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Abstract

The V3 loop in the HIV envelope gp120 is one of the immunogenic sites targeted by Abs. The V3 

crown in particular has conserved structural elements recognized by cross-reactive neutralizing 
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Abs, indicating its potential contribution in protection against HIV. Crystallographic analyses of 

anti-V3 crown mAbs in complex with the V3 peptides have revealed that these mAbs recognize 

the conserved sites on the V3 crown via two distinct strategies: a cradle-binding mode (V3C) and a 

ladle-binding (V3L) mode. However, almost all of the anti-V3 crown mAbs studied in the past 

were isolated from chronically HIV-infected individuals. The extents to which the two types of 

anti-V3 crown Abs are generated by vaccination are unknown. This study analyzed the prevalence 

of V3C-type and V3L-type Ab responses in HIV-infected individuals and in HIV envelope-

immunized humans and animals using peptide mimotopes that distinguish the two Ab types. The 

results show that both V3L-type and V3C-type Abs were generated by the vast majority of 

chronically HIV-infected humans, although the V3L-type were more prevalent. In contrast, only 

one of the two V3 Ab types was elicited in vaccinated humans or animal models, irrespective of 

HIV-1 envelope clades, envelope constructs (oligomeric or monomeric), and protocols (DNA plus 

protein or protein alone) used for vaccinations. The V3C-type Abs were produced by vaccinated 

humans, macaques, and rabbits, whereas the V3L-type Abs were made by mice. The V3C-type 

and V3L-type Abs generated by the vaccinations were able to mediate virus neutralization. These 

data indicate the restricted repertoires and the species-specific differences in the functional V3-

specific Ab responses induced by the HIV envelope vaccines. The study implies the need for 

improving immunogen designs and vaccination strategies to broaden the diversity of Abs in order 

to target the different conserved epitopes in the V3 loop and, by extension, in the entire HIV 

envelope.
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1. Introduction

The HIV envelope (Env) glycoproteins are the only virus-encoded proteins on the virion 

surface, and the Env gp120 subunit binds to CD4 and the co-receptors CCR5 or CXCR4. 

The third variable (V3) loop on gp120 is the key factor determining the virus co-receptor 

usage [1–4]. Despite its name, the V3 loop contains conserved elements targeted by broadly 

reactive antibodies [5, 6], implicating the importance of V3 for HIV Env-based vaccines. 

Indeed, anti-V3 Abs inversely correlated with infection risk in subsets of the vaccinees in the 

RV144 Thai trial [7].

The crystal structures of the V3 loop in the context of the CD4-bound gp120 and as peptides 

in complex with V3-specific mAbs from HIV-infected individuals show that V3 can be 

divided into three regions: the conserved base near the disulfide bond, the flexible stem, and 

the distal crown [8, 9]. The conserved base of V3 and glycans at positions N301 and N332 

are targeted by broadly neutralizing Abs (bNAbs) such as PGT121, PGT128, PGT135 [10–

12]; however, this region is poorly immunogenic. The highly immunogenic site on V3 is the 

13 amino acid-long crown; this region is targeted by the anti-V3 Abs generated during 

infection [13–15] and after immunization [16–20]. The V3 crown is also recognized by a 

large panel of V3 monoclonal Abs (mAbs), most of which neutralize many Tier 1 viruses 

and few Tier 2 viruses [5, 6, 21–24]. Although the V3 crown is often occluded in the 
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membrane-bound native Env trimers of Tier 2 viruses, this region is accessible to Abs in the 

soluble Env gp120 monomers and gp140 oligomers, including the stabilized gp140 trimers 

of BG505 SOSIP.664 which are strongly bound in ELISA by anti-V3 mAbs such as 39F, 

19b and 14e [25].

The crystallographic analyses of V3 peptides in complex with the different V3 crown-

specific mAbs identified three antigenic regions in the V3 crown: the arch consisting of the 

highly conserved GPGR/Q motif at the apex of the crown, the circlet at the middle region 

with a conserved hydrophobic patch and a more variable hydrophilic face on the opposing 

faces, and the conserved band region (Fig 1A) [5]. The mAbs recognize their epitopes in the 

V3 crown via two distinct epitope-binding modes, designated V3 cradle (V3C) and V3 ladle 

(V3L). MAbs with the V3L-binding mode are exemplified by the 447-52D mAb, whose key 

contact residues are the GPGR/Q arch plus residues N-terminal to the arch [26]. In contrast, 

mAbs with the V3C-binding mode like 2557, 2219 and 1006 bind to the hydrophobic core in 

the circlet and the band region, without contacting the arch [5]. In a recent study, two human 

anti-V3 crown mAbs with V3L- and V3C-binding modes were reported to have neutralizing 

activities against escape variants that arose after passive transfer with three bNAbs [22]. 

These mAbs synergized with the passively transferred bNAbs to suppress viremia by 

preventing the emergence of escape viruses, demonstrating their potential contribution in 

protection against HIV. Nonetheless, the information currently available about the V3C- and 

V3L-binding Abs has come mainly from studies of mAbs isolated from a small set of HIV-

infected individuals. The prevalence of these Ab types among HIV-infected individuals is 

unknown. More importantly, it remains unclear whether both V3C- and V3L-types Abs can 

be elicited by immunization and if the different animal models used in the preclinical testing 

also produce V3C-type and V3L-type Abs.

In this study we used cyclic peptide mimotopes designed to react exclusively with V3C-type 

or V3L-type mAbs [5, 19, 27, 28] to detect these Abs in sera or plasma of HIV-infected and 

HIV Env-vaccinated humans. Given that the human V3C-type mAb’s gene usage is 

restricted to VH5.51 [29] and other species have different VH genes, we also used the 

peptide mimotopes to evaluate the induction of V3C-type and V3L-type Abs in macaques, 

rabbits and mice after immunization with different HIV Env vaccines. The data show that, 

although HIV infection induces V3C- and V3L-type Abs to varying levels, HIV Env 

immunization did not recapitulate the repertoires of V3 Abs generated during the natural 

infection. More limited and species-specific repertoires of functional V3 Abs were elicited 

by immunization irrespective of the HIV Env immunogens and the vaccination protocols.

2. Materials and Methods

2.1. Sera/plasma samples

The samples tested in this study are described in Table 1.

2.2. Antigens

gp120 JRFL protein was purchased from Immune Technology. The full-length V3 (HIV-1 

MN), V3C and V3L peptides used in ELISA were biotinylated at the N-terminus. The non-
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biotinylated versions were used for neutralization inhibition. All peptides were synthesized 

by Biopeptide.

2.3. Detection of antigen-specific IgG by ELISA

ELISA was performed as described [17] with updated modifications. Streptawell plates 

(Roche) were used to immobilize biotinylated peptides (1 µg/ml). After blocking, diluted 

plasma or sera were incubated for 1.5 hour at 37°C. The bound Abs were detected by 

enzyme-conjugated secondary Abs: anti-human IgG (Sigma; 1:10,000), anti-macaque IgG 

(NIH Non-human Primate Reagent Resource; 1:1000), anti-rabbit IgG (Southern Biotech, 

1:2000) and anti-mouse IgG (Sigma, 1:5000). Alkaline phosphatase substrate 

(Thermoscientific) or OPD substrate (Thermoscientific) was finally added, and the optical 

densities (OD) were read at 405nm or 450nm, respectively. The half-maximal binding titers 

were calculated from titration curves by non-linear regression using GraphPad Prism 7.

2.4. Neutralization assay

Virus neutralization was measured using a beta-galactosidase assay (Promega) with TZM.bl 

target cells using heat-inactivated plasma or sera as described [30, 31]. The SF162 

pseudovirus was produced in transfected 293T/cells using plasmids pNL4-3.Luc.R−.E− from 

Dr. Nathaniel Landau and SF162 from Drs. L. Stamatatos and C. Cheng-Mayer (NIH AIDS 

Reagent Program, Division of AIDS, NIAID, NIH). The neutralization inhibition assay was 

done according to published protocols [32] using 40 µg/ml of each peptide. Pooled pre-bleed 

or normal sera were tested for negative controls, whereas mAbs 447-52D (V3L-type) or 

2557 (V3C-type) were used as positive controls.

3. Results

3.1. Peptide mimotopes are recognized specifically by V3C-type or V3L-type mAbs without 
evidence of cross-reactivity

Peptide mimotopes recognized by V3C-type and V3L-type Abs were rationally designed [5, 

19, 27, 28]. These mimotopes are cyclic peptides with the motifs specifically required for 

the binding of mAbs with V3C- or V3L-binding modes (Fig 1A). Fig 1A also shows that 

both V3C and V3L motifs are conserved among the V3 crown sequences of HIV-1 clade B 

and non-clade B, and are present in R5-tropic Env and X4-tropic Env. The full-length 35-

mer cyclic V3 peptide of HIV-1 MN was also synthesized. To establish their specific 

recognition by the V3C- and V3L-type Abs, we evaluated the ELISA reactivity of these 

peptides with representative V3C mAb (2557) and V3L mAb (447-52D) as compared to an 

irrelevant control (1418). The titration data showed the exclusive recognition of these 

mimotopes by the corresponding mAbs (Fig 1B). In contrast, both mAbs were reactive with 

a full-length V3 peptide and the control mAb did not react with any of the peptides (Fig 1B). 

These peptide mimotopes were also tested with 17 anti-V3 mAbs (Fig 1C). The mimotopes 

showed distinct and non-overlapping mAb reactivity profiles. Eight mAbs were reactive with 

the V3C peptide but not the V3L peptide. The other nine mAbs recognized only the V3L 

peptide. All 17 mAbs were reactive with the full length V3. Similar reactivity profiles were 

observed with a larger panel of anti-V3 mAbs [19]. Importantly, no cross-reactivity was 

detected, indicating that these mimotopes can serve as specific probes for the two Ab types. 
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The specificity of these mimotopes was also verified by peptide inhibition ELISA, which 

showed the greater blocking of anti-V3C mAb and V3C-reactive polyclonal Ab binding by 

the V3C peptide than the V3L peptide, and vice versa (Fig S1). Further, although the V3L 

peptide contains the 312GPGR315 motif common to clade B viruses, its recognition is not 

restricted to Abs from clade B-infected patients. The V3L-type mAbs such as 3074, 4121, 

and 2182 from non-clade B infected donors are reactive with the V3L peptide [19]. 

Conversely, some V3L-type mAbs from clade B-infected donors, as exemplified by 

447-52D, bind to V3 peptides containing GPGR or GPGQ/X often present in non-clade B 

HIV-1, consistent with the structural data showing the ability of these mAbs to tolerate 

changes at position 315 [33].

3.2. Antibodies with V3C- and V3L-binding modes are generated during HIV infection

We first evaluated the extents to which V3C-type and V3L-type Abs were present in the 

plasma of HIV-infected individuals. Plasma samples from 92 individuals with chronic clade 

B HIV infection from the US and from 77 Cameroonian individuals chronically infected 

with non-clade B HIV-1 were compared. All samples had reactivity against the full-length 

V3. Higher percentages of individuals responded to V3L than V3C among the US and 

Cameroonian patients (Fig 2A, 2C). In the US patients, the strengths of the V3C-type and 

V3L-type Ab reactivity correlated weakly to each other but not to Abs against the full-length 

V3. Indeed, most US patients had Ab reactivity to both V3C and V3L (Fig 2B). Among the 

Cameroonian patients, the strengths of V3C-type and V3L-type Abs did not correlate. The 

Cameroon patients also rarely produced both Ab types (Fig 2D). These patients had V3C-

type Abs or V3L-type Abs or neither (Fig 2D). These results showed that V3C and V3L Abs 

are commonly produced during natural HIV infection, but the V3L Abs are present more 

frequently than the V3C Abs in both US and Cameroon patients chronically infected with 

diverse HIV-1 isolates of clade B and non-clade B.

3.4. Vaccinations of humans with HIV gp120 elicit low levels of V3C- or V3L-type Abs

Humans immunized with HIV gp120 generate anti-V3 Abs [34], but the V3-binding modes 

of the Abs elicited have not been determined. The recombinant AIDSVAX gp120 proteins of 

HIV-1 clades B/E and B/B used in the respective VAX003 and VAX004 trials contain 

signature motifs for both V3C- and V3L-type Abs (Fig 1A and [35–37]). Thereby, we 

sought to determine whether these Abs were induced by the VAX003 and VAX004 vaccines 

(Table 1). Twenty four VAX003 and 23 VAX004 plasma samples collected 2 weeks after the 

last boost (the 7th injection) were examined in ELISA for IgG to full-length V3, V3 crown 

(linear 13-mer peptide), V3C, and V3L. Abs to the full-length V3 were detected in all 

VAX003 vaccinees and 95% of VAX004 vaccinees. High percentages also had Abs reactive 

with the linear V3 crown peptide (Fig 3A, 3D), showing the immunodominance of the V3 

crown. In contrast, the VAX003 and VAX004 samples lacked reactivity to N-terminal and C-

terminal V3 peptides (Fig S2).

Next we determined the presence of V3C- versus V3L-type Abs. 87% of the VAX003 

vaccinees and 91% of the VAX004 vaccinees showed Abs to V3C (Fig 3A, 3D). However, 

lower percentages of the VAX003 (25%) and VAX004 (21%) vaccinees produced Abs to 

V3L. Hence, unlike the HIV-infected subjects, more vaccinees produced V3C-type Abs than 
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V3L-type Abs. The binding strengths of Abs to V3C and V3L were low with most OD405 

near the cut-off points. Moreover, only 25% of VAX003 vaccinees and 21% of VAX004 

vaccinees made both V3C and V3L Abs (Fig 3B, 3E). The majority of VAX003 (66%) and 

VAX004 (69%) vaccinees produced V3C Abs and not V3L Abs. The binding strengths of 

V3C Abs were associated with those of Abs to the full-length V3 and the linear V3 crown 

(Fig 3C and 3F). These data show that, unlike natural HIV infection, immunization of 

humans with HIV gp120 elicited V3C Abs more frequently than V3L Abs, regardless of the 

gp120 proteins used in the vaccines. The V3C- and V3L-type Ab binding strengths were low 

relative to the total V3 Abs against the full-length V3 or the linear V3 crown, indicating the 

presence of other V3 Abs, distinct from the V3C and V3L Abs, in the VAX003 and VAX004 

participants.

3.5. HIV Env vaccination induces mainly V3C-type Abs in macaques and rabbits, and only 
V3L-type Abs in mice

Although Abs against the V3 crown have been shown to be induced in different species of 

animals used in vaccine pre-clinical testings [16–20], their epitope-binding modes are 

undefined. To this end, we evaluated rhesus macaques, rabbits, and mice that were 

immunized with HIV-1 clade B or clade C Env immunogens, monomeric or oligomeric Env 

proteins, and with or without DNA priming. Plasma or serum samples were tested in ELISA 

for IgG against V3, V3C and V3L peptides, plus gp120 JRFL (clade B). EC50 values were 

calculated from the titration curves. Representative titration curves are shown in Fig S3.

A group of six macaques (Group 1) received co-immunization with HIV-1 gp160 DNA and 

gp140 trimeric proteins consisting of a set of HIV Env quasi-species from clade-B HIV-1-

infected individuals (Table 1). Another group of six macaques (Group 2) was co-immunized 

with clonally-related clade C HIV-1 gp160 DNA and a clade C gp140 trimeric protein (Table 

1). As expected, all clade B Env- and clade C Env-immunized macaques had similarly high 

IgG levels against gp120 and the full length V3 (Fig 4A). For both groups, 83% also had 

EC50 of >100 against V3C. In contrast, only 1–2 animals (16–33%) showed EC50 of >100 

against V3L and the titers were low (p=0.014 vs. V3C for both groups). Hence, similar to 

human vaccinees, vaccinated macaques produced V3C-type Abs more frequently than V3L-

type Abs, and this pattern was observed in macaques immunized with the HIV clade B or 

clade C Env vaccines.

We compared plasma or sera from three groups of rabbits that received a) co-immunization 

of HIV-1 gp160 DNA and gp140 trimeric proteins consisting of a set of HIV Env quasi-

species from clade-B HIV infected individuals (Group 1), b) HIV-1 clade C trimeric gp140 

CN54 protein alone (Group 2), or c) DNA gp160 CN54 prime followed by gp140 CN54 

protein boosts (Group 3) (Table 1). The three groups of rabbits had IgG binding to gp120 

and full length V3 (Fig 4B). However, the rabbits in Group 1 (clade B Env DNA+proteins) 

produced relatively low levels of Abs to gp120 and V3, and none generated V3C- or V3L-

type Abs with >100 EC50. In Groups 2 and 3 (clade C Env protein without or with DNA 

priming), 60% and 80% of rabbits had EC50 of >100 for V3C-type Abs, while only 20% 

(1/5) produced V3L-type Abs. Thereby, similar to the patterns seen with immunized humans 

and macaques, the V3C-type Abs were made by more rabbits and to higher titers than the 
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V3L-type Abs (p=0.03) (Fig 4B). The greater induction of the V3C-type Abs in these rabbits 

was attained with or without DNA priming.

Finally we tested sera from mice immunized with clade B gp120 JRFL (Group 1) or clade C 

gp140 CN54 (Group 2) proteins. All mice generated IgG binding to gp120 and the full-

length V3, but the V3 Ab titers varied (Fig 4C). Interestingly, only V3L-type Abs were 

detected in both groups (Fig 4C). No V3C-type Abs were produced by these mice. This 

pattern was distinct from V3 Ab responses of the immunized humans, macaques, and 

rabbits, but was consistently observed whether the mice were immunized with monomeric 

clade B gp120 or oligomeric clade C gp140.

3.6. The V3C- and V3L-type Abs generated in immunized humans and animals mediate 
virus-neutralizing activities

Human V3C- and V3L-type mAbs showed comparable neutralizing potency against SF162, 

a clade B HIV-1 sensitive to V3 Abs (Table S1). To determine whether V3C- and V3L-type 

Abs induced by vaccination also have virus-neutralizing activities, we evaluated the 

VAX003 and VAX004 samples for neutralizing activity against SF162 pseudo virus. A wide 

range of % neutralization was observed that correlated with the binding strengths of Abs to 

the full-length V3 and V3C (Fig S4). Similar analyses performed with the immunized 

macaques and mice revealed correlation between SF162 neutralization and levels of Abs to 

V3C or V3L, respectively (Fig S4). For mice, correlations performed using EC50 and 

OD405 yielded comparable results (data not shown). Rabbits showed correlation between 

SF162 neutralization and Ab levels to full length V3 but not V3C (Fig S4).

To further evaluate the contribution of V3C and V3L Abs to virus neutralization, peptide 

blocking experiments were performed. Fig 5A shows that pre-treatment with the V3C 

peptide inhibited the neutralizing activity of the V3C-type mAb 2557, whereas the V3L 

peptide had less inhibitory effect. The neutralization by the V3L-type mAb 447-52D, on the 

other hand, was suppressed more by the V3L peptide than the V3C peptide. The neutralizing 

activities of both mAbs were inhibited by the full-length V3 peptide. The AUCs were 

calculated to show the relative levels of neutralization inhibition by the different V3 peptides 

as compared to the control peptide.

The peptides were then used to assess the relative contribution of the V3C- and V3L-type 

Abs in virus neutralization. Plasma samples were selected from four human vaccinees with 

potent neutralizing activities and containing Abs to V3 and V3C but not to V3L (Fig 5B). 

Two distinct patterns were observed: a) neutralizing activities of 10767989 and 118163 were 

inhibited >50% by V3 and V3C peptides but not V3L peptide, b) neutralization of 10667696 

and 107157 was weakly affected by the three V3 peptides including the full-length V3, 

indicating the contribution of non-V3 Abs to the observed neutralization.

Sera from selected macaques were similarly tested and revealed that inhibition of 

neutralization by V3C and V3L peptides corresponded with the presence of the respective 

Abs in the sera. For examples, macaques 23281 and 26433 had Abs to V3C but not V3L, 

and neutralization was inhibited >50% by the V3C peptide and not by the V3L peptide. 

Macaques 25257 and 26691 had both V3C Abs and V3L Abs, and neutralization was 
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inhibited >50% by both V3C and V3L peptides (Fig.5C). As expected, the full-length V3 

peptide inhibited neutralizing activity of all four. Hence, macaque Abs to V3C and V3L 

elicited by immunization contribute to virus neutralization.

Consistent with the fact that V3C-type Abs predominated over V3L-type Abs in the immune 

rabbit sera, neutralization by three rabbit sera tested was inhibited most by the V3C peptide. 

The V3L peptide did not decrease neutralization by >50%. Interestingly, the inhibition by 

the V3C peptide was greater than that seen with the full length V3. This pattern is different 

from that seen with the macaque sera and indicates a possibility that the neutralizing Abs in 

the rabbit sera have higher affinity for V3C than the full-length V3. Nonetheless, the 

neutralizing activities of rabbit sera like 236 and 230 were reduced only partially by the V3 

peptides, suggesting the presence of neutralizing Abs targeting sites other than V3 (Fig 5D).

Unlike rabbits, mice immunized with HIV Env generated only V3L-type Abs. Accordingly, 

pre-treatment of mouse sera with the V3L peptide abolished the neutralizing activity of the 

sera. Neutralization was also almost completely inhibited by the full-length V3, 

demonstrating that neutralization is mediated solely by V3-specific Abs and particularly the 

V3L-type Abs (Fig 5D).

Altogether the data demonstrate that immunization of humans and animals with the HIV 

Env induces species-specific arrays of Abs to the V3 crown. Abs with V3C- and V3L-

binding modes can be elicited by the HIV Env vaccines, and both Ab types are equally 

capable of mediating virus neutralization. Inducing both Ab types should enrich the Ab 

repertoires against HIV; however, humans and animals immunized with the HIV Env show a 

propensity of generating only one Ab type.

4. Discussion

This study demonstrated the presence of both V3C-type and V3L-type Abs in the majority 

of HIV-infected persons. SHIV-infected macaques also produced Abs that recognize both 

V3C and V3L [22]. In contrast, immunization with the HIV Env elicited only one of the two 

Ab types. The V3C-type Abs were produced by immunized humans, macaques and rabbits, 

while the V3L-type Abs were generated in immunized mice. Very few individual humans 

and animals made both Abs after immunization. The reasons for the species differences and 

the limited V3 Ab responses induced by the HIV Env vaccines are not fully understood. One 

parameter we considered was the clades of HIV Env immunogens used in the vaccines. 

However, the V3C-type Abs was detected in humans or animals receiving HIV Env of 

different clades. For example, the predominance of the V3C-type Abs was seen in humans 

receiving the bivalent AIDVAX® B/E or AIDSVAX® B/B gp120 proteins. The two groups 

of macaques that received a mixture of HIV Env clones or quasi-species (clade B or clade C) 

also had mainly the V3C-type Abs. The different groups of rabbits receiving clade C Env 

immunogens also produced primarily the V3C-type Abs. A recent study reported that one of 

the two anti-V3 crown mAbs isolated from a rabbit immunized with the HIV Env gp120 

JRFL (clade B) using a DNA prime-protein boost regimen binds to its epitope in a V3C-

binding mode [23]. The frequencies of V3L responders are also unlikely determined by the 

GPGR motif typically present in clade B Envs [38] . Mice immunized with clade B gp120 or 
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clade C gp140 similarly generated the V3L-type Abs, while humans, macaques, and rabbits 

generated very little V3L-type Abs, irrespective of the clades of the Env immunogens. 

Further, the addition of HIV Env DNA for priming or co-immunization yielded similar 

results to immunization with the HIV Env proteins alone. Hence, the various HIV Env 

immunogens and vaccination regimens tested in this study show a deficiency in mimicking 

the ability of natural HIV infection to induce an array of Abs that target both V3C and V3L 

epitopes in the V3 crown.

Although vaccination with the intact HIV Env immunogens induced mainly macaque Abs 

binding to V3C, a recent study shows that immunization with the V3C and V3L mimotopes 

were able to elicit Abs recognizing the respective peptides [19]. Together with the present 

study, the results demonstrate that, like humans, macaques have the capacity to produce both 

types of V3 Abs, although only one type is induced in individual animals immunized with 

the intact HIV Env or the mimotopes. To elicit a broader set of V3 Abs that includes both the 

V3C- and V3L-type Abs in the same animals, a different vaccine strategy is needed. 

Identifying vaccine strategies that can expand the Ab repertoires to encompass both V3C-

type and V3L-type Abs would be valuable as they may be used to further broaden the Ab 

responses to epitopes beyond the V3 crown.

Another factor that may influence the induction of V3C- versus V3L-type Abs is their 

variable gene usage. The human VH5.51 gene is a signature of the V3C-type human mAbs 

[29]. The human V3C-type mAbs also use only Vλ light chain [27]. It is thus surprising that 

the AIDSVAX B/B and B/E vaccines elicited human Ab responses skewed toward the V3C-

type Abs that may be more restricted in their gene usage. The V3L-type Abs that can be 

encoded by many different VH genes were produced only by very few individuals and at low 

levels. The failure of a diverse array of B cells with different VH genes to engage the V3L 

epitope is perplexing. One plausible reason is that the cyclic V3L mimotope presents an 

exceedingly constrained structure of the V3 arch that focuses the Ab binding to the 

conserved GPG motif. Robust Ab responses to this constrained V3L structure were 

generated when the cyclic V3L mimotope was used as an immunogen to vaccinate macaques 

[19]. By contrast, in the context of the whole soluble Env proteins, the V3 arch is a flexible 

segment capable of adopting many different conformations [39–41]. A large array of Abs 

may thus be elicited that react with the non-constrained V3 arch, but very few recognize the 

constrained structure presented by the V3L mimotope. Consistent with this idea, the 

linearized version of the V3L peptide was recognized by sera of Env-immunized humans 

lacking Ab reactivity to the cyclic V3L peptide (Fig 3 A,D: V3 crown vs. V3L). However, 

unlike the vaccinees, humans infected with either clade B or non-clade B HIV-1 generated 

the V3L-type Abs more frequently than the V3C-type Abs, indicating the constrained V3 

arch is poorly immunogenic only in context of the Env vaccines evaluated herein and not 

during natural infection.

The importance of eliciting a diverse array of Abs targeting different epitopes for protection 

against HIV has been noted in many studies [10, 22, 42, 43]. Neutralizing Abs against V3 or 

other sites such as the CD4-binding site readily select for neutralization-resistant variants 

[44–48]. Combinations of mAbs were needed to suppress viremia after infection was 

established [49]. Interestingly, the endogenous induction of Abs against the V3 crown after 
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passive transfer with broadly neutralizing Abs was found to be beneficial as the different 

Abs can work in synergy to virus escape [22]. We postulate that a greater diversity of Ab 

responses against the distinct epitopes within V3 should also be beneficial for protection 

against HIV. This study shows that the V3C-type and V3L-type Abs induced by vaccination 

are capable of mediating neutralization of SF162, a virus isolate sensitive to the V3 crown-

specific Abs. However, only few immunized individuals had neutralizing activities blockable 

by both V3C and V3L peptides.

5. Conclusion

In conclusion, HIV infection elicits both V3C-type and V3L-type of Abs, whereas 

immunization with the different HIV Env vaccines induces only either type. In immunized 

humans, macaques and rabbits, V3C-type Abs are frequently generated, and in immunized 

mice, only the V3L-type Abs are produced. The V3C-type and V3L-type Abs raised by 

vaccination have virus-neutralizing activities. Nonetheless, induction of Ab responses 

dominated by only one type of V3 Abs would propel the emergence of resistant escape 

variants. Future vaccine regimens need to incorporate strategies that would induce broader 

Ab repertoires targeting simultaneously multiple distinct epitopes within V3 and also other 

vulnerable sites on the HIV Env glycoprotein.
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Highlights

• Abs with distinct V3-binding modes (cradle and ladle) are made during HIV 

infection.

• In contrast, HIV envelope vaccines induce either the cradle- or the ladle-type 

Abs.

• The types of V3 Abs elicited differ depending on the vaccinated animal 

species.

• V3 cradle- and V3 ladle- type Abs induced by vaccination can neutralize 

virus.
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Fig 1. Specific recognition of V3C and V3L peptide mimotopes by V3C-type and V3L-type mAbs 
respectively
A) Amino acid sequences of cyclic V3C and V3L mimotopes as compared to the full-length 

cyclic V3 peptide of HIV-1 MN. The signature motifs required for recognition by V3C- and 

V3L-type mAbs are highlighted in green and purple respectively. The arch, circlet and band 

regions of the V3 crown [5] are also marked. Alignment of V3 sequences from consensus A, 

AG, B, C, AE and from the different Env strains used for immunogens in this study shows 

the presence of the V3C and V3L motifs irrespective of clades and chemokine receptor 
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usage. The specific amino acids encompassing the V3C and V3L motifs are highlighted in 

green and blue, respectively. The amino acids common for both motifs are shown in brown. 

The V3L motif is shown to include GPGR or Q at the V3 arch, because V3L-type Abs like 

44752D can recognize both sequences [26]. B) Distinct patterns of ELISA reactivity 

displayed by V3C mAb 2557, V3L mAb 447-52D and control 1418 Abs with the V3C, V3L 

or full length V3 peptides. Each of these cyclic peptides was biotinylated, coated on the 

Streptawell ELISA plates (1 µg/ml) and reacted with titrated concentrations of mAbs. C) 

Specific recognition of V3C and V3L mimotopes by eight V3C- and nine V3L-type mAbs, 

respectively. Each mAb was tested at a concentration of 10 µg/ml. No cross-reactivity 

between V3C and V3L mimotopes was observed, whereas the full-length V3 peptide was 

recognized by both types of the V3 mAbs. OD405, optical density at 405 nm
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Fig 2. Human subjects from the US and Cameroon infected with HIV-1 of different clades 
produced V3L- and V3C-type Abs, but more subjects had V3L-type Abs than V3C-type Abs
A) ELISA reactivity of plasma IgG from chronically HIV-infected individuals (1:100 

dilution) from the US was assessed against the full-length V3, V3C or V3L peptides. 

Comparison of the frequencies of V3C- versus V3L-responders was done by Fisher test with 

Yates’ continuity correction (p=0.0006). The cut-off values (red dotted lines) were based on 

mean plus three standard deviations of HIV-seronegative controls. OD405, optical density at 

405 nm. Correlation analyses were done using the non-parametric Spearman rank-order test. 

The V3C- and V3L- binding strengths showed significant albeit weak correlation, but had no 

correlation with the full-length V3. B) The majority of HIV-infected subjects from the US 

responded to both V3C and V3L. A low percentage produced IgG reacting with V3L, while 

none responded to only V3C. C) ELISA reactivity of plasma IgG from Cameroonian 

individuals infected with HIV-1 of non-clade B was assessed against the full-length V3, V3C 

or V3L peptides. Comparison of the frequencies of V3C- versus V3L-responders was done 

by Fisher test with Yates’ continuity correction. The cut-off values (black dotted lines) were 
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based on mean plus three standard deviations of HIV-seronegative controls. OD405, optical 

density at 405 nm. Correlation analyses were done using the non-parametric Spearman rank-

order test. The binding strengths to V3C and V3L had no correlation. The full length V3-

binding strengths weakly correlated with those to V3C but not V3L. D) A small fraction of 

HIV-infected subjects from Cameroon produced both V3C- and V3L-type Abs. The 

remaining subjects had V3C-type Abs, V3L-types Abs, or neither.
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Fig 3. Higher proportions of HIV-seronegative human subjects producing V3C-type Abs than 
V3L-type Abs following vaccination with recombinant HIV gp120 proteins
Plasma samples from participants of the VAX003 (AIDSVAX® B/E) and VAX004 

(AIDSVAX® B/B) phase III vaccine trials were tested at 1:100 dilution for ELISA IgG 

reactivity to the full-length V3, V3C, V3L, and a linear peptide representing the V3 crown 

with similar sequence to V3L (RCRIHIGPGRAFY). Plasma samples collected two weeks 

after the final (7th) immunizations were tested. OD405, optical density at 405 nm. Red dotted 

lines show the cut-off values (mean + 3 standard deviations) derived from eight placebo 

recipients. Frequency comparisons were done by Fisher test with Yates’ continuity 

correction. Correlations were analyzed by the non-parametric Spearman rank-order test. A 
and D) The VAX003 and VAX004 participants produced IgG against the full-length V3 and 

the V3 crown, but the V3 crown-specific Abs raised were mainly of the V3C-type. B and E) 

The majority of the VAX003 and VAX004 vaccinees responded to V3C only. Few had Abs 

reactive to both peptides, and none reacted with V3L alone. C and F) The binding strengths 

of plasma Abs to V3C and V3L in the VAX003 and VAX004 vaccinees did not correlate. 

The binding strengths of V3C Abs correlated with those of Abs to the full-length V3 and the 

V3 crown.
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Fig 4. HIV Env immunization elicited V3C-type Abs in macaques (A) and rabbits (B), and V3L-
type Abs in mice (C)
Immunization regimens and sample collection time-points for the different animal species 

are shown in Table 1. Sera were diluted starting from 1:100 and tested in ELISA for IgG 

binding to gp120 JRFL, full length V3, V3C and V3L. The half maximal binding titers 

(EC50) from the individual animals are shown. Samples that did not attained half maximal 

binding at the lowest dilution were assigned EC50 of <100, similar to EC50 of the non-

immunized controls (shown as dotted lines). The different symbols represent individual 

animals in each group.
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Fig 5. Neutralization of HIV-1 SF162 by sera from vaccinated humans and animals was inhibited 
to varying degrees by pre-treatment with full-length V3, V3C, and V3L peptides
Neutralization of V3 Ab-sensitive SF162 pseudovirus was assessed with immune sera or 

control mAbs pre-treated with full-length V3, V3C, V3L or control scrambled peptides (40 

µg/ml). The areas under the titration curves (AUC) were calculated and shown relative to the 

controls (normalized to 1). A) The ability of V3, V3C, and V3L peptides to block virus 

neutralization was verified using the V3C-type mAb 2557 or the V3L-type mAb 447-52D. 

The mAb titration curves are shown along with the relative AUC calculated from the 

respective curves. B-E) Virus neutralization by immune plasma or sera was assessed after 

pre-treatment with the different V3 peptides or the scrambled control. The data from 

selected sera from each species are shown to illustrate the varying levels of neutralization 

that could be attributed to the V3-specific Abs and particularly the V3C-type or V3L-type 

Abs elicited by vaccination. The peptide-blocking activity correlated with the presence of 

the respective Ab types (ELISA data are shown in the table on top of each graph) for many 

but not all sera.
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