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Abstract 
 
 

Mechanisms of Viral Escape from Neutralizing Antibodies during Subtype C HIV-
1 Infection 

 By Rebecca M. Lynch 
 
 
 

 
 
 
Human immunodeficiency virus type 1 (HIV-1) group M is responsible for the 
current AIDS pandemic and exhibits exceedingly high levels of viral genetic 
diversity around the world. This diversity reflects the remarkable ability of the 
virus to adapt to selective pressures, the bulk of which is applied by the host 
immune response, and represents an obstacle for developing a vaccine capable of 
broad coverage. Studying how the virus escapes this immune pressure at both a 
population as well as an individual level will ultimately aid in vaccine design. The 
V3 region of the HIV-1 envelope (Env) glycoprotein gp120 is a key functional 
domain yet it exhibits distinct mutational patterns across subtypes. Here an 
invariant residue in V3 (Ile 309) is replaced with Leu in subtype C patient-
derived Envs. The results demonstrate that conservation of Ile 309 preserves a 
V3-mediated masking function that occludes the CD4 binding site, revealing a 
novel immune evasion strategy that subtype C HIV-1 uses to protect this immune 
target. Within individual subjects, however, the virus can elicit diverse 
neutralizing antibody (Nab) responses, leading to different escape pathways. In 
order to elucidate this process in more detail, the early Nab response in a 
Zambian seroconverter is characterized for the first time at the autologous 
monoclonal antibody (Mab) level. Here five Mabs are described, and autologous 
neutralization by Mabs representative of three distinct B-cell clones are mapped 
to two residues (134 in V1 and 189 in V2). Mutational analysis reveals cooperative 
effects between glycans and residues at these two positions, arguing that they 
contribute to a single novel epitope. Further data demonstrates that although 
independent B cells in this subject repeatedly target a single structure in V1V2, 
this pressure is escaped by a single residue change with no demonstrable effect 
on replication. Together this thesis suggests that subtype C HIV-1 can evade the 
potent but limited humoral immune response using both sequence variation and 
conservation, and thus I would propose that a successful vaccine might need to 
expand the narrow response of natural infection by targeting multiple domains of 
gp120 in order to achieve ultimate effectiveness. 
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Chapter One: 

Thesis Introduction 

 

Origins of HIV 

For 2008, the UNAIDS organization estimated that over 30 million people were 

living with HIV worldwide, underscoring the profound nature of the global HIV 

pandemic (171). Human Immunodeficiency Virus or HIV is a lentivirus in the 

family retroviridae consisting of nine genes that, with the help of viral reverse 

transcriptase, are transcribed from RNA into DNA and integrated into the host 

cell genome. Integration leads to production of both viral proteins and copies of 

the genome, all of which are packaged together at the plasma membrane of an 

infected cell to bud off as virions. The env, pol and gag genes encode essential 

proteins that provide receptor binding and fusion domains, viral polymerase, and 

virion structure. The genes tat, rev, nef, vif, vpr, and vpu are known as accessory 

genes and encode proteins that promote viral escape from immune pressure and 

that enhance viral infectivity. The virus uses CD4 as its receptor (103, 107) and 

mainly CCR5 or CXCR4 as its co-receptor (40, 44, 48, 168) leading to productive 

infection and eventual loss of CD4 T cells in its host (71). 

 

The transmission of this retrovirus into humans is thought to have occurred from 

at least three independent cross-species transmission events of simian 

immunodeficiency virus (SIV) from its natural chimpanzee host, giving rise to the 

three circulating groups of HIV-1 (M, N, and O) (51, 68) in addition to the 

introduction of SIV from sooty mangabeys into humans, which gave rise to HIV-2 



 2 

(52, 70, 150). HIV-1 groups N and O, and HIV-2 have been geographically limited 

to individuals in west Africa while viruses of the HIV-1 group M lineage are 

responsible for the current global pandemic (106, 126). The last common 

ancestor for group M HIV-1 was dated to the early 20th century (85, 180), and, 

based on phylogenetic characterization of HIV-1 sequences recovered from frozen 

specimens, divergent HIV-1 subtypes were already circulating in west-central 

Africa by the 1960s (180, 188). As of 2008, the average infection prevalence of 

adults was 5% in sub-Saharan Africa (171), highlighting the urgent need for a 

vaccine.  

 

HIV Diversity 

An unexpected challenge for vaccine design has been the incredible amount of 

viral genetic diversity generated by features of HIV such as an error prone viral 

encoded polymerase (31, 125), high levels of persistent virus replication (71, 177), 

and frequent genomic recombination events (138, 185), characteristics which 

allow the virus to rapidly adapt to changing selective pressures. This cumulative 

genetic variability of HIV-1 is managed on paper by classifying viral sequences 

into one of 13 currently recognized subtypes or sub-subtypes (A1-A4, B, C, D, F1-

F2, G, H, J, K) or 43 circulating recombinant forms (161). As of 2004, HIV-1 

subtype A, C, and D accounted for 65% of worldwide HIV-1 infections, with 

subtype C alone being responsible for half of all global infections (69).  

 

Most of these genetic differences reflect variability in the env gene, which can 

encode glycoproteins exhibiting 35% amino acid diversity between subtypes and 
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20% within a subtype (84). This sequence evolution is thought to be in response 

to immune pressure because Env is a target for both cell-mediated and humoral 

immune responses during HIV-1 infection (15, 19, 50, 115, 118, 144-146, 159, 176). 

Interestingly, patterns of adaptive evolution in the env gene of HIV-1 group M 

have been found to be similar but distinct between subtypes (27, 167). This 

genetic divergence between subtypes may lead to structural and/or antigenic 

variation that must be considered during HIV vaccine design.  

Function and structure of HIV Envelope 

The HIV env gene encodes the envelope (Env) precursor 160kDa glycoprotein 

(gp160), which is proteolytically cleaved into the surface unit gp120 and 

transmembrane unit gp41 (75). Together, these Env proteins form a complex that 

protrudes from the virion surface as a trimer. The transmembrane unit gp41 

contains heptad repeat regions 1 and 2 (HR1 and HR2), which reside in the 

ectodomain portion of gp41 (external to the viral membrane). These regions 

come together to form a six helix bundle that facilitates entry of the virus into the 

target cell after gp120 binding to receptor molecules and insertion of the fusion 

peptide into the target cell membrane (75). The surface protein, gp120, contains 

the CD4 binding site (CD4bs) and the co-receptor binding site, but to avoid 

recognition by the humoral immune response, conformational masking hides 

these two important sites. The first, the CD4bs is hidden within a hydrophobic 

pocket of gp120 (88). The second, the co-receptor binding site, is not available on 

the un-liganded gp120 trimer as it is formed by conformational changes that 

occur after CD4 binding, allowing four β-sheets to come together to form a 

bridging sheet that binds to CCR5 or CXCR4 (141, 142).  
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Much of what is currently known about the conformation of gp120 is based on 

crystal structures of the truncated, de-glycosylated, CD4-liganded subtype B and 

C protein core or the truncated, glycosylated, unliganded core of simian 

immunodeficiency virus (SIV) (24, 42, 89, 90). The structure and position of the 

‘hyper-variable’ domains contained within gp120 have been difficult to determine 

because of their conformational flexibility. It is, therefore, not fully understood 

how these variable domains might influence the overall conformation of a 

functional trimer.  Structures of CD4-liganded, truncated gp120 with an intact, 

antibody bound V3 domain (73) and a truncated gp120 bound to monoclonal 

antibody b12 (an anti-CD4bs antibody) (187), as well as a subtype C core bound 

to CD4 and 21c (an anti-coreceptor binding site antibody) (42) have also been 

recently deduced. In all of these structures, the outer-domain of gp120 appears to 

be similar; however, the inner domain is predicted to undergo significant 

conformational change upon binding to CD4, as reflected by its relative flexibility 

as compared to the outer domain ((101) and Fig. 1). Furthermore, comparisons 

between subtype B and C gp120s have shown that sequence differences in the 

CD4bs do indeed lead to differential binding and neutralization patterns by 

monoclonals (42, 182). Thus, it is imperative that HIV vaccine designs based on 

structure, such as immunogens aimed at inducing an antibody response, take 

into account these differences.  
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Figure 1. Atomic fluctuations in gp120. Backbone flexibility of the YU2 

gp120 molecule was calculated from long time scale equilibrium molecular 

dynamics simulations. These all atom simulations were carried out with gp120 

solvated in explicit solvent molecules. The calculated B-factors correspond to 

backbone atomic fluctuations and are graphically mapped on an arbitrary 

structure of a liganded gp120 with modeled loops using a color gradient. The red 

to blue indicates small to large atomistic fluctuations (rigid to flexible) in the 

backbone of the structure. The outer domain is relatively more rigid than the 

inner domain, while the loop regions are also more flexible than the core. Even 

though the starting conformation of gp120 corresponds to that of the CD4-

liganded structure, the CD4 molecule was not included in the calculations.  

Despite the incomplete sampling of the gp120 conformational space, significant 
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flexibility is observed in the inner domain, some of which is associated with the 

relief of the conformational constraints induced by binding to CD4. 

Subtype-specific Nab responses during HIV-1 infection  

Studying the evolution of the humoral immune response during natural HIV 

infection may also give clues as to how to induce a more effective antibody 

response in a vaccine setting. The majority of antibodies that arise are directed 

against Env (154, 165, 172). Given the subtype differences in Env proteins 

outlined above, it would not be surprising to find variation in the serology of 

infection with diverse subtypes. During infection, subtype B HIV-1 elicits 

neutralizing antibody activity against the autologous virus that is usually 

detectable in patient plasma within the first few months of infection (1, 4, 19, 92, 

112, 140, 165, 176). Subtype C HIV-1 elicits a Nab response with similar kinetics 

(20, 63, 92). However, when the autologous Nab response in 6 subtype B infected 

seroconverters was compared directly against 11 subtype C infected 

seroconverters from Zambia, a 3.5-fold higher 50% inhibitory titer of Nab was 

found in the C subjects (92). This study suggests that early subtype C antibodies 

may be more potent than subtype B. 

 

In addition to the issue of potency, the inability to induce antibodies during 

natural infection that can broadly neutralize across subtypes, much less via 

immunization, has hampered attempts to generate an effective vaccine. Recent 

studies of the cross-neutralization properties of individual and pooled subtype-

specific plasma using both pseudo-virus and PBMC-based assays have 

determined that in general, subtype specific relationships do exist between 
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neutralizing antibody and virus sensitivity (11, 12, 18, 20, 137). Surprisingly, one 

study found, that subtype C patient plasma was not more likely to cross-

neutralize a heterologous virus genetically similar to the autologous virus as 

opposed to a heterologous virus that was more distantly related (137). Thus, it is 

important to note that there could be poor concordance between neutralization 

epitopes (which are often conformational), and linear Env sequences (which are 

often gap-stripped) that are analyzed with phylogenetic methods. In fact it has 

been recently demonstrated that the presence of a defined Mab eptitope in an 

Env is not always sufficient for neutralization (12, 182), providing further 

evidence that exposure of neutralization determinants on the native trimer is also 

important. Thus there are both sequence and structural differences amongst 

subtypes that can hinder vaccine efforts to elicit antibodies capable of broad 

neutralization.  

 

A separate report, which found higher in vitro autologous Nab titers in early 

subtype C vs. B infection (as discussed above), also observed that plasma from 

these subtype C subjects had less cross-reactive activity against heterologous 

Envs of the same subtype, compared to plasma from the subtype B patients (92). 

This study suggests that the initial Nab response in subtype C infection, although 

potent, is directed against strain-specific epitopes. This lack of cross-reactivity in 

early subtype C infection was corroborated in an independent study of 14 South 

African patients (63). Intriguingly, in one study, subtype C pooled plasma was 

highly cross-neutralizing against viral Envs of almost all subtypes measured (A, 

B, C, D, AE and AG) using a sensitive pseudovirus assay (18). One explanation for 



 8 

this apparent contradiction would be that when these plasma samples are pooled, 

the breadth of targets recognized is increased substantially. In contrast, if 

autologous Nab across subtype B infected patients recognized similar targets, as 

suggested in (19), pooling the plasma would not be expected to dramatically 

increase the breadth (18).  

 

With respect to monoclonal antibodies (Mabs), a few ‘broadly reactive’ Mabs 

have been derived from subtype B infected patients, but most lack neutralizing 

activity against non-B viruses (11-13, 20, 64). For example, antibodies 2F5 and 

2G12 have limited activity against subtypes A, C, and D viruses (12), and for 

2G12, simply reconstituting the epitope in subtype C Env does not necessarily 

result in neutralization, suggesting that conformational constraints prevent 

formation or exposure of this epitope (64). Recently, monoclonals from a subtype 

A infected patient (PG9 and PG16) and a subtype B patient (VRC01) have shown 

promise by demonstrating both potency and wide breadth. Together these 

findings indicate that Envs of different subtypes have distinct antigenic 

properties, leading to differences in potency and breadth of the resulting 

antibody response. When these differences are taken into account, however, it 

does appear possible to isolate Mabs with the ability to neutralize across 

subtypes.  

 

Targets of Nabs and subsequent viral escape 

An ideal vaccine candidate would induce Nabs against a well-conserved, 

immunogenic target. Thus studying the targets of Nab during natural infection 
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may provide insight into achieving this goal. Presumably breadth arises from 

either an antibody-specificity against a conserved epitope, diverse antibody 

specificities that target ‘enough’ epitopes, or some combination of the two. There 

is no consensus as of yet as to what comprises ‘breadth’ although the specificities 

of these antibodies have been studied by numerous groups. Most of the patients 

with plasma that possess this desirable quality have been found to have 

antibodies directed against gp120 and more specifically, the CD4bs (10, 95, 96, 

151, 154, 173). Mabs isolated from two of these subjects suggest that breadth may 

be attributed to particular specificities such as the CD4bs (Mab VRC01) or 

quaternary epitopes involving V2 and V3 (Mabs PG9 and PG12). However, it has 

also been reported that neutralization breadth correlates with anti-MPER (in 

gp41) specificities (62, 65, 151, 157). One explanation for these different 

observations could be the different cohorts studied, or it could be that the anti-

MPER specificities do confer breadth, but in a smaller number individuals, as 

found by Walker, et al. and Sather, et al. (151, 172). Interestingly, in one study, 

the breadth demonstrated by polyclonal plasma could not be recreated by 

combining autologous monoclonals at a one to one ratio (154). Thus, although 

cross-subtype neutralization is a major goal for vaccine design, the path that 

leads to antibody breadth is still not fully understood. 

 

Furthermore, why is breadth so uncommon? As described in a previous section, 

antibody responses have been found to be potent, but often strain-specific (92, 

112). In a SHIV model of infection, it was found that the V1V2 domain is 

responsible for this specificity. This finding corresponds with evidence from 
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multiple labs reporting that antibodies often target V1V2 during HIV-1 infection 

as well (59, 60, 72, 81, 172). In fact studies of the early antibody response in 

subtype C patients have shown that antibodies have limited specificities 

(targeting only V1V2, C3 and V5) and thus are easily escaped (116, 146). Together, 

these data potentially explain the lack of viral control by the humoral arm of the 

immune response, in that early antibodies appear to target one highly variable 

region at a time, which means the response is both lacking in breadth and fairly 

simple to evade.  

 

In these latter studies by Moore et al. and Rong et al., subsequent viral escape 

was suggested to be through sequence changes in the V1V2 domain as well as 

through potential glycan shifts and indels. Others have demonstrated both the 

importance of both glycan shifting in Nab escape (176) as well as changing loop 

length (41, 144, 147), methods of escape used by HIV-1 regardless of subtype. The 

virus may further evade the immune system by structurally concealing targets of 

Nabs. The CD4bs is hidden in a hydrophobic pocket that may sterically prevent 

antibody binding and may necessitate the virus to bind multiple CD4 molecules 

to gain sufficient avidity for entry (88). The coreceptor binding site is “hidden” as 

well in that it is only formed after conformational changes that occur following 

receptor binding. Structural concealment of both these sites has been 

demonstrated to prevent antibody neutralization of the virus (38, 88).  Less 

defined is the role of structural masking of the V3 domain, another possible 

target of neutralizing antibodies. 
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The V3 domain is the most conserved of the “hyper-variable” domains (73), and it 

is the only one of these domains to have a defined role in viral entry (21, 34, 168). 

However, lineage specific sequence and mutational patterns have been identified 

in V3 across all HIV-1 subtypes (86, 124). For instance, the subtype C V3 domain 

lacks sites of strong positive selection analogous to those found in the subtype B 

V3 (54, 145). One possible explanation is that the former may not be driven to 

vary its sequence in reaction to immune pressure, but at odds with this theory is 

the fact that anti-V3 antibodies are in fact detectable in subtype C plasma (10, 20, 

37, 115). A second possibility is that since sequence variation in V3 appears to 

facilitate the switch to CXCR4 usage in subtype B viruses, V3 conservation may 

just be a general feature of CCR5-using viruses, but analysis using the HIV 

Sequence Database (data not shown) does not support this theory. Thus, despite 

their presence in both subtype C and B plasma, anti-V3 antibodies in these 

respective subtypes have been shown to both target diverse epitopes on V3 and 

have varying neutralizing abilities against primary viruses, suggesting antigenic 

differences between the V3 in these two subtypes (10, 110, 112, 124, 189). 

Whether these different mutational patterns are a result of conformational 

differences or are the cause is uncertain.  

 

On the contrary, cross-subtype reactive anti-V3 antibodies can be elicited in 

patients, indicating that there are also conserved features of V3. Recently, crystal 

structures of cross-neutralizing anti-V3 antibodies bound to diverse V3 peptides 

were characterized (78). This study reveals that despite the sequence variation 

that occurs in V3, there are four conserved structural elements termed arch, 
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circlet, band and backbone, and when antibodies target these latter regions, they 

possess cross-neutralizing ability. Subtype A infections in particular appear to 

elicit antibodies that recognize features of V3 that are conserved across subtypes. 

For example, plasma from Cameroonian patients infected with subtype A or 

CRF02_AG more frequently harbored anti-V3 antibodies that were cross-reactive 

than did North American patients infected with subtype B (87), and two of the 

three cross-reactive antibodies crystallized in the former study were from 

Cameroonian patients (78). Nevertheless, anti-V3 specificities rarely contribute 

to broad neutralization despite their omnipresence. Intriguingly, in studies of 

subtype C South African patients, antibodies directed against the V3 domain were 

present in the plasma of all subjects during early infection, and were capable of 

binding to autologous and heterologous V3 peptides, yet these antibodies did not 

contribute to neutralization of autologous virus in most of the patients (20, 115). 

This phenomenon has been observed in subtype B infection as well (112). The 

ubiquitous presence of anti-V3 antibodies could suggest recognition of ‘decoy’ V3 

epitopes exposed on defective Env forms (i.e. monomeric Env), but it is also 

possible that sequestration of V3 on the native, trimeric Env, prevents 

neutralizing activity as well (114) and structural concealment of V3 epitopes has 

been reported (10, 37, 115). Thus the role of the V3 domain in antibody escape 

remains incompletely described.  

 

Consequences of viral escape 

An important question that arises from these studies of viral escape is whether 

there is a fitness cost to the virus by immune system evasion. One measure of 
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‘fitness’ is the ability to replicate, and viral replication can be examined in vitro in 

cell culture or in vivo by viral load. Drug resistance mutations in the reverse 

transcriptase enzyme (RT) have been shown to negatively impact viral replication 

in vitro (5, 133, 174), and some mutations associated with escape from the 

cytotoxic lymphocyte (CTL) immune response have been observed to dampen 

viral replication as well (17, 35, 134, 155, 170).  Intriguingly, some of these escape 

mutations have been associated with lower viral loads in vivo (58, 123). This 

observation suggests that although the virus can escape and possibly gain 

compensatory mutations, the selective pressure of drugs or the cellular immune 

response can play a role in viral control, however slight. Because Env exhibits 

high levels of diversity, it might be hypothesized that immune escape in Env in 

particular would not carry a viral replication cost. It has been reported that CTL 

escape mutations in this region have varying effects on viral replication in vitro 

(170). As for the humoral arm of the immune response, its role in viral control is 

ambiguous as well. One study found a negative correlation between autologous 

titer and viral load in chronic infection, implying a role for Nabs in lowering 

viremia (39). Furthermore, in a South African subject, the appearance of certain 

autologous Nab specificities was shown to parallel a slight dip in viral load (116). 

In long-term non-progressors; however, no correlation between autologous Nab 

and viral load was found suggesting that the exquisite control exhibited by these 

particular subjects is not attributable to Nabs (104). To date, in vitro studies have 

reported different conclusions as well.  There is no correlation between resistance 

to antibodies b12, 2G12, 2F5 and 4E10 and replication ability (136), but another 

group found that alanine mutations in an epitope targeted by anti-gp120 core 
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antibodies resulted in loss of infectivity (130). Thus, specific mutations that arise 

naturally during infection and confer resistance to autologous Nabs have not 

been examined for their effect on replication kinetics in vitro, and so the question 

of fitness cost remains unanswered. 

 

Thus through a combination of steric hindrance, glycan shifts and sequence 

change, the virus is able to escape from potent Nabs, which may target different 

regions of gp120 such as V1V2 or V3, yet rarely achieve ‘enough’ breadth in an 

individual to effectively control virus during natural HIV-1 infection. The manner 

in which the virus escapes without crippling consequences, and how we might 

exploit any vulnerability in this process for vaccine design, demands close 

examination.  

 

Summary 

In summary, because of high levels of replication, recombination and an error-

prone polymerase, HIV-1 is able to generate a tremendous level of diversity.  This 

genetic variation leads to antigenic differences amongst subtypes, a fact that has 

greatly hindered vaccine design. Subtype C, however, accounts for the majority of 

infections worldwide, and therefore, it is especially important to study. 

Additionally, studying subtype C HIV-1 in the setting of natural infection and the 

subsequent development of the immune response may provide important insight 

for vaccine development.  

The struggle between host and virus is actively being characterized. Within the 

first months of infection, people (especially with subtype C) mount a potent but 
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strain-specific antibody response against limited targets. It has also been shown 

that the virus rapidly escapes this constant immune pressure and these 

mechanisms of evasion are important to deduce to avoid this pitfall with a 

vaccine. HIV-1 has multiple pathways to escape. The glycoprotein spikes on the 

virion are covered by oligosaccharides forming what is commonly referred to as a 

‘glycan shield’. Env proteins can tolerate high levels of sequence change and they 

also contain five ‘hypervariable’ loops that can vary in length and mask epitopes.  

Here in chapter two, I demonstrate that conservation as opposed to sequence 

change of a residue in the V3 domain of subtype C Envs contributes to Nab 

evasion by structural masking of neutralization epitopes. This phenomenon 

occurs in multiple, genetically diverse subtype C Envs, suggesting that 

conservation of hydrophobic residues in V3 may be a feature of subtype C gp120 

in general. In chapter three I closely examine the types of antibodies that 

comprise the early Nab response. I establish that this early Nab response in a 

Zambian seroconverter is composed of multiple B cell clones producing 

antibodies against a single conformationally complex target in V1V2. Because the 

Mabs are narrowly targeted, escape from these multiple antibodies is achieved by 

a single residue change. Although the mechanism behind this escape appears to 

require insertion of a potential glycan motif, I verify that it is the sequence 

change itself as opposed to the glycan that actually confers escape from these 

Mabs. Thus, in this thesis, multiple mechanisms of HIV-1 escape from Nab 

pressure are explored, and hopefully the conclusions can inform vaccine design. 
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Chapter Two: 

Subtype-specific Conservation of Isoleucine 309 in the Envelope V3 

Domain is Linked to Immune Evasion in Subtype C HIV-1 Infection 

 

I. Abstract 

The V3 region of the HIV-1 envelope (Env) glycoprotein gp120 is a key functional 

domain yet it exhibits distinct mutational patterns across subtypes. Here an 

invariant residue (Ile 309) was replaced with Leu in 7 subtype C patient-derived 

Envs from recent infection and 4 related neutralizing antibody escape variants 

that emerged later. For these 11 Envs, I309L did not alter replication in primary 

CD4 T cells; however, replication in monocyte-derived macrophages was 

enhanced. Infection of cell lines with low CD4 or CCR5 revealed that I309L 

enhanced utilization of CD4 but did not affect the ability to use CCR5. This CD4-

enhanced phenotype tracked with sensitivity to sCD4, indicating increased 

exposure of the CD4 binding site.  The results suggest that Ile 309 preserves a V3-

mediated masking function that occludes the CD4 binding site. The findings 

point to an immune evasion strategy in subtype C Env to protect this vulnerable 

immune target. 
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II. Introduction 

HIV-1 group M is a collection of genetically diverse viruses that have been 

classified into 9 major subtypes as well as multiple circulating and unique 

recombinant forms (for a complete listing see http://www.hiv.lanl.gov). The 

envelope (env) gene is a major source of this genetic diversity, varying by 

approximately 10% within an individual, 20% within a subtype, and 35% between 

subtypes (84). The product of the env gene is a 160kDa polyprotein precursor 

that is proteolytically processed into individual subunits, gp41 and gp120, which 

associate non-covalently to form trimeric ‘spikes’ on the surface of the virion. The 

gp120 subunit protrudes from the virion surface, and contains the binding sites 

for the CD4 receptor and the coreceptors CCR5 or CXCR4. The gp120 is also the 

major target for neutralizing antibodies (Nab) but its genetic variability poses a 

significant obstacle for vaccine-induced protection (10, 61, 65, 154). Much of what 

is currently known about the organization of gp120 is based on crystal structures 

of a truncated, de-glycosylated, CD4-bound subtype B core or a truncated, 

glycosylated, unliganded SIV core (24, 89, 90). The structure and position of the 

five ‘hyper-variable’ domains (V1-V5) on gp120 have been difficult to determine 

because of their conformational flexibility; it is, therefore, not fully understood 

how these domains could influence the overall conformation and immunogenicity 

of the native protein. Consequently, the positions, inter-molecular interactions, 

and genetic diversity of the hyper-variable domains could lead to subtle but 

important structural differences, particularly between viral subtypes (56, 64, 101, 

124, 145).  
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Of the five hyper-variable domains, V3 is relatively conserved (73) and does not 

exhibit the dramatic insertions, deletions, and shifts in potential N-linked 

glycosylation sites that are characteristic of the V1V2 and V4 domains. Perhaps 

this reflects that the V3 domain participates directly in coreceptor binding, which 

is a critical step in viral entry (21, 34, 168). Nevertheless, the amino acid sequence 

of V3 and its mutational pattern exhibit differences across subtypes (47, 54, 86, 

124). One striking example is that subtype A and C V3 domains contain a highly 

conserved GPGQ amino acid motif at the crown, while GPGR is predominant in 

subtype B Envs (86, 158). Subtype D Envs, on the other hand, carry a mixture of 

residues at the R/Q position (www.hiv.lanl.gov). The subtype B V3 domain 

facilitates a switch in tropism, from CCR5 to CXCR4 usage in about 50% of 

patients (33, 139, 156, 162), whereas CXCR4 usage among subtype C viruses is 

infrequent, even in advanced stage patients (26, 28, 30, 77, 117, 160). Consistent 

with possible functional constraints, the subtype C V3 domain exhibits less 

sequence variation compared to subtype B (54, 55, 86, 124, 145, 158). Even 

during escape from autologous Nab in subtype C HIV-1 infection, the V3 domain 

remains remarkably conserved amid ongoing sequence evolution in other Env 

regions (116, 146). It has recently been shown that distinct mutational patterns in 

subtype B and C lead to conformational differences as well (124). Interestingly, 

position 309 in V3 exhibits extreme conservation as Ile in subtype C but in 

subtype B, Leu, Met, and Val also occur with relative frequency (124). Thus, while 

lineage-specific genetic differences in the V3 domain have been firmly 

established, their underlying biology is not clearly understood.  
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Here we have begun to explore the biological basis for conservation of V3 

sequence by creating an I309L substitution in a panel of eleven diverse, patient-

derived subtype C Envs that includes recently transmitted viruses and defined 

autologous Nab escape variants. We evaluated changes in both function and 

antigenicity of the wildtype and mutated Envs and uncovered evidence 

suggesting that in subtype C, I309 participates in immune evasion by masking 

the CD4bs and possibly other vulnerable sites, even though this residue is not 

critical for interactions with CCR5.  
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III. Materials and Methods 

Env clones. Details of the ZEHRP cohort, sample collection, and processing 

have been described previously (41, 108, 166). The Envs studied here were 

derived from seven newly infected subjects from this cohort (185F, 153M, 205F, 

221M, 109F, 106F, and 55F). The Emory University Institutional Review Board, 

and the University of Zambia School of Medicine Research Ethics Committee 

approved informed consent and human subjects protocols. None of the subjects 

received antiretroviral therapy during the evaluation period. PCR amplification 

and cloning of the Envs has been described (41, 67, 146). The env genes were 

cloned into one of the CMV-driven expression plasmids pCR3.1 or pcDNA 

3.1/V5-His TOPO (Invitrogen), which were then used to generate viral 

pseudotypes. All Envs were derived from plasma or PBMC DNA according to 

protocols previously described (92) and are subtype C. Nucleotide sequences 

(either V1-V4 or full-length) have been deposited into Genbank under the 

following accession numbers: 55 FPB4a AY423973, 106 FPB9 AY424163, 109 

FPB32 AY424141, 205FPB 12MAY05ENV5.1 GQ485442, 

205FPL27MAR03ENV5.2 GQ485418, 185FPL 10JUL04ENV1.1 GQ485388, 

185FPB 24AUG02 ENV3.1 GQ 485314, 153MPL 13MAR02 ENV5.1 HM068596, 

153MPL 13MAR04 ENV4.1 HM068597, 221MPL 7MAR03 ENV2.1 HM068598, 

221MPL 26FEB05 ENV3.1 HM068599. All amino acid positions are based on 

HXB2 gp160 numbering.  

 

PCR-based site mutagenesis. To generate I309L mutations, PCR-directed 

site mutagenesis was performed using two overlapping primers that contained 
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the mutated sequence for each Env using a strategy similar to that described in 

(144). Briefly, each env gene (plus Rev and partial Nef coding sequences) was 

amplified using primer sequences similar to the following, which were used with 

185F 0-Month EnvPB3.1 (substituted nucleotide is underlined and HXB2 

locations are provided): 7124-7162 (5’-CAA TAA TAC AAG GAA AAG TGT GAG 

ACT AGG ACC-3’) and 7134-7167 (5’-GTC CTG GTC CTA GTC TCA CAC TTT 

TCC-3’). The amplification conditions were: 1 cycle of 95°C for 30 sec.; 18 cycles 

of 95°C for 30 sec.; 45°C for 1 min. (optimal annealing temperature was 

determined for each primer set), and 68°C for 9 min.; storage at 4°C. The 50 µl 

PCR reactions contained 100ng of each primer, 10 ng of the plasmid template, 

0.2 mM dNTP, and 1X reaction buffer. PfuUltra II Fusion Hotstart DNA 

polymerase (Stratagene) was used to generate the PCR amplicons, which were 

digested with DpnI to remove contaminating template DNA, and then 

transformed into maximum efficiency XL2-Blue ultracompetent cells (>5 x 109 

cfu/µg DNA; Stratagene) so that the DNA volume did not exceed 5% of the cell 

volume. The entire transformation was plated onto LB-Ampicillin agar plates, 

generally resulting in 10 to 50 colonies.  

 

Colonies were inoculated into LB-Ampicillin broth for overnight cultures and the 

plasmid was prepared using the QIAprep Spin Miniprep Kit. Each plasmid was 

screened for biological function as previously described (41, 92). Briefly, 600 ng 

of Env DNA was co-transfected into 293T cells along with 1200 ng of an Env-

deficient subtype B proviral plasmid, pSG3ΔEnv, using Fugene-6 according to the 

manufacturer’s instructions (Hoffman-La Roche). Seventy-two hours later, the 
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transfection supernatant was transferred to JC53-BL (TZM-bl) indicator cells. At 

48 hours post-infection, each well was scored positive or negative for blue foci 

using b-gal staining. For clones that produced functional Env pseudotypes, the 

plasmids were re-transfected into 293T cells on a larger scale to produce a 

working pseudotype virus stock. Transfection supernatants were collected at 48 

hours post-transfection, clarified by low speed centrifugation for 20 minutes, 

aliquoted into 0.5 ml or less portions, and stored at –80°C. The titer of each 

pseudotyped virus stock was determined by infecting JC53-BL cells with 5-fold 

serial dilutions of virus as described previously (41, 92). All env sequences were 

confirmed by nucleotide sequencing.  

 

Virus neutralization and inhibition assays. Neutralization assays using 

sCD4, monoclonal 17b, and a pool of anti-V3 monoclonal antibodies derived from 

subtype C infected Indian patients were performed using viral pseudotypes to 

infect JC53-BL (Tzm-bl) indicator cells using a luciferase readout as described 

previously (41, 92, 144-146). A human IgG isotype control was used in all 

monoclonal antibody experiments. Briefly, 2000 IU of pseudovirus was 

incubated for 1 hour in DMEM + 10% FBS (Hyclone) + 40µg/ml DEAE-Dextran 

with serial dilutions of sCD4 or monoclonal antibody and 100µl was then added 

to the indicator cells for a 48 hour infection before being lysed and evaluated for 

luciferase activity. To pre-trigger Envs, the pseudovirus was incubated for one 

hour with either its IC50 of sCD4 or 100nM sCD4 if 50% inhibition was not 

achieved. After incubation for another hour with serial dilutions of 17b, 100µl of 

sCD4-17b-virus was added to JC-53BL cells for a 48 hour infection. The 17b 
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monoclonal antibody (contributed by Dr. James Robinson) (163) and sCD4-183 

(2-domain) (contributed by Progenics Pharmceuticals) (53) were obtained from 

the NIH AIDS Research and Reference and Reagent Program, Division of AIDS, 

NIAID, NIH. The anti-CD4 antibody B13.8.2 was kindly provided by Dr. Quentin 

Sattentau (University of Oxford) (152). A pool of three monoclonal antibodies 

against the V3 domain isolated from Indian patients infected with subtype C 

viruses was contributed by Dr. Susan Zolla-Pazner.  

 

Replication in CD4 and monocyte-derived macrophages (MDM) using 

an NL4.3 proviral cassette. A panel of Envs was subcloned into a replication 

competent NL4.3 backbone that has been described previously (98, 121). This 

system is amenable to accepting diverse env genes, and facilitates substitution of 

virtually the entire coding region (only 36 and 6 amino acids at the N and C 

terminus respectively are derived from NL4.3). We have previously shown that 

patient-derived Envs retain their entry phenotype in comparison with the 

primary isolate, indicating that the NL4.3 backbone is neutral to Env entry 

properties (121). Peripheral blood mononuclear cells (PBMC) were isolated from 

the whole blood of a normal, seronegative donor by ficoll-hypaque centrifugation. 

CD8-depleted PBMC cultures were prepared by negative selection using 

Dynabeads (Invitrogen). The CD4-enriched PBMC were cultured in complete 

RPMI for 3 days in the presence of 3mg/ml phytohemagglutinin (PHA) for 

activation prior to infection. Infected cultures were maintained in complete 

RPMI supplemented with 30 U/ml recombinant human IL-2 (Roche) for up to 10 

days. Every two days, 200µl of supernatant was collected for p24 analysis 
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(Perkin-Elmer), and this volume was replaced with fresh complete media with IL-

2. MDM were prepared from whole blood as described in (148). Briefly, 3X106 

PBMC per well were subject to adherence for 2 hours in a 24-well plate, and non-

adherent cells were aspirated off. The remaining cells were incubated in DMEM 

with 10% Giant Tumor Cell-Conditioned Media (GCT) (Irvine Scientific), 10% 

Human AB Serum (Sigma) and 50ng/ml recombinant human Macrophage 

Colony-Stimulating Factor (rhMCSF) (R&D Systems). After 3 days, the cells were 

washed 3 times with PBS and media was replaced with 800µl of Macrophage 

media (DMEM + 10% FBS (Hyclone) + 10% GCT + 50ng/ml rhMCSF). On day 6, 

100,000 IU of virus was added in 300µl serum-free DMEM for 2 hours, and 

500µl of Macrophage media was added for overnight infection. Every 3 days for 

13 days after infection, 250µl of supernatant was collected for p24 analysis, and 

1.5 ml of media was removed and then replaced with fresh media. Subtype B Envs 

NL4.3 and YU-2 and subtype C Env MJ-4 were cloned into the NL4.3 backbone 

and used as controls for these experiments. The infectious subtype C proviral 

clone MJ4 (contributed by Drs. Thumbi Ndung’u, Boris Renjifo, and Max Essex) 

(119) was obtained from the NIH AIDS Research and Reference and Reagent 

Program, Division of AIDS, NIAID, NIH.  

 

Receptor-dependent pseudovirus entry assay. Pseudovirus entry assays 

were performed as described above except that a panel of HeLa cells (provided by 

Drs. Emily Platt and David Kabat, Oregon Health and Science University) stably 

transduced to express varying levels CD4 and CCR5 were used instead of JC53-

BL cells and the Env-deficient subtype B proviral plasmid pNL4.3ΔEnv, kindly 
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provided by Dr. Ron Collman, expressing a luciferase reporter gene was used 

instead of pSG3DEnv (which does not express a reporter gene) (79, 132). Briefly, 

transfection supernatants were normalized to p24 and equivalent amounts were 

added per well in each experiment to infect each cell line. The cell lines used were 

JC.53 (1.5x105 CD4 and 1.3x105 CCR5 molecules/cell), JC.10 (1.5x105 CD4 and 

2.0x103 CCR5 molecules/cell) and RC.49 (1.0x104 CD4 and 8.5x104 CCR5 

molecules/cell).  

 

Statistical analysis. To compare groups, a non-parametric Wilcoxon signed 

rank test was used for paired comparisons. All analyses were performed using a 

two-tailed p-value in Graphpad Prism 4.0c, and p-values ≤ 0.05 were considered 

statistically significant. 
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IV. Results 

I309L was created in a representative panel of diverse subtype C 

Envs. The major goal of this study was to investigate the biological effects of 

mutating Ile 309 in Envs of HIV-1 subtype C, in which this residue is 99% 

conserved. We chose Leu because this amino acid occurs naturally, albeit in less 

than 1% of subtype C Envs, and has been associated with structural changes in V3 

(158). We therefore selected a panel of seven Envs that were each cloned during 

acute/early infection from a different subject enrolled in the Zambia-Emory HIV 

Research Project (Table 1). The newly transmitted Envs were cloned within 129 

days of the last seronegative test, with Envs from 185F, 221M, and 205F being 

within an estimated 48 days of infection. To broaden the relevance of this study, 

we also included four Envs cloned at a time point between 23 and 25 months 

after infection that had developed resistance against the contemporaneous 

autologous neutralizing antibody (Nab) pool ((146) and data not shown) (Table 

1). These later Envs allowed us to evaluate the effects of the I309L mutation 

specifically within Envs known to have adapted to Nab immune pressure during 

natural infection.  Supplemental Fig. 1 demonstrates that all of the Envs cluster 

phylogenetically as subtype C, and that their genetic diversity is representative of 

subtype C variants circulating across multiple geographic regions. This figure also 

shows that the newly transmitted Envs from subjects 205F, 153M, 185F, and 

221M each cluster with the Nab escape variant from the same patient. The I309L 

mutation was created in the V3 domain of each of the 11 Envs (Fig. 1) and used in 

the biological studies described in the following sections. 
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Table 1. 

Subject 
ID 

Sample date SGAa Days since 
seronegative 

Estimated 
days since 
infection 

Nab escape 
variants 

106F 8-Jun-98 no 129 NDb NTc 

55F 13-Aug-98 no 90 ND NT 
109F 16-Mar-00 no 96 ND NT 
153M 13-Mar-02 yes 88 ND 24-months 
185F 17-Aug-02 yes 11 33 23-months 
221M 7-Mar-03 yes 100 31 23-months 
205F 27-Mar-03 yes 26 48 25-months 

aSingle Genome Amplification 
bNot determined 
cNot tested 
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Figure 1. Alignment of V3 sequences from subject Envs. 

Amino acid sequences of the V3 domain from the 11 patient-derived Envs used in 

the mutagenesis experiments were aligned using SeqPublish (Los Alamos 

Database) and are shown in comparison to the consensus sequence for subtype C. 

The 7 Envs from an acute/early time point of infection are shown in red and the 

four Nab escape variants from a longitudinal time point two years post-infection 

are shown in blue. The consensus subtype C sequence is shown in black. Dashes 

indicate residues that are the same as the subtype C consensus sequence. A green 

box designates the I309 residue that was mutated to an L309 in each Env using 

site-directed mutagenesis. 
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The I309L mutation does not decrease replication in primary CD4 T 

cells. Purifying selection imposed upon I309 could indicate that changes at this 

position are not tolerated because they decrease replication capacity. We 

therefore evaluated whether the I309L change would be detrimental to 

replication in activated CD4 T cells. Ten of the eleven Envs, with and without 

I309L, were transferred into a replication competent NL4.3 proviral backbone 

and used to infect PBMC enriched for CD4 T cells by CD8 depletion. A replication 

competent virus containing185F 23-month EnvPL1.1 could not be generated 

using this system due to internal restriction sites. Supernatant was collected 

every two days and viral p24 was quantified for a measure of viral replication 

(Fig. 2A and Suppl. Fig. 2). The subtype C provirus MJ4 was used as a positive 

control for replication in CD4 T cells (119).  

 

The acute/early subtype C Envs mediated replication with variable magnitude 

and kinetics, but day 10 represented the peak p24 level for the majority of the 

subtype C Envs (Fig 2A and Suppl. Fig. 2). Therefore, this time point was used to 

compare the overall replication between paired sets of wildtype and I309L 

mutant Envs. Each wildtype Env and its I309L mutant displayed comparable 

replication kinetics and p24 levels (Fig 2A and Suppl. Fig. 2), and there was no 

statistical difference in day 10 p24 levels between of the two groups (Fig. 2B). To 

ensure that the I309L mutation had not reverted, the V3 domain of each mutant 

virus was sequenced using virion-associated RNA in supernatant collected at day 

10 during one experiment (data not shown). This result demonstrates that I309L-

containing Envs are replication competent in activated CD4 T cells, and suggests 
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that the strong conservation of I309 is not due to a detrimental effect on viral 

replication, at least as measured by this in vitro assay. 
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Figure 2. Replication of virus containing a wildtype and I309L 

mutated Envs in PBMC. 

10 wildtype and 10 I309L mutated Envs were placed into a replication competent 

NL4.3 backbone and used to infect CD8-depleted human PBMC; representative 

graphs of 3 of these pairs are shown in panel (A). Viral p24 antigen production in 

the supernatant was measured by ELISA and is plotted (pg/ml) on the vertical 
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axis on a log10 scale while days post infection are on the horizontal axis. Mock-

infected (squares) and positive control virus NL4.3 (triangles) are shown in black. 

Wildtype Envs are blue and I309L mutant Envs are green. The error bars 

represent two independent experiments using two different donors. Total p24 at 

day 10 of infection is shown as a dot plot (B). The residue at position 309 is 

indicated on the horizontal axis, and a comparison of p24 antigen levels between 

I309 Envs (blue) and L309 (green) Envs was performed using Graphpad Prism. 

Each dot represents the mean p24 for one Env. The p-value was determined 

using a paired Wilcoxon test. The p24 level for the positive control virus NL4.3 is 

represented by a black arrow.
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The I309L mutation leads to a moderate enhancement of replication 

in monocyte-derived macrophages. In addition to CD4 T cells, human 

monocyte-derived macrophages (MDM) can also serve as a target cell for HIV-1 

in vivo. We therefore evaluated whether I309L altered in vitro replication in 

MDM cultures. For these experiments, the subtype B Env YU-2 was used as a 

positive control for replication in MDM, and NL4.3 was used as a negative 

control (Fig 3A and Suppl. Fig. 3) (94). None of the subtype C Envs replicated as 

efficiently as the 'control' strain YU-2, which is consistent with our previous 

finding that subtype C Envs, while CCR5-tropic, do not infect MDM with high 

efficiency (77). Nevertheless, using p24 level at day 13 post-infection for 

comparison, the I309L Envs overall replicated to moderately higher levels than 

their wildtype counterparts (Fig. 3B; p=0.02). This enhanced ability to replicate 

in MDM cultures could be linked to augmented usage of low amounts of CD4 

found on these cells, as compared to levels found on T-cells (7, 32, 45, 164). 



 34 

 

Figure 3. Replication of I309 and I309L Env viruses in MDM. 

10 wildtype and 10 I309L mutated Envs were placed into a replication competent 

NL4.3 backbone and used to infect MDM; representative graphs of 3 of these 

pairs are shown in panel (A). Viral p24 antigen production in the supernatant 

was measured by ELISA and is plotted (pg/ml) on the vertical axis on a log10 

scale while days post infection are on the horizontal axis. Mock-infected is shown 
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in black squares, negative control virus NL4.3 (triangles) and positive control 

virus YU-2 (diamonds) are shown in red, wildtype I309 Envs are blue and I309L 

mutant Envs are green. The error bars represent two independent experiments 

from two different donors. Total p24 at day 13 of infection is shown as a dot plot 

(B). The residue at position 309 is indicated on the horizontal axis, and a 

comparison of p24 antigen levels between I309 Envs (blue) and L309 (green) 

Envs was performed using Graphpad Prism. Each dot represents the mean p24 

for one Env. The p-value was determined using a paired Wilcoxon test. The p24 

level for the positive control viruses YU-2 (shown as a red dot) and the negative 

control virus NL4.3 are represented by black arrows. 
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 The I309L mutation confers increased entry into a cell line 

expressing low CD4. We next investigated whether differences in infection 

efficiency would be observed in HeLa-based cell lines that express known 

quantities of CD4 and CCR5. JC.53 cells, which express high levels of CCR5 and 

CD4, were used to determine relative infectivity in two different cell lines: JC.10, 

which express low CCR5/high CD4, and RC.49, which express high CCR5/low 

CD4 (see methods) (132). These cell lines were infected with pseudoviruses 

created by expressing the wildtype or I309L mutant Envs with an HIV-1 env-

deficient backbone that encodes luciferase. Under the condition of high CD4 and 

limited CCR5, there was no statistically significant difference between the 

wildtype and I309L Envs in ability to enter the JC.10 cells (Fig 4A). There was 

one pair of Envs from subject 221 for which the I309L did appear to decrease 

infectivity, although this effect may be due to an inherent property of the V3 loop 

(perhaps the D321, see Fig. 1) in these two Envs. Overall, however, infectivity of 

JC.10 cells was decreased by approximately 10-fold for all Envs, compared to the 

JC.53 cells (high CCR5, high CD4), suggesting that the wildtype and I309L Envs 

were equally dependent on CCR5 for entry into JC.10 cells. Dependence on CCR5 

was confirmed using the HI-J cell line, which expresses CD4 and endogenous 

CXCR4 but no CCR5 (data not shown). When CD4 levels were reduced, however, 

the I309L containing Envs consistently had higher relative infectivity in the 

RC.49 cells, ranging from a 1.1- to an 18.6-fold increase over the matched 

wildtype Env (Fig. 4B; p=0.003). It should be noted that the infectivity of all 

Envs for RC.49 cells was generally about 1% of that achieved on the JC.53 cells. 

Thus, all of the Envs were highly dependent on CD4 levels, consistent with other 
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studies by our group using patient-derived subtype C Envs from acute/early and 

chronic infection (3). The I309L mutation did not, therefore, “pre-trigger” the 

coreceptor binding domain, leading to CD4 independence, as has been described 

for subtype B Envs carrying non-consensus residues at position 309 (38, 186). 

Thus, although both I309L and wildtype Envs were inefficient at infecting cells 

with limiting levels of CD4, the I309L Envs consistently had higher relative 

infectivity, suggesting more efficient binding to CD4 and/or increased exposure 

of the CD4bs.  



 38 

 

 

Figure 4. Lower dependence on CD4 but not CCR5 levels for entry by 

I309L Envs.  

The infectivity of the 11 wildtype and 11 I309L mutated pseudotyped Envs were 

measured in HeLa cell-lines JC.10 with high CD4 and low CCR5 (A) and RC.49 

expressing low CD4 and high CCR5 (B). The relative infectivity compared to 

JC.53 cells, which express high CD4 and high CCR5, was determined by 

provirally-encoded luciferase and is shown on the vertical axis. The I309 wildtype 

Envs are blue while the I309L mutated Envs are green. Each point represents the 

mean relative infectivity of an individual Env pseudovirus from 2 independent 

experiments. A paired Wilcoxon test was used to determine the p-value. 
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The I309L mutation confers increased sensitivity to sCD4. Patient-

derived virus Envs are typically resistant to inhibition by the soluble form of the 

CD4 receptor, sCD4, reflecting the cryptic nature of the CD4 binding site (CD4bs) 

(6, 20, 36, 111, 113, 135, 178, 182). However, the ability to infect MDM and RC.49 

cells has been associated with increased sensitivity to sCD4 inhibition (45, 127, 

128). Fig. 5 demonstrates that all of the wildtype Envs were relatively resistant to 

sCD4 out to 100 nM in a single round pseudovirus assay. The I309L substitution, 

however, led to an almost universal increase in sCD4 sensitivity, although the 

magnitude varied between Envs (Fig 5A). For 9 of the 11 Envs, I309L resulted in 

an increase in sensitivity compared against wildtype at the highest concentration 

of sCD4 (100nM). Overall, viral infectivity was significantly lower with the I309L 

mutation at both 100nM and 20nM concentrations of sCD4 (Fig. 5B; p=0.001 

and p=0.005, respectively), suggesting a consistent increase in exposure of the 

CD4bs in the mutant Envs as compared to the wildtype Envs. Binding to CD4 was 

further assessed by incubating the pseudotyped Envs with an anti-CD4 

monoclonal antibody B13.8.2, and subsequently calculating the concentration of 

antibody necessary to reduce viral infectivity by 50% (IC50). The I309L Envs 

required higher concentrations of anti-CD4 to inhibit infection (with a higher 

IC50) than wildtype, confirming their more efficient utilization of the CD4 

receptor (Fig. 5C; p=0.01).  
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Figure 5. I309L mutation increases sCD4 sensitivity in multiple 

subtype C Envs.  

The parent and wildtype Envs were assessed for sensitivity to sCD4 using 

pseudoviruses (A). Mutant I309L Envs are shown by green lines and wildtype 

Envs are shown by blue lines. Each line on the graph represents an individual 

Env pseudovirus. Percent viral infectivity compared to no sCD4 is shown on the 

vertical axis and was calculated from luciferase units by dividing virus-infected 

wells in the presence of inhibitor by the virus-infected well in the absence of 

inhibitor. The concentration of sCD4 (in nanomolar) is plotted on the horizontal 

axis on a log10 scale. Error bars represent the standard error of the mean of at 

least 2 independent experiments. Vertical point plots of the mean percent viral 

infectivity for each Env pseudovirus at 100nM and 20 nM sCD4 respectively were 

generated using Graphpad Prism (B) while the IC50 (µg/ml) of pseudovirus in 

the presence of anti-CD4 binding antibody B13.8.2 is shown in (C). I309 Envs in 

blue were compared to L309 Envs in green. A paired Wilcoxon test was 

performed to determine the p-value. 
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The I309L mutation moderately increased sensitivity to monoclonal 

antibodies directed against V3 and a CD4-induced epitope. If I309L 

induces conformationally based changes in gp120 that increase exposure of the 

CD4bs, we hypothesized that other Env domains could also be affected. Patient 

derived Envs, and in particular those of subtype C, are typically refractory to 

neutralization by anti-V3 antibodies (11, 37, 82, 115, 148, 181). Therefore, a pool 

of three anti-V3 directed monoclonal antibodies from Indian patients infected 

with subtype C viruses were used to assess changes in susceptibility to V3-

targeted neutralization. In 6 of the 11 Envs, there was an increase in sensitivity to 

anti-V3 mediated neutralization with the I309L mutation (Fig. 6A), suggesting a 

local unmasking of the V3 domain. Taken as a whole, when infectivity at the 

highest concentration of antibody (10µg/ml) was compared in a pairwise manner, 

there was a statistically significant difference between wildtype and mutant Envs 

(Fig. 6B; p=0.04).  

 

We next investigated whether the I309L Envs were also more susceptible to 

sCD4-triggering of the coreceptor binding site, which contains an epitope 

recognized by the monoclonal antibody 17b (163). The Envs were pre-incubated 

with their IC50 of sCD4, or 100nM if an IC50 was not determined, and then 

neutralization by 17b was evaluated. Four of the 11 Envs showed a moderate 

increase in neutralization sensitivity to 17b after incubation with sCD4 (Fig. 7A). 

Overall the difference between the wildtype and I309L Envs reached the 

borderline of statistical significance in a paired analysis (Fig. 7B; p=0.05), 
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suggesting that this mutation did also affect efficiency with which the coreceptor 

binding site was formed, albeit in a context dependent manner.  
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Figure 6. I309L increases neutralization by anti-V3 antibodies.  

Neutralization sensitivity to a pool of three monoclonal antibodies against V3 

derived from subtype C infected subjects in India was assessed for each mutant 

I309L and wildtype Env (A). The data is shown as the percent viral infectivity 

(luciferase units in the presence of antibody divided by in the presence of control 

anti-parvovirus antibody) on the y-axis. The concentration of the monoclonal 

antibodies is shown on the x-axis on a log-10 scale. Mutant I309L Envs are 

shown by green lines and wildtype Envs are shown by blue lines. Each line on the 

graph represents an individual Env pseudovirus. Error bars represent the 

standard error of the mean of at least 2 independent experiments. A vertical point 

plot of the mean percent viral infectivity at 10µg/ml of the monoclonal pool was 

generated using Graphpad Prism (B). I309 Envs in blue were compared to L309 

Envs in green. A paired Wilcoxon test was performed to generate the p-value 

shown. 
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Figure 7. I309L slightly increases neutralization of pre-triggered Envs 

by an anti-coreceptor binding site antibody 17b.  

Mutant I309L and wildtype Envs pseudoviruses were incubated with their 

cognate IC50 nM of sCD4 (100nM of sCD4 if 50% inhibition was never reached), 

and then neutralization sensitivity was assessed by monoclonal antibody 17b (A). 

The data is shown as the percent viral infectivity (luciferase units in the presence 

of antibody divided by in the presence of control anti-parvovirus antibody) on the 

y-axis. The concentration of 17b is shown on the x-axis on a log-10 scale. Mutant 

I309L Envs are shown by green lines and wildtype Envs are shown by blue lines. 

Each line on the graph represents an individual Env pseudovirus. Error bars 

represent the standard error of the mean of at least 2 independent experiments. A 

vertical point plot of the mean percent viral infectivity at 2µg/ml of 17b was 

generated using Graphpad Prism (B). Wildtype Envs in blue were compared to 

I309L Envs in green while the mean infectivity for each group is represented by 

the black horizontal line. A paired Wilcoxon test was performed to generate the 

p-value shown. 
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V. Discussion 

In sequences representative of established infection, the subtype C V3 domain is 

more conserved than other subtypes. Consistent with this observation, we 

recently demonstrated that V3 remained remarkably conserved during the first 

two years of infection despite increasing sequence variation in V1V2, the gp120 

outer domain, and gp41 (146). In the present study, we investigated the 

underlying biological basis for the conservation of V3 by focusing specifically on a 

residue that can exhibit high entropy in subtypes other than C. While this and 

other subtype-specific mutational patterns in V3 have been well established (54, 

55, 86, 124, 145, 158), this study is among the first to delve into the biology that 

drives these observations.  

 

Replication is not dependent on conservation of I309. As Ile is the highly 

conserved consensus residue for position 309 in subtype C, we evaluated whether 

a conservative substitution of Leu would lead to any defect reflected in the 

capacity for in vitro replication. Replication and spread in two primary target 

cells, CD4 T cells and MDM, was not overtly reduced by the I309L substitution. 

Although, it should be noted that we could not rule out subtle differences in 

replication kinetics between the wildtype and I309L mutants that might have 

been evident in a more sensitive growth competition assay. Overall, the subtype C 

Envs replicated to higher levels in CD4 T cells compared to MDM, suggesting that 

none of the wildtype Envs were inherently macrophage-tropic. This finding is 

consistent with our previous results in which subtype C Envs from recently and 

chronically infected subjects mediated single round infection of MDM much less 
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efficiently than CD4 T cells (77). Low efficiency replication in MDM compared to 

CD4 T cells has been attributed to an inability of patient-derived Envs to utilize 

the low CD4 levels expressed by MDM (7, 32, 45, 164).  The moderate 

enhancement of replication in MDM when I309L was present suggests that this 

mutation could have altered the viral interaction with CD4. Indeed, a majority of 

the I309L mutant Envs more efficiently infected a cell line expressing a low level 

of CD4, focusing the effects of the mutation on utilization of CD4. Taken together, 

these results suggest that subtype-specific conservation of I309 is not driven by a 

detrimental effect on replication in CD4 T cells or MDM. Rather, this finding is 

consistent with the idea that Env residues that are critical for viral entry, like the 

GPG motif in V3, are conserved across all subtypes (49). Thus, subtype-specific 

conservation of I309 is more likely driven by properties that differ between 

subtypes, such as the antigenic nature of V3 and other Env regions. 

 

Conservation of I309 prevents exposure of neutralization targets. 

sCD4 sensitivity was used in this study as a surrogate for exposure of the CD4bs, 

and all but two Envs (both from subject 185F) became more sensitive to sCD4 

when I309L was introduced. This finding supports the idea that V3, specifically 

I309, modulates exposure of the CD4bs, and is consistent with data from other 

studies (2, 76, 101, 183). Increased exposure of the CD4bs does not necessarily 

indicate that these Envs would be more sensitive to CD4bs-directed antibodies, 

however, a monoclonal targeting this region and capable of neutralizing these 

subtype C Envs was not available to test this hypothesis. However, increased 

sCD4 sensitivity was consistently observed, and this was accompanied by 
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increased neutralization via V3 and CD4-induced epitopes to varying degrees. It 

has been shown that HIV-1 infected patients develop high titers of anti-CD4 

induced and anti-V3 antibodies, and more variable titers of anti-CD4bs 

antibodies (10, 37, 38, 65, 96, 115, 154). It is plausible that I309L Envs could be 

more susceptible to these types of antibodies in vivo, and would therefore be 

selected against by immune pressure. It is important to note that we were unable 

to detect an increase in sensitivity to autologous patient plasma with I309L (data 

not shown). However, only the dominant circulating Nab specificities are 

measured in assays that utilize patient plasma, while other lower titer specificities 

may also exert selective pressure (12, 116, 146, 154). Alternatively, I309 could 

protect immunogenic structures so effectively that antibodies against these 

hidden epitopes are never induced. Since the number and potency of monoclonal 

antibodies available to probe differences between wildtype and I309L Envs was 

limited, the effect of I309L on neutralization sensitivity could be underestimated. 

Thus, even a subtle increase in susceptibility to neutralization by sCD4, anti-V3, 

and anti-CD4i monoclonal antibodies in vitro could reflect a substantial growth 

disadvantage in vivo. In fact, the differences in neutralization sensitivity between 

parent and mutant Envs were subtle, trending toward significance, but really 

driven by the Env from subject 55F. The impact of the L309 mutation was 

dramatic in this Env, a fact that may result from the unusual M307 residue (see 

Fig. 1) and highlights how many changes in Env sequence are context dependent 

and rarely result in a globally reproducible phenotype. We also acknowledge, that 

over-all neutralization sensitivity and immune evasion is clearly influenced by 
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multiple Env domains, as shown by our group and others (14, 115, 116, 131, 144, 

146, 176). 

 

V3-mediated masking of the CD4 binding site. We previously highlighted 

a cluster of hydrophobic residues flanking the V3 tip (anchored by residues I307, 

I309, and F317) that are highly conserved in subtype C sequences in the database 

and are largely restricted to hydrophobic amino acids across subtypes (55, 101, 

145, 158). Coarse-grained calculations suggested that this hydrophobic cluster 

has the potential to interact with multiple gp120 core residues, several of which 

are proximal to the CD4 binding site and may impact CD4 binding (101). Based 

on these previous observations, and our current experimental results, we propose 

that the I309L substitution perturbs the hydrophobic cluster and, by altering the 

position of the V3 loop, impacts the CD4bs. Thus, for subtype C viruses, 

maintaining this residue could represent an intrinsic strategy of immune evasion, 

particularly concerning Nab recognition of the CD4bs. Consistent with this idea, 

I309 was not critical for viral replication or usage of CCR5, but its major effect 

was manifested in exposure of the CD4bs prior to receptor ligation.  

 

Thus, V3 in subtype C Env could be placed in an optimal position to contribute to 

immune evasion prior to CD4 binding and additionally aid viral entry after CD4 

binding. This theory provides a biologically plausible explanation for the I309L 

CD4 enhanced phenotype described here, as well as a compelling reason for the 

unique conservation pattern of specific residues within the subtype C V3 domain 

that may not be critical for viral entry functions. The idea of conformational 
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masking of neutralization targets is not new; and others have demonstrated 

concealment of epitopes on the native trimer (10, 37, 115, 181, 182). It is 

important to note that this tactic of V3-masking could also occur in other 

subtypes, but the specific mechanism may subtly differ. Thus, this specific feature 

of subtype C Envs may limit their inherent neutralization susceptibility to certain 

types of antibodies and could also influence their immunogenicity, which is of 

interest for vaccine design.  
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Supplemental Figure 1. Phylogenetic tree of representative subtype C 

Envs. The complete nucleotide sequence of the env genes from seven subjects 

with recent infection (red) and four Nab escape-variant Envs from a two-year 

time point post-infection (blue) are shown in a neighbor-joining tree generated 

using Clustal W. Reference subtype env sequences (black) for subtypes A, B and C 

were used to highlight the diversity of the 11 subtype C Envs. Significant 



 54 

bootstraps from 1000 replicates are indicated. 
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Supplemental Figure 2. Replication of virus containing a wildtype and 

I309L mutated Envs in PBMC. 

10 wildtype and 10 I309L mutated Envs were placed into a replication competent 

NL4.3 backbone and used to infect CD8-depleted human PBMC. Viral p24 

antigen production in the supernatant was measured by ELISA and is plotted 

(pg/ml) on the vertical axis on a log10 scale while days post infection are on the 

horizontal axis. Mock-infected (squares) and positive control virus NL4.3 

(triangles) are shown in black. Wildtype Envs are blue and I309L mutant Envs 
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are green. The error bars represent two independent experiments using two 

different donors.  

 

Supplemental Figure 3. Replication of I309 and I309L Env viruses in 

MDM. 

10 wildtype and 10 I309L mutated Envs were placed into a replication competent 

NL4.3 backbone and used to infect MDM. Viral p24 antigen production in the 

supernatant was measured by ELISA and is plotted (pg/ml) on the vertical axis 
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on a log10 scale while days post infection are on the horizontal axis. Mock-

infected is shown in black squares, negative control virus NL4.3 (triangles) and 

positive control virus YU-2 (diamonds) are shown in red, wildtype I309 Envs are 

blue and I309L mutant Envs are green. The error bars represent two 

independent experiments from two different donors.
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Chapter Three: 

The B cell response is redundant and highly focused on V1V2 during 

early subtype C infection in a Zambian seroconverter 

 

I. Abstract 

High titer autologous neutralizing antibody responses have been demonstrated 

during early subtype C HIV-1 infection. However, characterization of this 

response at the monoclonal antibody level against autologous virus has not been 

performed. Here we describe five monoclonal antibodies derived from a subtype 

C infected seroconverter and their neutralizing activity against pseudoviruses 

that carry envelope glycoproteins from 48 days (0 month), 2 months, and 8 

months after the estimated time of infection. Sequence analysis indicated that the 

Mabs arose from three distinct B cell clones and their pattern of neutralization 

compared to patient plasma suggested that they circulated between 2 and 8 

months after infection. Neutralization by Mabs representative of each B-cell clone 

was mapped to two residues, positions 134 in V1 and 189 in V2. Mutational 

analysis revealed cooperative effects between glycans and residues at these two 

positions, arguing that they contribute to a single epitope. Analysis of the cognate 

gp120 sequence through homology modeling places this potential epitope near 

the interface between the V1 and V2 loops. Additionally, the escape mutation 

R189S in V2, which conferred resistance against all three Mabs, had no 

detrimental effect on virus replication in vitro. Taken together, our data 

demonstrate that independent B cells repeatedly targeted a single structure in 

V1V2 during early infection. Despite this assault, a single amino acid change was 
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sufficient to confer complete escape with minimal impact on replication fitness.



 62 

II. Introduction 

The UNAIDS organization estimates that in 2008 alone there were between 2.4 

and 3 million new infections of HIV world-wide with over half of these occurring 

in sub-Saharan Africa (171). A vaccine to prevent these new infections is 

necessary; however, one major obstacle to this goal is the incredible genetic 

diversity of HIV-1 (54). This variation is categorized into viral subtypes and 

circulating recombinant forms, of which subtype C is essential to study because of 

its global preponderance and its dominance in sub-Saharan Africa (161). Within 

the viral genome, genetic variation is concentrated within the env gene, which 

encodes the surface unit gp120 and transmembrane unit gp41 (75, 84). These two 

glycoproteins are non-covalently linked and trimerize to form surface spikes on 

the virion. These trimers not only display the receptor (CD4) and co-receptor 

(CCR5 and/or CXCR4) binding sites for the virus, but are also the main targets of 

neutralizing antibodies (Nabs) during an immune response (8, 10, 65, 154). HIV 

vaccine research has recently focused on defining epitopes in gp120 that are 

associated with neutralization breadth for use in an antibody-based vaccine. 

However, Nab responses in early infection, raised against the founder virus or a 

limited set of variants, do not usually possess this desirable property and are 

readily escaped. Thus, a better understanding of the early Nab response during 

natural infection could lead to clues about how to improve Env immunogens and 

minimize the potential for escape. 

 

It has been shown that early autologous antibody responses occur within the first 

few months in HIV-1 infection (1, 4, 19, 63, 92, 140, 176). In subtype C, this 
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response has been shown to be of high potency but strain-specific (20, 63, 92). 

Recent research has begun to illuminate how this Nab response develops. Moore 

et al., (116) demonstrated that the acute humoral response in four subtype C 

infected individuals was quite narrowly targeted against the virus. The Nabs 

during the first year of infection in these South African subjects only had 1-2 

different specificities, mainly targeting either the V1V2 region or the C3 region of 

gp120. Furthermore, our group reported that in two subtype C infected 

individuals from Zambia, not only was the acute Nab response focused on one or 

a few regions of Env, but that the virus escaped by using multiple pathways. Rong 

et  al. (146) demonstrated that in one subject, escape mainly occurred through 

mutations in the V3-V5 region of gp120. The requirements for escape; however, 

changed in this subject over time, sometimes relying on cooperative effects 

between different regions such as V1V2 and the gp41 ectodomain, confounding 

the identification of early Nab epitopes. In a second subject, escape was driven by 

changes in V1V2 continuously over a two-year period involving sequence changes 

as well as potential glycan shifts. Two B cell hybridomas that produced 

neutralizing monoclonal antibodies (Mabs) were isolated from this individual, 

allowing a more detailed analysis of viral escape. A potential glycan addition in 

V2 was suggested as the dominant escape pathway from these two Mabs. Thus, 

the potent Nab response in acute subtype C infection has been shown to involve 

only limited targets in gp120 (often V1V2) and to exert pressure on the virus that 

is easily escaped, sometimes only requiring a single amino acid change.  

The nature of the antibodies that make up this polyclonal plasma response in 

early infection has not yet been elucidated. Here we expand on our knowledge of 
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the B cell response and neutralization at the monoclonal antibody level during 

early subtype C infection. Using 5 Mabs isolated from peripheral memory B cells 

circulating in a subtype-C infected subject between 49 and 69 months post-

seroconversion, we show that the Mabs produced by these B cells reflect the 

plasma pool at 8-months post-seroconversion. The Mabs represent antibodies 

produced from three individual B-cell clones that have undergone somatic 

hypermutation, and they rely on residues 134 and 189 in V1 and V2 respectively 

to neutralize the virus. The Mabs each have slightly different requirements for 

neutralization; however, the virus appears to develop an efficient escape pathway, 

becoming resistant to all 5 Mabs with a single amino acid change in V2. Our 

present study demonstrates how these clonally distinct antibodies from early 

infection target a single epitope formed at the interface of V1 and V2 and how the 

virus escapes without an overt replication fitness cost.  
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III. Materials and Methods 

Env clones. Details of the ZEHRP cohort, sample collection, and processing 

have been described previously (41, 108, 146, 166). The Envs studied here were 

derived from a newly infected subject from this cohort (205F) whose polyclonal 

antibody responses at the plasma level have been studied in detail (146). The 

Emory University Institutional Review Board, and the University of Zambia 

School of Medicine Research Ethics Committee approved informed consent and 

human subjects protocols. This subject did not receive antiretroviral therapy 

during the evaluation period. Single genome PCR amplification and cloning of 

the Envs has been described (67, 146). The env genes were cloned into the CMV-

driven expression plasmids pcDNA 3.1/V5-His TOPO (Invitrogen), which were 

then used to generate viral pseudotypes. All Envs were derived from plasma or 

PBMC DNA according to protocols previously described (92) and are subtype C. 

Nucleotide sequences (either V1-V4 or full-length) have been deposited into 

Genbank under accession numbers GQ485415-427. All amino acid sequences are 

based on 205F 0-month FPL Env 6.3 numbering.  

 

PCR-based site mutagenesis and virus preparation. To generate V1V2 

mutations, PCR-directed site mutagenesis was performed using two overlapping 

primers that contained the mutated sequence for each Env using a strategy 

described in (144, 146). Briefly, the env gene (plus Rev and partial Nef coding 

sequences) for the 0-month FPL Env 6.3 was amplified using the following set of 

forward and reverse primer sequences (mutated nucleotide is underlined and 

HXB2 locations are provided):  
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N134S F: (6613-6644)(5’-GCTGTAGCAATTATAGCAATTGTAATGATACC-3’)  

N134S R: (6613-6644)(5’-GGTATCATTACAATTGCTATAATTGCTACAGC-3’) 

N134Q F: (6613-6644)(5’-GCTGTAGCAATTATCAGAATTGTAATGATACC-3’)  

N134Q R: (6618-6659)(5’-

GGCAGTACTATAGGTATCATTACAATTCTGATAATTGC-3’) 

N134T F: (6613-6644)(5’-GCTGTAGCAATTATACCAATTGTAATGATACC-3’)  

N134T R: (6618-6659)(5’-

GGCAGTACTATAGGTATCATTACAATTGGTATAATTGC-3’) 

N132Q F: (6613-6644)(5’-GCTGTAGCCAGTATAACAATTGTAATGATACC-3’)  

N132Q R: (6618-6659)(5’-

GGCAGTACTATAGGTATCATTACAATTGTTATACTGGC-3’) 

N134T F: (6613-6644)(5’-GCTGTAGCAATTATACCAATTGTAATGATACC-3’)  

N134T R: (6618-6659)(5’-

GGCAGTACTATAGGTATCATTACAATTGGTATAATTGC-3’) 

R189S F: (6779-6803)(5’-GCCTAATGATAGTAACTCTAGTGAGTATATATTA-3’) 

R189S R: (6779-6803)(5’-TAATATATACTCACTAGAGTTACTATCATTAGGC-3’) 

R189H F: (6779-6799)(5’-GCCTAATGATAGTAACTCTCACGAGTATAT-3’) 

R189H R: (6787-6811)(5’-CAATTTATTAATATATACTCGTGAGAGTTAC-3’) 

The amplification conditions were: 1 cycle of 95°C for 30 sec.; 18 cycles of 95°C 

for 30 sec.; 45°C for 1 min. (optimal annealing temperature was determined for 

each primer set), and 68°C for 9 min.; storage at 4°C. The 50 µl PCR reactions 

contained 100ng of each primer, 10 ng of the plasmid template, 0.2 mM dNTP, 

and 1X reaction buffer. PfuUltra II Fusion Hotstart DNA polymerase (Stratagene) 

was used to generate the PCR amplicons, which were digested with DpnI to 
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remove contaminating template DNA, and then transformed into maximum 

efficiency XL2-Blue ultracompetent cells (>5 x 109 cfu/µg DNA; Stratagene) so 

that the DNA volume did not exceed 5% of the cell volume. The entire 

transformation was plated onto LB-Ampicillin agar plates, generally resulting in 

10 to 50 colonies.  

Colonies were inoculated into LB-Ampicillin broth for overnight cultures and the 

plasmid was prepared using the QIAprep Spin Miniprep Kit. Each Env plasmid 

(1µg) was co-transfected into 293T cells along with 2µg of an Env-deficient 

subtype B proviral plasmid, pSG3ΔEnv, using Fugene-6 according to the 

manufacturer’s instructions (Hoffman-La Roche). Transfection supernatants 

were collected at 48 hours post-transfection, clarified by low speed centrifugation 

for 20 minutes, aliquoted into 0.5 ml or less portions, and stored at –80°C. The 

titer of each pseudotyped virus stock was determined by infecting JC53-BL (Tzm-

bl) cells with 5-fold serial dilutions of virus as described previously (41, 92). All 

env sequences were confirmed by nucleotide sequencing.  

 

Generation of human monoclonal antibodies. B cells from several viably 

frozen PBMC samples of subject 205F collected at 49 and 69 months after 

infection were inoculated with EBV and plated at low cell densities in multiple 

96-well tissue culture plates containing irradiated, mature human macrophage 

feeder cells prepared from HIV-seronegative subjects as previously described 

(184). Two and three weeks later culture fluids were screened for antibodies that 

were reactive by ELISA and could neutralize the founder autologous virus 

envelope 0-month FPB Env 1.1.  B cells in antibody positive wells were serially 
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subcultured at increasing dilutions as described in (143). Clones of antibody 

producing B cell lines from subject 205F did not grow well enough to allow 

scaling up Mab production. Therefore, cells producing Mab 6.4C were converted 

to a hybridoma by fusion with HAT sensitive HMMA cells as previously described 

(184). The four remaining Mabs were produced by molecular cloning (66). RNA 

was isolated from antibody positive cells and used in RT-PCR reactions to 

amplify VH and VL or VK genes for cloning into expression vectors (kindly 

provided by Yongjun Guan and George Lewis, U of Maryland). Subsequently 

functional pairs of heavy and light chain vectors were co-transfected into 293T 

cells for Mab expression. Mabs were purified from culture supernatants by 

protein A affinity chromatography. 

 

Screening ELISA for Mabs. For antibody screening we used a “reverse 

capture” immunoassay, as previously described (143). Briefly, B cell culture fluids 

were incubated in plates coated with goat anti-human IgG antibodies. Detergent 

(Triton X-100) treated supernatant from cells transfected with plasmid 

expressing 205F 0-month FPB Env 1.1 gp160 was added to the wells. Bound HIV-

1 Env was detected using a mixture of biotin-labeled human Mabs recognizing 

several non-overlapping conserved sites in gp120 and gp41 (143).  The wells were 

incubated with peroxidase-streptavidin and signal was developed with TMBH202 

as substrate. The color reaction was stopped with 1M phosphoric acid and color 

read as OD/absorbance at 450 nm. An excess concentration (>100 µg/ml) of 

human IgG was added to the dilution buffers to prevent the capture of the biotin-

labeled human Mabs by the goat anti-human IgG, which would otherwise cause 
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high background. OD readings greater than 1.500 were considered positive 

(usually>2.400) and background OD was usually less than 0.200. 

 

Neutralization Screening Assay for Mabs. B cell culture fluids were 

screened for neutralizing activity in an adaptation of the single-cycle TZM-bl 

neutralization assay described previously (143). Briefly, supernatants from EBV 

transformed B-cells or transfected 293T cells were incubated with 205F 0-month 

FPB Env 1.1 pseudovirus in black 96-well culture plates. TZM-bl cells were added 

to a final concentration of 5x103 cells/well with 37.5µg/ml DEAE-dextran and the 

plates were incubated for 48 hours. Neutralization was assessed by analyzing the 

amount of luciferase produced from the pseudovirus-infected cells.  Luciferase 

was quantified using a commercially available kit (Promega BriteGlo). Typically 

neutralizing activity was evident when reduction in RLU was greater than 70% 

compared to the average RLU in the plate.   

 

Pseudovirus inhibition assays. Neutralization assays using a panel of 5 

autologous monoclonal antibodies were performed using viral pseudotypes to 

infect JC53-BL (Tzm-bl) indicator cells using a luciferase readout as described 

previously (41, 92, 144-146). Briefly, 2000 IU of pseudovirus was incubated for 1 

hour in DMEM + 10% FBS (Hyclone) + 40µg/ml DEAE-Dextran with serial 

dilutions of monoclonal antibody, and subsequently 100µl was added to the 

indicator cells for a 48 hour infection before being lysed and evaluated for 

luciferase activity.  
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Homology modeling of residues 134 and 189 in the V1V2 domain. 

The 205F EnvPL6.3 gp120 sequence was modeled using MODELLER (46). The 

template for the homology model was a subtype C gp120 obtained by longtime 

all-atom molecular dynamics simulation using the CHARMM27 (102) potential 

in NAMD (129).  This simulated gp120 was modeled using all known CD4 bound 

gp120 structures (PDB IDs 1G9M (89), 1RZK (74), 2B4C (73), 2NY7 (187), 3JWD 

(122), 3JWO (122), and 3LMJ (42) as templates. In all of these structures, the 

core of gp120 was highly similar; however, it should be noted that 3LMJ was the 

only high-resolution structure of a subtype C gp120 sequence while the rest were 

subtype B. Multiple templates were used because it has been shown that this 

creates high quality homology models. In addition, each template has slightly 

different regions of gp120 resolved. Before modeling these templates, they were 

arranged in the trimeric state, which has been resolved using cryoelectron 

microscopy (PDB ID 3DNO (97)), in order to ensure that the hyper-variable loops 

did not sterically clash with the neighboring monomers. During modeling, 

disulfide constraints were added for the conserved cysteines present in all gp120 

sequences. All sequence alignments used for modeling templates were based on 

the HIV-1 database (www.hiv.lanl.gov). A 128 ns all-atom molecular dynamics 

simulation of the template described above was used to calculate the potential 

distance between N134 and R189. 

 

Replication in CD4+ cells using an NL4.3 proviral cassette. A panel of 

Envs was subcloned into a replication competent NL4.3 backbone (98, 121) that 

we have used previously to evaluate replication of subtype C Envs (100). This 
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system is amenable to accepting diverse env genes, and facilitates substitution of 

virtually the entire coding region (only 36 and 6 amino acids at the N and C 

terminus respectively are derived from NL4.3). Peripheral blood mononuclear 

cells (PBMC) were isolated from the whole blood of a normal, seronegative donor 

by ficoll-hypaque centrifugation. CD8-depleted PBMC cultures were prepared by 

negative selection using Dynabeads (Invitrogen). The CD4-enriched PBMC were 

cultured in complete RPMI for 3 days in the presence of 3mg/ml 

phytohemagglutinin (PHA) for activation prior to infection. Infected cultures 

were maintained in complete RPMI supplemented with 30 U/ml recombinant 

human IL-2 (Roche) for up to 10 days. Every two days, 200µl of supernatant was 

collected for p24 analysis (Perkin-Elmer), and this volume was replaced with 

fresh complete media with IL-2. The subtype C Env MJ-4 was cloned into the 

NL4.3 backbone and used as a positive control for these experiments. The 

infectious subtype C proviral clone MJ4 (contributed by Drs. Thumbi Ndung’u, 

Boris Renjifo, and Max Essex) (119) was obtained from the NIH AIDS Research 

and Reference and Reagent Program, Division of AIDS, NIAID, NIH.  
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IV. Results 

Characterization of monoclonal antibodies isolated from a subtype C 

infected patient and selected for neutralization activity against the 

founder Env.  

Here we investigated autologous neutralization at the single antibody level by 

generating monoclonal antibodies isolated from subject 205F, a subtype C 

infected seroconverter in the Zambia-Emory HIV Research Project (ZEHRP).  

This subject was identified at a time of antigen positive; antibody negative status, 

allowing a date of infection to be accurately estimated (Fig. 1). After 

seroconversion, Envs were cloned every two to three months from both the 

plasma and PBMC of 205F and used to create a longitudinal panel of 

pseudoviruses against which autologous plasma was tested (146). At 49 and 69 

months post-seroconversion, viable PBMC were collected from 205F and used for 

selection of memory B cells and production of monoclonal antibodies (Fig 1). 

Specificity was tested by screening the antibodies for neutralization activity 

against a 0-month Env that was representative of the founder virus (146). 

 

Five Mabs that neutralized the founder virus were recovered by cloning of Ig 

heavy and light chains. The sequences of the 5 Mabs revealed that all antibodies 

were IgG with a gamma heavy chain and lambda light chain. Furthermore, 

analysis of the VH regions suggested that these Mabs arose from 3 distinct B cell 

clones and had undergone somatic hypermutation. A neighbor-joining tree of the 

nucleic acid sequences revealed three significant lineages suggesting that Mabs 

6.4C and 8.9D were clonally distinct from the three other Mabs (6.1C, 10.9D, and 
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13.6A) (Fig 2A).  All 5 Mabs were derived from heavy-chain alleles IGHV3-15*01 

and IGHJ4*02 with 6.4C and 8.9D using IGHD4-04*01 and 6.1C, 10.9D and 

13.6A using IGHD5-12*01. An amino acid alignment highlighted the fact that 

although 6.1C, 10.9D, and 13.6A have nearly identical sequences, there were 1-2 

amino acid differences between them indicating somatic variation (Fig. 2B). 

Further analysis using the Joinsolver program confirmed that these latter three 

antibodies have the same DJ joining sequence and the same number of n 

nucleotides (nontemplated junctional additions) at this junction, thus verifying 

that these are three somatic variants that arose from the same B cell clone (Suppl. 

Table 1). All five antibodies had a heavy chain CDR3 region composed of 16 

amino acids although the sequences differed according to clone (Fig. 2B). The 

Mabs showed evidence of affinity maturation as well. The frequency of mutations 

as compared to germline was 8.84% for 8.9D, 12.93% for 6.4C and ranging 

between 3.74 and 4.42% for the three Mab variants 6.1C, 10.9D, and 13.6A. These 

non-silent mutations were preferentially found in the CDR regions (Suppl. Table 

1). Thus, there appeared to be three genetically distinct B cell clones that were 

isolated from 205F. 
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Figure 1. Timeline of seroconverter 205F from a Zambian cohort.  

A timeline was created to detail the stages of infection of a female sero-positive 

subject from Zambia. Indicated are the days from estimated infection when 205F 

was antigen and/or antibody positive, and the months when Envs were cloned 

out of plasma or PBMC and when the Ig genes were cloned out of memory B cells 

to produce monoclonal antibodies.  
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Figure 2. Sequence analysis of Mabs isolated from seroconverter 

205F.  

A Neighbor-Joining tree of the nucleotide sequences of the 5 Mabs was created 

using the Jukes-Cantor model in Geneious (A). Scale is indicated. An amino acid 

alignment of the VH genes of these 5 Mabs plus the germline sequences was 

generated using ClustalX in Geneious (B). Germline V alleles were obtained from 
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Joinsolver and are indicated in blue, D in green and J in purple. CDR regions are 

highlighted in yellow, while mutations from the germline are in red. 

The monoclonal antibodies likely arose before eight months post-

seroconversion. Previous studies suggested that two of these monoclonal 

antibodies arose during early infection of 205F (146). Here all five monoclonal 

antibodies were tested for neutralization activity against a panel of Envs cloned 

from samples collected between 0-8 months post-seroconversion (Table 1). The 

Mabs neutralized four of the five 0-month Envs fairly potently with 50% 

inhibitory concentrations (IC50s) ranging between 0.09-0.69µg/ml. Surprisingly, 

the 0-month Env 6.3 was not neutralized by all of the Mabs. Three of the five 

antibodies could not reach 50% neutralization at the highest concentration tested 

(25µg/ml); however, antibodies 6.4C and 8.9D did neutralize this Env with IC50s 

of 0.34 and 0.1 µg/ml respectively. At 2-months post-seroconversion, all four 

Envs tested were sensitive to neutralization by the Mabs, although, again 6.4C 

and 8.9D were the most potent antibodies with IC50s all under 0.2 µg/ml. By 8 

months post-seroconversion, two Envs were resistant to all five monoclonals, and 

this pattern of sensitivity and resistance to neutralization by the Mabs mirrored 

exactly the neutralization pattern of the contemporaneous 8-month plasma. The 

fact that 8-month Envs 2.3 and 6.1 were resistant to both plasma and Mabs while 

Envs 1.2 and 3.4 were sensitive to both suggests that these Mabs likely represent 

the antibodies circulating in the plasma near this time point after seroconversion.  
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Table 1. 

 

 
 Monoclonal Antibodies (IC50 

µg/ml)a 
 

205F Envs 6.1C 13.6A 10.9D 8.9D 6.4C Contemporaneous 
Plasma 

FPB Env 
1.1 0.61 0.69 0.67 0.09 0.12   

FPL Env 
4.1 0.31 0.35 0.35 0.10 0.10   

FPB Env 
4.2 0.40 0.60 0.52 0.09 0.10   

FPL Env 
5.2  0.19 0.37 0.23 0.11 0.13   

0-
month 

FPL Env 
6.3 >25 >25 >25 0.10 0.34   

FPB Env 
1.2 0.35 0.53 0.50 0.09 0.11 Sensitive 

FPB Env 
2.3 0.45 2.23 1.94 0.10 0.16 Resistant 

FPB Env 
5.1 0.24 0.59 0.40 0.10 0.12 Sensitive 

2-
month 

FPB Env 
6.3 0.30 0.63 0.45 0.09 0.10 Sensitive 

FPB Env 
1.2 0.35 0.32 0.31 0.10 0.10 Sensitive 

FPB Env 
2.3 >25 >25 >25 >25 >25 Resistant 

FPB Env 
3.4 0.21 0.22 0.24 0.10 0.10 Sensitive 

8-
month 

FPB Env 
6.1 >25 >25 >25 >25 >25 Resistant 

        

 
a The inhibitory concentration that 
neutralizes the virus by 50%.   
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Glycosylation in V1 can confer sensitivity to monoclonal antibodies.  

Previously it had been shown that V1V2 was the major determinant of resistance 

to neutralizing antibodies in subject 205F during the first two years of infection 

(146). Specifically, two residues at position 134 in V1 and 189 in V2 that were 

each part of a potential N-linked glycosylation site were shown to influence 

neutralization sensitively to 6.4C and 13.6A, but it was not clear whether the 

amino acid substitution or altered glycan motif at each site was responsible 

(position 189 was numbered 197 in (146). Here, the requirement for these specific 

residues and for N-linked glycosylation at both positions was more fully explored 

using a mutagenesis strategy to detect neutralization determinants of three Mabs 

representative of the three distinct B-cell lineages (6.4C; 13.6A; and 8.9D). 0-

month Env 6.3, which lacks potential glycosylation motifs at both of these 

positions, was used as the background Env for these experiments.  

 

Env 6.3 contains the sequence NYN at positions 132-134 in V1 (Fig 3B) and is 

highly sensitive to neutralization by Mab 8.9D, sensitive to 6.4C, and resistant to 

13.6A (Fig 3A). When the N134S mutation was introduced, thereby inserting the 

glycosylation motif NYS into V1, the Env remained sensitive to 8.9D, and 

sensitivity to 6.4C increased, lowering the IC50 from 0.34 to 0.1 µg/ml. Most 

interestingly, Env 6.3 became fully sensitive to Mab 13.6A, indicating that either 

the Serine or the glycan at this position might comprise a target for this antibody. 

The role of the potential glycan was further investigated by creating additional 

mutations that either did (NYT) or did not (NYQ, QYS) create glycosylation 
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motifs in Env 6.3 (Fig. 3B). Sensitivity to 8.9D did not appear to be affected by 

any of the mutations, and so all Envs remained potently neutralized.  6.4C 

neutralized all Envs as well regardless of glycan motif; however, the V1 NYS Env 

remained especially sensitive to neutralization when compared to the other four 

Envs, despite the fact that the NYT variant also introduced a glycosylation site at 

this position. Mab 13.6A required a glycan motif (either NYS or NYT) for 

neutralization while all other non-glycosylated mutations were resistant to this 

Mab. Once again, the V1-NYS Env was almost one log10 more sensitive than V1-

NYT with IC50s of 0.77 and 7.19 µg/ml respectively. The results for Mabs 6.4C 

and 13.6A suggest that although glycosylation status can play a role in 

neutralization sensitivity, the amino acid at residue 134 (either Ser or Thr) can 

also dramatically modulate this effect.  



 80 

 

 

Figure 3. Mab neutralization of Env 6.3 and V1 mutants.  

0-month FPL Env 6.3 was used as a backbone for mutations at residues 134 and 

132, and these Envs were assessed for sensitivity to Mabs 8.9D, 6.4C and 13.6A 

using pseudoviruses (A). Each line on the graph represents an individual Env 

pseudovirus as listed in the key. Percent viral infectivity compared to no Mab is 

shown on the vertical axis and was calculated from luciferase units by dividing 

virus-infected wells in the presence of antibody by the virus-infected well in the 

absence of antibody. The concentration of each Mab (in µg/ml) is plotted on the 

horizontal axis on a log10 scale. Error bars represent the standard error of the 
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mean of at least 2 independent experiments. An amino acid alignment of all Envs 

used is shown with a red box highlighting residue 134 (B). 

Amino acid sequence rather than glycosylation status in V2 defines 

neutralization sensitivity to Mabs. 

As shown previously, Mab 8.9D potently neutralized 0-month Env 6.3 regardless 

of whether the N134S (V1-NYS) was present. However, an R189S mutation, 

present in an 8-month escape variant, inserted the NSS glycan motif at the 

terminal end of V2 (Fig. 4B) and was sufficient to render the Env completely 

resistant to this Mab (Fig. 4A; Env V1-NYN V2-NSS). Surprisingly, glycosylation 

at this site was not necessary to induce resistance to Mab 8.9D. Substitution of a 

histidine for R189 resulted in a 200-fold increase in resistance to the Mab (Fig. 

4A). Interestingly, the effect of mutating R189 was further modulated by the 

presence of the NYS glycan motif in V1. While the V1-NYN V2-NSS Env was 

resistant to 25 µg/ml of 8.9D, it was neutralized 50% at this same concentration 

when the V1-NYS motif was present (Env V1-NYS V2-NSS). A similar result was 

seen when V1-NYN V2-NSH and V1-NYS V2-NSH were compared, with the V1 

glycosylation motif increasing net sensitivity 10-fold. Collectively these data 

suggest a cooperative effect between these two positions in neutralization by Mab 

8.9D, with R189 acting as the dominant neutralization determinant. Thus 

although R189 was necessary for potent neutralization by 8.9D, changes at both 

189 and 134 modulate sensitivity to this Mab.  

A somewhat different synergy between residues 134 and 189 was seen with Mab 

6.4C. As previously shown, the 0-month Env 6.3 was sensitive to neutralization 

by this Mab and changes at position 134 did increase neutralization sensitivity by 
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10-fold (Fig. 3A & 4A). Interestingly, substitutions at position 134 had no effect 

on neutralization in the context of the R189 mutations for 6.4C. When either the 

V2-NSS mutation or the V2-NSH mutation was introduced, the Envs became 

completely resistant irrespective of whether the V1 glycan motif was present or 

not. Thus, like 8.9D, 6.4C requires an R189 residue for neutralization, but in this 

case the requirement is absolute and loss of this residue resulted in complete 

resistance.  

In contrast, Mab 13.6A exhibited an absolute requirement for the V1 glycosylation 

site and the R189 residue for neutralization. Thus, despite containing the V1 NYS 

glycan motif, Envs V1-NYS V2-NSS and V1-NYS-NSH were resistant to 13.6A (Fig 

4A). Similarly, any Env that lacked the V1 glycosylation site was resistant as well 

(Fig 3A & 4A). Therefore, the two residues at 134 and 189 play a key cooperative 

role in antibody neutralization by Mab 13.6A.  
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Figure 4. Mab neutralization of Env 6.3 and V2 mutants.  

0-month FPL Env 6.3 was used as a backbone for mutations at residue 189 in 

conjunction with residue 134, and these Envs were assessed for sensitivity to 

Mabs 8.9D, 6.4C and 13.6A using pseudoviruses (A). Each line on the graph 

represents an individual Env pseudovirus as listed in the key. Percent viral 

infectivity compared to no Mab is shown on the vertical axis and was calculated 

from luciferase units by dividing virus-infected wells in the presence of antibody 

by the virus-infected well in the absence of antibody. The concentration of each 

Mab (in µg/ml) is plotted on the horizontal axis on a log10 scale. Error bars 

represent the standard error of the mean of at least 2 independent experiments. 
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An amino acid alignment of all Envs used is shown with a red box highlighting 

residues 134 and 189 (B). 

Residues 134 and 189 may contribute to a single epitope near the 

V1V2 stem. 

On the linear amino acid sequence, positions 134 and 189 occur in the N- and C-

terminal regions, respectively, of the V1V2 domain. To gain insight into their 

position with respect to the 3-dimensional gp120, and in particular the V1V2 

loop, residues 134 and 189 were viewed on a composite, CD4 bound gp120 

structure onto which the 205F Env 

6.3 sequence was homology modeled. Fig. 5 displays one possible conformation 

in which these residues coalesce at the interface of the V1 and V2 loops in a 

region that could be stabilized by multiple disulfide bonds, including an unusual 

pair of cysteines in the V1 loop that are found in most 205F Envs. This potential 

epitope is also located directly above the V1V2 stem, which is a highly conserved 

structure. The mean distance between the C-alpha atoms of N134 and R189 based 

on the molecular dynamics simulation is 27 (+/- 2) Angstroms, which is 

consistent with the formation of an antibody epitope. For example, amino acids 

that comprise the epitope for Mab b12 can be as far apart as 37 Angstroms (187). 

Thus it is feasible that the 205F Mabs recognize slightly different versions of a 

novel conformational epitope at the interface of V1 and V2 comprised of these 

two residues and, in the case of 13.6A, carbohydrate moieties. Furthermore, the 

variations in neutralization determinants of the three Mabs suggest that this 

region of V1V2 may exist in multiple conformations, or orientations, several of 

which elicited a B cell response.
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Figure 5. Model of residues 134 and 189 in the V1V2 domain of 0-

month FPL Env 6.3.  

Homology modeling was used (see Materials and Methods) to generate a 3-D 

structure of 0-month FPL Env 6.3 gp120 (in blue) and visualized in MacPyMOL. 

The V1V2 domain is shown in cyan with disulfide bonds in this region highlighted 

in yellow. The V1V2 stem is labeled and shown in magenta. Residues 134 and 189 

are represented by red spheres. 
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Amino acid changes at residues 134 and 189 do not overtly affect 

replication fitness in vitro.  

To date, the question of whether specific autologous neutralization escape 

mutations exact a replication cost on the virus has not been explored. To 

investigate this possibility, the 0-month Env 1.1 and the 0-month Env 6.3 with 

the V1-NYS and V2-NSS motifs introduced singly and in combination were 

cloned into a replication competent NL4.3 proviral backbone and used to infect 

PBMC enriched for CD4 T cells by CD8 depletion. Supernatant was collected 

every two days and viral p24 was quantified for a measure of viral replication for 

a 10-day period (Fig. 6). The subtype C provirus MJ4 was used as a positive 

control for replication in CD4 T cells (119), and none of the Envs tested replicated 

as well as MJ-4. The 0-month Env1.1, which contained the V1 to V4 region of the 

founder virus (146), replicated moderately well, while the 0-month Env 6.3 which 

resisted neutralization by 13.6A due to its lack of a glycosylation motif in V1 

replicated to similar if slightly better levels by day 10 (Fig 6A).  Thus in this assay, 

the ability to escape Mab neutralization by losing a glycan sequon did not 

aversely affect replication. To completely escape neutralization by all three Mabs 

(13.6A, 6.4C and 8.9D); however, the 0-month Env 6.3 required a change at 

position R189, which in one 8-month escape virus was a serine (Fig. 4A). 

Interestingly, introducing this autologous escape mutation (NSS) into the Env 6.3 

had a detrimental effect on replication (Fig 6B), a fact which may explain why the 

V1-NYN V2-NSS lineage is not seen circulating at later timepoints in 

seroconverter 205F (146). Instead, the escape pathway utilized by later Envs was 

to create the R198S change while preserving the V1 glycosylation motif. Indeed, 
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when the V2-NSS mutation was introduced into Env 6.3 in combination with V1-

NYS, the virus replicated better than the V2-NSS Env, suggesting that the V1 NYS 

may in some way compensate for the V2-NSS replication cost (Fig 6C). Thus, 

these results argue that the R189S mutation that confers resistance against 

autologous Mabs had only a minor effect on replication in this in vitro assay 

system in the context of the V1 glycosylation site, although it is important to note 

that this mutation was tested in the absence of other compensatory changes that 

may have been present in vivo. 
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Figure 6. Replication kinetics of parent and mutant Envs in PMBC.  

0-month Envs 6.3 and 1.1 (A) as well as mutant Envs V2-NSS (B) and V1-NYS V2-

NSS (C) were placed into a replication competent NL4.3 backbone and used to 

infect CD8-depleted human PBMC. Viral p24 antigen (pg/ml) production in the 

supernatant was measured by ELISA on day 10 and is plotted as fold change over 

day 0 on the vertical axis on a log10 scale. The positive control virus MJ-4 is 

shown in black circles and the mock-infected negative control is shown by black 

squares. The error bars for each Env were calculated from three independent 

experiments using PBMC from three different seronegative donors. 
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V. Discussion 

By 8-months post-seroconversion, multiple B-cell clones produced 

somatic variations of antibodies that neutralize the virus.  

In HIV-1 infection, V1V2 has been shown to be a target of Nabs (81, 173), and 

multiple monoclonals isolated from sero-positive subjects bind this region (59, 

60, 72).  This domain can confer escape from Nabs as well either through 

shielding affects or sequence change (131, 144, 147). Furthermore, V1V2 has been 

shown to confer strain specificity to the Nab response during SHIV infection of 

rhesus macaques (91). Thus, it is not surprising that in addition to V5 and C3 in 

gp120, the V1V2 region is targeted by early antibodies during subtype C infection.  

 

The current report is one of the first to reveal that in one subtype C infected 

subject, the early Nab response is focused upon V1V2 but is actually comprised of 

multiple antibody specificities, all targeting the same structure within V1V2. 

Sequence analysis revealed that these five antibodies were mostly likely derived 

from 3 distinct B-cell clones, although all five showed variation from germline 

preferentially in the CDR regions, indicating somatic hypermutation. Mabs 6.4C 

and 8.9D were more highly mutated than the other three Mabs, and also 

displayed greater breadth and potency against the autologous Envs. These 

observations suggest that 6.4C and 8.9D had undergone more extensive affinity 

maturation that increased their efficacy against autologous viral variants.  

Collectively, the five 205F Mabs neutralized all Envs from 0 and 2 months post-

seroconversion; however, by 8-months, the plasma escape variants were also 

refractory to neutralization by the Mabs.  These data suggest that although these 
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Mabs were isolated from B cells circulating four to five years after infection, they 

are representative of the major plasma pool at 8-months post-seroconversion. 

Furthermore, what appeared to be a mono-specific response against V1V2 in 

plasma is actually multiple B cell clones producing distinct neutralizing 

antibodies against this target.  

 

Mutational analysis reveals that residues 134 and 189 contribute to a 

novel epitope near the V1V2 stem. 

It has been well documented that V1V2 can contain neutralization and escape 

determinants from Nabs (116, 131, 144, 146, 147, 172), and in seroconverter 205F, 

escape through sequence changes in V1V2 was demonstrated previously (146). 

Here we define a potential conformational epitope at the V1V2 interface in this 

subject that is glycan dependent in one case. The three Mabs from 205F 

evaluated in this study (13.6A, 6.4C and 8.9D) are dependent upon positions 134 

and 189 in V1V2 for neutralization to varying degrees, with the Mabs showing a 

decreasing dependence on glycosylation at residue N132 (13.6A>6.4C>8.9D). 

Mab 13.6A was the only one that absolutely required a glycan sequon (residues 

132-134) in V1 for neutralization; however, the NYS and NYT glycosylation motifs 

were not equivalent in neutralization sensitivity, differing by 10-fold. One 

possible explanation for this observation is that serine and threonine are 

recognized differentially by the antibody, but conversely, mutants containing 

asparagine or glutamine were not neutralized, a fact that argues against tolerance 

for variation at this position. It is also possible that NYS and NYT are 

differentially glycosylated and/or that protein folding in this region is affected by 
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the S134T change, causing a slight structural variation that affects antibody 

binding. Indeed, removal of a single glycan has been shown to affect trimer 

conformation (9). In any case, this finding is consistent with the idea that N-

linked glycan motifs are not equivalent (80).  

 

Overall, the results imply that the three Mabs recognize a common epitope 

formed by positions 134 and 189 at the interface of the V1V2 loop. Alternatively, 

one position may not be included in the epitope, but rather could allosterically 

influence the other. However, each Mab appears to have a slightly different 

requirement for neutralization, suggesting that this region may adopt multiple 

conformations or orientations within a single Env variant that are recognized by 

different B cell receptors. It is possible that each Mab binds the epitope in a 

subtly different orientation and thus is influenced differentially by surrounding 

residues. This phenomenon would be similar to the variations seen in Mabs that 

recognize the CD4 binding site (25). Alternatively, the virus that elicited each of 

these Mabs could have differed slightly in this region. A similar phenomenon was 

reported for a series of Mabs that were generated against SHIV162P in macaques. 

These Mabs recognize a series of overlapping epitopes within a common V2 

structure, and vary in their recognition of amino acid sequence and glycosylation 

pattern (143). The region encompassing the V1V2 stem has been shown to affect 

both CD4 binding as well as formation of the bridging sheet, leading to the 

possibility that the 205F Mabs neutralize by a common mechanism in which they 

block gp120 interactions with CD4 or CCR5. 

 



 92 

Glycosylation plays varying roles in neutralization during early 

infection. 

Studies of glycosylation patterns in gp120 are commonly performed on sequence 

alone, with the addition of putative N-linked glycan motifs often associated with 

neutralization resistance. Indeed there is ample evidence for the role of the 

‘glycan shield’ as a robust mechanism of viral escape from Nab (23, 83, 93, 99, 

105, 176, 179). Nevertheless, we here provide further data indicating that the 

reverse is also true. Mab 2G12 has long been identified as a broadly neutralizing 

antibody that is directed against glycans in gp120 (149, 153, 169), and other 

monoclonals that require a glycan for binding have been described (43, 173, 175). 

Our data offer another demonstration that anti-glycan specificities occur 

naturally during infection and provide an example of how removing a 

glycosylation motif in V1 can result in autologous neutralization resistance. 

 

The sequence changes associated with creating glycan motifs can themselves be 

important for neutralization. For 6.4C and 13.6A, it is the amino acid change as 

opposed to the creation of a glycan motif in V2 that disrupts antibody 

neutralization. This observation is consistent with recent studies demonstrating 

that sequence changes in the context of a glycan motif are sufficient to disrupt 

neutralization sensitivity or resistance (16, 143). It should be noted; however, that 

in none of these studies was it confirmed that the NXS/T motifs are glycosylated. 

Nevertheless, other studies have provided evidence that the majority of glycan 

motifs in HIV-1 gp120 are glycosylated, arguing that the motifs in V1 and V2 

under study are indeed likely to be modified by carbohydrate addition (57). 
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Overall, changes in glycan motifs can affect neutralization in multiple ways, not 

all requiring glycosylation, making this an efficient scheme for the virus to utilize 

for Nab escape. 

 

Replication kinetics of neutralization resistant Envs is similar to 

neutralization sensitive Envs. 

In addition to reducing neutralization sensitivity, escape mutations in Env could 

potentially affect replication fitness and result in lower viral load. One study 

found a negative correlation between autologous titer and viral load in chronic 

infection, but another demonstrated no correlation between these two 

parameters in long-term non-progressors (39, 104). In subtype C infection, a 

slight dip in viral load was observed concurrent with the appearance of certain 

autologous Nab specificities (116). In vitro data has demonstrated no correlation 

between resistance to broadly neutralizing antibodies and replication (136), but 

has found that alanine mutations of targeted epitopes may result in loss of 

infectivity (130). To date, specific mutations that arise naturally during infection 

and confer resistance to autologous Nabs have not been examined for their effect 

on replication kinetics in vitro. Here we investigated the in vitro replication 

kinetics in CD4 T cells of Envs with and without the V2-NSS motif, which confers 

global autologous Mab escape. In the context of the 0-month Env 6.3, the V2-

NSS motif had a detrimental affect on replication, suggesting that fitness cost 

may play a role in autologous escape pathways. However, HIV-1 uses multiple 

escape pathways and compensatory mutations to overcome this disadvantage. It 

is possible that further differences could have been detected in a more sensitive 
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fitness competition assays; however, these data suggest that it is quite possible 

for Env to escape the humoral immune response without overt loss of replication 

capability. 

 

Overall, this study describes a potential novel conformational epitope that is 

present in a subtype C infected subject during early infection and could be 

located at the interface of the V1 and V2 loops. This potential epitope was 

recognized by at least three different B cell receptors on the native Env trimer, 

and elicited both glycan dependent and independent Mabs. Thus, there are 

complex and immunogenic structures formed by V1V2 on the native Env, and 

these may exist in slightly different conformations or be recognized in slightly 

different ways by distinct B cells. While we presently studied only one subject, 

these Mabs are likely to be representative of those that arise during the early 

neutralizing response in many HIV-1 infected subjects, as this response is often 

focused on only one or a few targets and is readily escaped. The findings provide 

new insight into why the early autologous Nab response is ineffective and fails to 

contain the virus. The results also illustrate the power of a single, strategically 

placed amino acid change in viral escape. The redundant and highly focused 

nature of the Mabs in this subject suggests that to elicit Nab breadth with an Env 

immunogen, it will be critical to present only the desired epitope, such as the CD4 

binding site, and eliminate others that might be divert the B cell response.  
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Chapter Four: 

Thesis Discussion 

The extreme genetic diversity of HIV-1 poses a significant challenge for global 

vaccination approaches, and strategies to overcome this are extremely limited at 

present. In an effort to understand the biological consequences of inter-subtype 

diversity, recent research has linked genetic differences in Env to both 

phenotypic and antigenic properties. A particular focus has been on subtypes B 

and C, where differences have been associated with distinct autologous humoral 

responses that vary in gp120 targets as well as in cross-reactive breadth, 

especially in the V3 domain. It is important to note that differences between 

subtypes that circulate in distinct geographic regions, such as B and C, could also 

reflect dissimilarity in the host population from which the viruses were derived, 

epidemic patterns, the route of infection, etc. Nevertheless, as studies continue to 

uncover subtype-specific differences in Env function, structure, and antigenicity, 

these will be important to incorporate into global vaccine design. Furthermore, in 

light of the prevalence of subtype C infection worldwide, it becomes especially 

important to study the host immune response to this subtype in particular. 

 

In this vein, I first explore in chapter two, possible explanations for a particular 

conservation pattern in subtype C V3 domains. In an analysis of sequences in the 

Los Alamos HIV Database, the subtype C V3 domain is more conserved than 

other subtypes (data not shown and (124). My lab has recently observed as well 

that V3 remains remarkably conserved during the first two years of infection 

despite increasing sequence variation in V1V2, the gp120 outer domain, and gp41 
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(146). In particular, I observe a highly conserved residue (I309) in subtype C 

Envs that exhibits high entropy in other subtypes. While this and other subtype-

specific mutational patterns in V3 have been well established (54, 55, 86, 124, 

145, 158), this study is among the first to delve into the biology that might explain 

these observations.  

 

Variability in entropy between subtypes B and C in V3 occurs between residues 

304-321. Position 309 is the only one of these 16 residues where subtype C stays 

essentially the same (Ile) and subtype B toggles between 4 amino acids (Ile, Met, 

Leu and Val). Therefore I would propose that residue 309 is representative of 

differences in conservation between subtype B and C V3. A caveat to these studies 

is that they are limited to this one position; however, it is likely that sequence 

patterns conserved in all subtypes represent residues highly necessary for correct 

viral function. For example, the GPG turn motif at the V3 tip is well conserved in 

all subtypes (http://www.hiv.lanl.gov) and previous mutational studies have 

shown that changes to the GPG motif led to drastically lower fusion and 

infectivity (49). In contrast, subtype C Envs carrying L309 use limiting CD4 more 

efficiently in entry experiments and replicate to wildtype levels in vitro in the 

absence of antibody suggesting no detectable detrimental effect on either 

infectivity or replication. Furthermore, this proficient use of CD4 appeared to 

expand the ability of these Envs to infect macrophages, albeit inefficiently. In no 

case, however, did the wildtype subtype C virus replicate in macrophages to any 

detectable degree rendering the macrophage tropism of I309L Envs all the more 
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interesting. This expanded tropism should, in theory, be advantageous to the 

virus, not detrimental.  

 

A possible reason that this I309L mutation allowing macrophage tropism does 

not occur in vivo is my findings that these Envs were over-all more sensitive to 

sCD4, anti-V3 antibody, and 17b after triggering with sCD4. Although there was 

no difference between L309 and I309 Envs when examining neutralization by 

autologous or heterologous plasma pools, the monoclonal antibody data suggests 

a subtle difference in neutralization susceptibility between mutant and wildtype 

Envs. It is possible that the autologous plasma more accurately corresponds to 

the antibody-containing microenvironment that pressures these viruses, and that 

the neutralization by monoclonals is only superficially representative. However, 

there is evidence that when examining subtle differences in neutralization 

sensitivity and escape, monoclonals may reveal differences that are drowned out 

in the presence of large polyclonal antibody pools in plasma ((12, 146) and 

Chp.3). Although most of the targeted epitopes in patient plasma remain 

unknown, it has been shown that HIV-infected patients have large titers of anti-

co-receptor and anti-V3 antibodies, and to varying degrees anti-CD4bs 

antibodies, (11, 37, 38, 65, 95, 115, 173). Therefore, it is plausible that L309 Envs 

are more susceptible to these antibodies specifically within the plasma, especially 

if increased exposure of the CD4bs also leads to ‘pre-triggering’ of these Envs. 

Taken together these data suggest that any increased advantage in terms of cell 

tropism conferred by L309 may be outweighed by the increased neutralization 

sensitivity due to exposure of epitopes such as the CD4bs. These data begin to 
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suggest a biological explanation for the strict conservation of the subtype C V3 

domain by linking it to the prevention of neutralization epitope exposure, 

although structural concealment of V3 epitopes has been observed previously (10, 

37, 115). This chapter provides novel insight at a population or subtype level into 

the delicate balance the virus must have between infectivity (CD4bs exposure and 

increased cell tropism) and evasion of the host immune response.  

 

What is the possible mechanism by which subtype C HIV uses conservation of V3 

to hide neutralization targets? The V3 domain does not exhibit the types of 

mutations that other neutralization escape mechanisms require, such as an 

evolving glycan shield (176) or an expanding V1V2 domain (131, 144, 147). An all-

atom molecular dynamics simulation previously performed supports the 

existence of a cluster of hydrophobic residues flanking the V3 tip (anchored by 

residues I307, I309, and F317) (101), and further evidence for this cluster or 

‘hydrophobic face’ has recently been published using structural analysis of V3 

peptide-antibody complexes (78). These 3 positions are highly conserved in 

subtype C sequences in the database and are largely restricted to hydrophobic 

amino acids (55, 145, 158). Thus, stabilizing forces may drive this hydrophobic 

cluster to avoid solvent exposure by burying itself within the V3 loop or into the 

gp120 core, in the vicinity of the CD4bs and V1V2 on the same or a neighboring 

protomer. In fact, coarse-grained calculations have demonstrated that V3 (and 

perhaps the hydrophobic cluster) has the potential to interact with multiple core 

residues, several of which are proximal to the CD4 binding site and may impact 

CD4 binding ((101) and Fig. 1). For subtype C viruses, maintaining this cluster in 
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an optimal position by limiting sequence variation in the V3 tip could be critical 

for immune avoidance. This paradigm, therefore, provides a biologically plausible 

explanation for the I309L phenotype I observed, as well as a compelling reason 

for conservation of subtype C V3.  
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Figure 1. Regions in core gp120 that could potentially interact with Ile 

309. 

To identify regions of gp120 that could potentially interact with V3, a coarse-

grained model was used, and residues that showed any contact probability with 

Ile 309 are mapped onto the gp120 structure (2B4C; (73)) in orange.  Residues 

that have been previously shown to participate in CD4 binding are red. The 

position of Ile 309 at the V3 crown is highlighted in blue.  
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While conservation of sequence as a mechanism of immune avoidance may be 

observed at a population level, it is more likely that sequence variation will be 

used to escape host immune pressure within an individual. In chapter three, I 

explore this latter escape method in more detail by using autologous monoclonal 

antibodies to elucidate a potential epitope targeted in early infection as well as 

residues that confer resistance to this neutralization. These data begin to reveal 

how the virus escapes humoral immune pressure through sequence variation 

without crippling effects on replication.  

 

Five antibodies were cloned out of peripheral memory B-cells isolated at 49 and 

69 months post-seroconversion from a Zambian subject. These antibodies were 

screened for neutralizing activity against 0-month FPB Env 1.1, which has the V1-

V4 sequence of the founder virus (146). Sequence analysis revealed that these five 

antibodies were mostly likely derived from 3 distinct B-cells, although all five 

showed variation from germline, indicating somatic hypermutation. These Mabs 

were next analyzed for their ability to neutralize autologous Envs from 

longitudinal time-points. This functional analysis revealed that these Mabs 

neutralized all but one Env from 0 and 2 months post-seroconversion, but that by 

8-months, the Envs that were plasma escape variants were also refractory to 

neutralization by the Mabs.  These data suggest that although these Mabs were 

isolated at a later time point, they represent the major plasma pool at 8-months 

post-seroconversion.  
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These Mabs likely arose between 2-8 months post seroconversion, and it was 

previously established by Rong et al. (146) that Nab in this seroconverter mainly 

targeted the V1V2 domain within the first two years of infection, making it the 

likely target for all five Mabs. This fact is not surprising considering that V1V2 

has frequently been shown to be a target of Nabs (81, 115, 116, 173), and multiple 

monoclonals isolated from sero-positive subjects bind this region (59, 60, 72).  

This domain can confer escape from Nabs as well either through shielding affects 

or sequence change (131, 144, 147). My studies with autologous Mabs add to this 

body of literature by illuminating that this singular response against V1V2 in 

plasma is actually multiple B cell clones producing distinct neutralizing 

antibodies against this target.  

 

Using a mutagenesis strategy I demonstrate that three Mabs isolated from this 

subject have varying requirements of positions 134 and 189 in the V1V2 domain 

for neutralization. Mab 13.6A requires a glycan motif at 132-134 in V1 as well as 

an arginine at 189; however, the glycan-encoding motifs NYS and NYT are not 

equivalent in neutralization sensitivity. Mabs 6.4C and 8.9D require R189 for 

neutralization, but this sensitivity is affected to varying degrees by the V1 glycan 

motif. Overall, these data suggest that the Mabs bind, albeit in different ways, a 

common epitope formed by these two residues at the stem of the V1V2 loop. 

Using computer modeling to view a possible conformation of this epitope (Chp. 3 

Fig. 5), I can propose a mechanism for neutralization by these Mabs. Since the 

V1V2 stem has been shown to affect both CD4 binding as well as formation of the 

bridging sheet, antibody binding to this putative epitope could potentially block 
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viral binding to either CD4 or CCR5. It should be noted, however, that this 

epitope is putative and further binding studies will need to be performed to rule 

out the possibility that 134 and 189 affect neutralization through allosteric affects 

on a distant epitope. 

 

The ‘glycan shield’ is a commonly cited term for a mechanism of viral Nab escape 

(see Chapter 1) whereby the virion is covered by glycans that hide or shift Nab 

targeted epitopes (9, 176). The Mab data presented in chapter three; however, 

emphasizes a complicated role for glycosylation in humoral immune escape. The 

Mabs highlight the fact that anti-glycan specificities do occur during natural 

infection meaning that potential N-linked glycosylation sites (PNGS) are not 

synonymous with Nab escape but rather can indicate sensitivity as well. 

Interestingly, the neutralization profile of Mab 13.6A implies that even though 

NXT and NXS are both N-linked glycan motifs, they are not structurally 

equivalent in their presentation of the 13.6A epitope. A second reason that PNGS 

should not be automatically correlated with Nab escape is that my data along 

with other recent reports (16, 143) reveal that the sequence change associated 

with the insertion of a glycan sequon may be sufficient to affect neutralization. In 

other words, it is the amino acid that is the determinant of sensitivity not the 

linked glycan. For the three Mabs I studied (13.6A, 6.4C & 8.9D), the R189S 

mutation conferred escape because of the loss of the arginine as opposed to the 

insertion of a glycan motif (NSR to NSS).  
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Thus, the single R189S mutation escapes all three Mabs 13.6A, 6.4C and 8.9D, 

suggesting that this is an efficient escape pathway for the virus to follow. In 

addition to reducing neutralization sensitivity, escape mutations in Env could 

potentially affect replication fitness and result in lower viral load. To date, 

specific mutations that arise naturally during infection and confer resistance to 

autologous Nabs have not been examined for their effect on replication kinetics in 

vitro. In chapter 3, I investigate the ability of Envs with and without the Mab 

escape V2-NSS motif to replicate in CD4 T cells. It appears that in the 

background of 0-month Env 6.3, this R189S V2 mutation can detrimentally affect 

replication; however, in the presence of the V1 N134S mutation, replication 

returns to parental level kinetics. Thus these data demonstrate for the first time 

that it is possible for the virus to escape multiple Nabs while maintaining 

replication fitness.  

 

 

Conclusion 

In conclusion, studying the natural humoral immune response may provide 

insight into how an effective vaccine might be designed. In this thesis, I attempt 

to determine mechanisms of viral escape from neutralizing antibody pressure. 

Often, areas of conservation in gp120 are thought to be ideal candidates for 

immunogens that would provide broad vaccine coverage. I first show that in 

subtype C Envs, the V3 domain may be particularly conserved to sterically 

conceal Nab targets such as the CD4bs. Thus, areas of conservation may elicit 

antibodies with broad neutralization potential but if the epitope is hidden on the 
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trimer, neutralization will not be possible. This observation is particularly 

important because of the current focus on the CD4bs as a conserved vaccine 

target. This avenue of research must take into account structural differences 

between subtypes, and recent publications have, in fact, widened the number and 

diversity of viruses a Mab must neutralize in order to be labeled as “broadly 

neutralizing”. Furthermore, the lack of sequence change in V3 may be the reason 

that CXCR4 viruses are less frequently seen in subtype C infection as compared 

to subtype B (22, 26, 28, 29, 109, 120, 160), and therefore, may have 

consequences for antiviral treatment with entry inhibitors against CCR5.  

 

Another reason that broad vaccine coverage remains unattainable is the tolerance 

Env shows for high levels of sequence diversity. Here in chapter three, I 

demonstrate that during early subtype C infection in one seroconverter, the 

antibody response is comprised of multiple B-cell clones targeting the same 

region of gp210 (V1V2). Thus, one reason that antibodies may fail to control the 

virus, is that this limited response is easily escaped with minimal sequence 

change, giving the virus time to discover an escape pathway with the least effect 

on replication kinetics. These data suggest that future vaccine design might be 

well served to include multiple epitopes and expand the antibody response 

beyond the limited one that naturally arises in order to ‘box’ the virus in with the 

fewest possible escape pathways. 
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