterns was found to enable tracking of the signature patterns.
However, a correlation between the V1–V4 loop length and the cross-subtype neutralizing
potential was observed. In the current study, we did not find evidence for such a correlation
when comparing the total V1–V4 lengths or the lengths of V1, V2, and V4 separately of the
consensus Env from each individual grouped by the high and low neutralization plasma
using a Wilcoxon rank statistic. However, it could simply be that the number of the samples
was underpowered to show this effect. The other possibility is that all samples in the current
study were from CHI individuals in whom the length of variable loops had already become
longer during the evolution of immune evasion.

Previous studies also showed that the alpha-2 helix was under strong selection pressure
(Gnanakaran et al., 2007) and this region was associated with resistance to autologous
neutralization of subtype C viruses (Rong et al., 2007). The V4 region is downstream from
the alpha-2 helix and they are structurally close to each other. It was also found that the
C3V4 region is likely responsible for inducing autologous and heterologous Nabs (Moore et
al., 2008). The newly identified three signature amino acids were located in the vicinity of
the previously reported region targeted by Nabs. These signatures may be responsible for
eliciting broader and more potent Nab responses or represent the escape mutations from the
broadly Nabs against subtype C viruses through similar pathways. In either case, the data
suggest that signature patterns in the V4 loop are important to consider for the design of a
vaccine that can induce potent and broadly reactive Nabs, at least for subtype C which is the
most prevalent HIV-1 subtype in the world.
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Figure 1.
Phylogenetic tree analysis of newly characterized full-length env gene sequences. An
unrooted phylogenetic tree was constructed with complete env gene sequences using the
neighbor-joining method and the Kimura two-parameter model. Viruses with two lineages
are indicated by underline; monophyletic env sequences are indicated by plain text. The
branch lengths are drawn to scale (the scale bar represents 0.02 nucleotide substitutions per
site).
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Figure 2.
Phylogenetic tree analysis of clonal expansion env gene sequences. Midpoint-rooted
phylogenetic trees were constructed with all env sequences from each individual who
harbored clonal expansion viruses using the neighbor-joining method and the Kimura two-
parameter model. Horizontal branch lengths are drawn to scale (the scale bar represents
0.005 nucleotide substitutions per site); vertical separation is for clarity only. Asterisks
indicate bootstrap values in which the cluster to the right is supported in 85% or more
replicates (out of 1,000). Patterns of identity or near identity are marked with black dots at
the terminal leaves.
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Figure 3.
Infectivity of Env pseudoviruses. The infectivity of 474 pseudoviruses from 37 individuals
was determined in TZM-bl cells. The env genes were considered positive when the
luciferase activity RLU values were 10-fold greater than those from SG3Δenv backbone
control. The dotted line indicates this cutoff.
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Figure 4.
Correlation between viral load and infectivity of Env pseudovirsuses. Geometric means of
the average luciferase activity of multiple Env pseudoviruses from each HIV-1 infected
individual were plotted and analyzed by the Kendall’s tau rank correlation coefficient
method.
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Figure 5.
Western blot analysis of HIV-1 protein expression in transfected cells. The 293T cells
transfected with pPCR products and pSG3Δenv were lysed 48 hrs after transfection. The
viral proteins were separated on a 4–12% gradient reducing gel, transferred to nitrocellulose,
and were reacted with an HIV-1 positive serum and a mouse mAb 13D5 (Gao et al., 2009)
to the Env protein. Viral proteins were visualized with secondary antibodies IRDye800
conjugated goat anti-human and Alexa-Fluor680 goat anti-mouse using a LiCor Odyssey
Infrared Imaging system. The expression levels of Env proteins are expressed as Env
(gp160+gp120):P24 ratios. The infectivity of the each Env-pseudovirus is shown as relative
light unit (RLU). Asterisks indicate the smaller Envs due to premature stop codons or non-
inframe deletions.
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Figure 6.
Maximum likelihood phylogenetic tree of the env sequences. All SGA env sequences from
15 HIV-1 infected individuals were included for analysis. Those used for neutralization
assays are indicated with colored marks at the tip of the tree branches. Envelopes were
selected to be representative of the diversity in the sample. The sequences from samples
with low diversity (monophyletic) are indicated in black; the sequences from samples with
two distinctive phylogenetic clusters are colored so that those from one cluster are red and
those from the other are blue; and sequences that represent recombinants between the two
clusters are purple.
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Figure 7.
Hierarchical clustering of viruses and sera based on neutralization titers. Sera are clustered
according to their ability to neutralize. Autologous responses are indicated in black boxes
along the diagonal. The env SGA numbers are colored according to diversity: low diversity
(black), two distinct groups (red and blue), and recombinant (purple). For ease of
visualization, the heatmap is organized such that the rows (Env pseudovirues) are arranged
according to individuals rather than hierarchical clustering, where hierarchical clustering
patterns of the Env pseudoviruses are shown as a dendrogram to the right of the figure.
Clustering of high and low neutralization plasma was statistically supported, with a
probability of 0.96 that the distinctive low-neutralization cluster was robust, using the
approximately unbiased multistep-multiscale bootstrap re-sampling method developed by
Shimodaira (Shimodaira, 2004). To illustrate this grouping, the columns are presented
according to like-responses to the pseudoviruses based on the clustering hierarchy shown at
the top of the figure. The sets of plasma with low (L) or high (H) Nab titers were grouped.
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Clustering patterns on the right represent significant unbiased multistep multi-scale
bootstrap re-sampling values 95 or greater.
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Figure 8.
The signature amino acid sequences associated with high levels of neutralization activity in
plasma. H represents sequences in the group of plasma samples with high neutralizing
activity against heterologous viruses, whereas L represents sequences that exhibited weak
neutralizing activity. Numbers are used to show corresponding locations in the HXB2
reference strain. Dashes indicate the identical amino acids present in the reference sequence.
Periods are used to designate gaps to maintain the alignment. Signature sites associated with
potent neutralization are shown in red. Non-signature amino acids in key positions are
shown in blue.
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Figure 9.
Crystal structure of ligated gp120 with signature amino acids. The figure shows three
signature sites, 393 (orange), 397 (magneta) and 413 (red) on a crystal structure of liganded
gp120 (PDB:2B4C) (Huang et al., 2005). The V4 loop and alpha-2 helix are marked in
different colors for clarification. Positions in C3 that exhibit significant contact with these
signature sites on V4 are also marked with the same color as the signature sites. Three-
dimensional images were generated using VMD (Humphrey et al., 1996). Location of
marked sites shown on this B clade template for visualization do not show any significant
differences if the recently determined X-ray C clade gp120 from CAP210 (Diskin et al.,
2010) is used as a template. This is expected since rigorous evaluation of root mean square
deviation (RMSD) between the CD4 bound truncated gp120 structures from B and C clades
showed that both structures are similar (RMSD ~ 1.0Angstroms, S. Gnanakaran,
unpublished analysis).
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Figure 10.
Comparison of autologous neutralizing activity between low and high heterologous
neutralizing plasma samples. Nab titers from low heterologous neutralization plasmas (n=6)
or high heterologous neutralization plasmas (n=9) were compared. Values at Y-axis are the
reciprocal plasma dilutions at which luciferase activity (RLU) was reduced 50% relative to
virus control wells by autologous plasma.
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Table 2

Characterization of clonal expansion env sequences in HIV-1 infected individuals

ID SGA No. Luciferase activity (RLU) % of total viral population No. of amino acid differences among env sequences

ZM375

1 434,052

30% 3, 4, 59 437,851

11 610,112

ZM377

10 175,205

19% 1, 2, 313 310,710

14 53,926

11 354,745

19% 1, 4, 512 30,765

16 77,427

ZM378
7 802,968

15% 3
9 50,041

ZM394
11 398,245

10% 2
18 21,273

ZM395
14 327,566

10% 1
15 192,620

ZM401

2 164,195

27% 219 66,826

20 161,349

ZM402
8 48,981

20% 0
12 8,985

ZM405

25 205,738
17% 4

44* 1,393

43 92,501
17% 0

53 118,441

ZM408
15 118,979

20% 3
23* 2,218

ZM411
6 92,343

14% 3
9 203,082

ZM413
5 229,782

13% 3
13 348,872

ZM414
1 47,219

18% 0, 1
10 70,754
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ID SGA No. Luciferase activity (RLU) % of total viral population No. of amino acid differences among env sequences

23 218,271

28 4,134

9 141,022

14% 120 240,243

25 126,764

ZM415

1 510,266

16% 42 114,320

26 553,315

15 496,933
10% 1

27 297,937

ZM416
3 391,763

9% 2
16 296,184

Control SG3Δenv 1,127

*
Stop Codon
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