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Abstract

The high overall genetic homology between human and rhesus macaques, coupled with the 

phenotypic conservation of lymphocyte populations, highlights the potential utility of non-human 

primates (NHPs) for the preclinical evaluation of vaccine candidates. For HIV-1, experimental 

models are needed to identify vaccine regimens capable of eliciting desired immune responses, 

such as broadly neutralizing antibodies. One important neutralization target on the HIV-1 envelope 

glycoproteins (Env) is the conserved primary CD4 receptor binding site (CD4bs). The isolation 

and characterization of CD4bs-specific neutralizing monoclonal antibodies (MAbs) from HIV-1 

infected individuals has provided insights into how broadly reactive antibodies target this 

conserved epitope. In contrast, and for reasons that are not understood, current Env immunogens 

elicit CD4bs-directed antibodies with limited neutralization breadth. To facilitate the use of the 

NHP model to address this and other questions relevant to human humoral immunity, we defined 

features of the rhesus macaque immunoglobulin (Ig) loci and compared these to the human Ig loci. 

We then studied Env immunized rhesus macaques, identified single B-cells expressing CD4bs-

specific antibodies, and sequenced and expressed a panel of functional MAbs. Comparison of 

vaccine-elicited MAbs with HIV-1 infection-induced MAbs revealed differences in the degree of 

somatic hypermutation of the Abs, as well as in the fine specificities targeted within the CD4bs. 

These data support the use of the preclinical NHP model to characterize vaccine-induced B cell 

responses at high resolution.
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INTRODUCTION

The extreme variation of the HIV-1 envelope glycoproteins (Env) provides a major hurdle 

for developing a protective vaccine. So far, clinical Env immunization trials have resulted in 

the elicitation of antibodies with limited neutralization breadth (1, 2). In contrast, some 

chronically HIV-infected individuals develop remarkably potent and broad serum 

neutralizing activity (reviewed in (3)), suggesting that the human immune system is capable 

of generating such responses if exposed to Env during years of active viral replication. Once 

broad and potent neutralizing responses appear, a single or a few specificities can account 

for much of the neutralizing capacity present in the polyclonal serum of these individuals 

(4–6).

The ontogeny of neutralizing Ab responses elicited during chronic HIV-1 infection is under 

active investigation (7–11) and multiple monoclonal antibodies (MAbs) from individuals 

displaying broadly neutralizing serological activity are now described (9, 10, 12, 13). 

Several of these MAbs are directed against the CD4 binding site (CD4bs), a functionally 

conserved region spanning the inner and outer domains of gp120. However, CD4bs-directed 

Abs vary in their capacity to mediate broadly neutralizing responses; for example MAb b12 

displays considerably broader neutralizing activity than MAb b13, despite recognizing 

overlapping epitopes (14). Recent studies reveal that extensive somatic hypermutation 

(SHM) of CD4bs-directed MAbs, which are as high as 30% divergent from the germline 

sequence, is required for efficient neutralization of primary HIV-1 isolates. Furthermore, 

many of the broadly neutralizing CD4bs-directed Abs display a restricted variable heavy 

chain (VH) gene usage (VH1-2*02) (9, 10, 15). Whether these features are required for 

broadly neutralizing CD4bs-directed Ab activity is not known. In contrast, the origin and 

evolution of CD4bs-directed Ab responses elicited by subunit Env vaccination have not been 

elucidated. Since existing HIV-1 vaccine candidates do not elicit broadly neutralizing Abs, it 

is important to define the Ab specificities elicited by candidate Env immunogens to inform 

the design of regimens that more successfully promote Ab responses against relevant 

neutralizing determinants, such as the conserved CD4bs.

The CD4bs is shielded by highly immunogenic elements that tolerate extreme variability 

designated variable regions V1–V5 (16). The V regions not only dominate the humoral 

immune response during natural infection, but also during Env immunization (17). Clearly, 

HIV-1 has evolved mechanisms to occlude critical functional elements of Env from Ab 

recognition. We recently demonstrated that CD4bs-directed Abs capable of neutralizing 

selected HIV-1 isolates are elicited in rhesus macaques immunized with soluble gp140-F 

trimers (18). This provided an opportunity to isolate CD4bs-directed MAbs from macaque 

memory B cells and to investigate the genetic and functional properties of such Abs to gain 

insights into how the HIV-1 Env CD4bs is seen by the host immune system in the context of 

vaccination.

Here, we report the isolation of a panel of Env vaccine-elicited CD4bs-directed macaque 

MAbs and the definition of genetic and functional features that distinguish these Abs from 

broadly neutralizing CD4bs-directed MAbs produced during chronic HIV-1 infection. 

Furthermore, we describe a comparative analysis of the human and rhesus macaque Ig loci 
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to illustrate their close genetic relationship as a basis for further B cell studies in rhesus 

macaques. The similarities of the immunogenetics and B cell biology between humans and 

macaques suggest that the information gained from the approaches described here can be 

used to guide specific modifications to current Env immunization regimens to accelerate 

clinical HIV-1 vaccine studies as well as to study B cell repertoires and affinity maturation 

of vaccine-elicited B cell responses in general.

RESULTS

The rhesus and human heavy chain Ig loci are highly homologous

The full genome of an Indian rhesus macaque was published in 2007, but the assembly and 

annotation of the Ig loci are so far incomplete (19). To mine the rhesus Ig loci for possible 

V(D)J segments, we used the online IMGT®/LIGMotif tool developed by the international 

immunogenetics information system® (IMGT®). IMGT®/LIGMotif searches the submitted 

sequences for patterns of short defined conserved sequences specific for immunoglobulin or 

T cell receptor genes. We also used previously published rhesus germline sequences (20–25) 

to blast the genome for potential V(D)J exons. We determined that the Ig heavy chain locus 

covering the rhesus VDJ genes was situated on the distal part of the long arm of 

chromosome 7 from base pair 169,100,000 to the telomere. An additional 10 contigs of less 

certain chromosomal location containing variable (VH)-like genes were also identified. In 

total, the IMGT®/LIGMotif tool found 124 proposed rhesus macaque VH genes, mainly 

distributed on chromosome 7 and a contig labeled MMUL_1:1099548049584 (Ensemble). 

However, as these regions contain sequence gaps, some VH genes may be missing. This 

interpretation is supported by the high level of diversity observed between some of the 

previously isolated rhesus macaque VH genes and those reported here (fig. S1A).

Additionally we identified 30 diversity (DH) segments and 6 joining (JH) segments in the 

rhesus macaque genome, all situated on chromosome 7. The DH and JH genes have been 

described previously (25). By further analyzing the proposed VH genes for intact leader 

sequences and complete exons, we identified and annotated 61 possible open reading frames 

(ORFs) (table S1). In comparison, the human genome has been reported to contain 47 

functional VH genes, 23 D segments and 6 J segments (IMGT®) (fig. 1A). The phylogenetic 

relationship of the rhesus macaque VH ORFs was evaluated using MUSCLE and PhyML 

and was compared to previously published functional human VH genes (fig. 1B). The VH 

gene family organization of the rhesus ORFs closely mimicked that of the human genes with 

most members belonging to the VH3 family, followed by the VH4 and VH1 families. Upon 

performing a joined sequence analysis with both rhesus and human VH regions, the genes 

clustered according to family distribution rather than by species, indicating a high level of 

gene family conservation between human and rhesus macaques VH genes (fig. 1C). The 

average homology between the rhesus VH and the corresponding functional human VH 

genes was 92.1±2.3% (SD; n=61) (fig. 1D), closely matching the overall ~93% homology 

between the rhesus and human genomes (19). We utilized the same approach for the light 

chain loci and identified and annotated 50 lambda chain variable gene (VL) ORFs, mainly 

distributed on chromosome 10 (fig. S2 and table S2), as well as 62 kappa chain variable 
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gene (VK) ORFs, distributed over two separate regions on chromosome 13 (fig. S3 and table 

S3).

Total and antigen-specific rhesus memory B cells were isolated for single-cell analysis of 
Ab sequences

To isolate Env vaccine-elicited CD4bs-directed MAbs, we selected peripheral blood 

mononuclear cells (PBMCs) recovered following five Env trimer immunization of monkey 

F128 (26), which possessed high anti-Env Ab titers and memory B cell responses (fig. 2A, 

red circles). Our previous study shows that F128 was also one of the animals that displayed 

the most potent neutralizing titers against a panel of virus tested among the animals included 

in that study (26). The plasma from F128 was evaluated for the presence of CD4bs-directed 

Abs using a differential competition neutralization assay based on a pair of probes, referred 

to as TriMut core and TriMut core-368/70 (27). The TriMut probes are based on the gp120 

core V3S protein with three additional mutations in the gp120 bridging sheet region, I423M, 

N425K and G431E, which eliminate CD4 binding without affecting recognition by any of 

the known CD4bs antibodies (28). The TriMut core-368/70 probe contains two additional 

mutations in the CD4 binding loop (D368R and E370F), which are known to specifically 

eliminate recognition by most CD4bs-directed antibodies. MAbs b12 (CD4bs-directed) and 

17b (co-receptor binding site (CoRbs)-directed) were used to confirm the specificity of the 

assay (fig. 2B). Assessment of the plasma from animal F128 with these probes demonstrated 

that most of the neutralization (>92%) of HXBc2 was absorbed by TriMut core, but not by 

TriMut core-368/70, confirming the presence of CD4bs-directed antibodies in the plasma.

To differentially isolate CD4bs-directed memory B cells from the PBMCs of monkey F128, 

we used trimeric gp140-F and gp140-F-D368R probes and antibodies against cell surface 

markers to sort CD20+IgG+CD27+gp140-F+gp140-D368R- cells at single cell density into 

96-well plates (fig. 2C). Following reverse transcription of the RNA, nested PCR of heavy 

and light chains and cloning into expression vectors (15, 29, 30) a panel of MAbs were 

produced. The number of stained and sorted cells, the number of wells that yielded positive 

antibody heavy and light chains (HC+LC) and the number of expressed MAbs are 

summarized in table S4. To enable a general evaluation of the NHP memory B cell 

compartment, in addition to isolating CD4bs-directed memory B cells, we single-cell sorted 

total Env-specific memory B cells using the gp140-F probe only (CD20+IgG+CD27+gp140-

F+), as well as total (non-antigen-specific) memory B cells (CD20+IgG+CD27+) (fig. 3). 

The total memory B cells were sorted from a different monkey (F133) only immunized with 

adjuvant as control (26). The RNA was reverse transcribed and, following nested heavy 

chain PCR the amplified uncloned VH sequences were evaluated for gene family usage, 

SHM, and Complementary-Determining Region 3 (CDR3) length.

The NHP Ab sequences are genetically diverse and moderately mutated

The genetic composition of the NHP sequences was analyzed using IMGT®/V-Quest and 

Joinsolver®. As these tools use human V(D)J sequences for comparative analysis, the 

degree of SHM and specific V(D)J genes cannot be definitively determined using these tools 

alone. However, as human and rhesus V(D)J genes are highly homologous, they are valuable 

for assigning the gene families from which the NHP Abs are comprised (fig. 1C). We 
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determined the heavy chain V(D)J family distribution in three sorted memory B cell 

populations (fig. 3A): total memory (blue), total Env-specific (green), and CD4bs-specific 

(red). All three populations showed similar gene family distributions, where the majority of 

the VH genes belonged to the VH3 and VH4 families, the DH genes to DH3, and the JH 

genes to JH4 and JH5. When examining nine isolated CD4bs-directed MAbs, annotated 

GE121, GE125, GE136, GE137, GE140, GE143, GE145, GE147 and GE148, four were 

composed of VH genes belonging to the VH3 family and five to the VH4 family (table 1). 

By phylogenetic analysis and sequence alignment, we determined that GE140 and GE145 

were identical clones. We could also determine that some of the other MAbs utilized the 

same germline VH gene, but combined with different D and/or J genes or paired to different 

light chains, demonstrating that they were of unique clonal origins. (table 1 and fig. S1B).

For SHM analysis, we first asked if there were any significant sequence differences in 

germline VH genes between the Chinese origin rhesus macaques, used here, and the Indian 

rhesus macaque reference sequences. Germline VH genes from Chinese origin macaques 

were sequenced and aligned to Indian origin macaque VH sequences and then compared to 

the allelic diversity observed in humans (fig. S1C). We found the divergence between 

Chinese and Indian rhesus macaques to be within the same range as that seen for human 

allelic variation (p=0.65) and we could therefore use the Indian rhesus macaque Ig germline 

to calculate SHM for the NHP antibody sequences isolated in the current study. The three 

sorted populations displayed a similar level of SHM, where total memory displayed an 

average SHM of 7.0±3.2% (blue; n=78), Env-specific 6.1±3.3% (green; n=53), and CD4bs-

specific 6.3±3.9% (red; n=20) (fig. 3B), indicating that the immunization regimen used here 

stimulated SHM of antigen-specific antibody genes to similar levels as those observed in the 

general B cell memory compartment. For the isolated NHP MAbs, we identified the average 

SHM to be 4.8±2% (range 1.4–8.4%) at the nucleotide level and 9.7±4.4% (range 1–14.3%) 

at the amino acid level. This is similar to the levels previously reported for human memory B 

cells (15, 31) and consistent with our analysis of the sequences from the total memory B 

cells analyzed here (fig. 3B). Examination of the heavy chain CDR3 region (by IMGT®/V-

Quest analysis) revealed no differences between total memory and Env-specific memory B 

cells, while interestingly the CDR3 regions from CD4bs-directed antibody gene segments 

were significantly longer (fig. 3C). This observation was confirmed when we analyzed 

CD4bs-specific memory B cells from a second monkey (F125) that had received the same 

immunization regimen as monkey F128 (26). The VDJ family usage, degree of SHM, and 

CDR3 length were highly comparable between the two monkeys (fig S4).

The vaccine-elicited CD4bs-specific MAbs display neutralizing activity and high affinity to 
Env ligands

The isolated NHP MAbs were characterized for their capacity to bind a panel of Env ligands 

including gp120, gp120-D368R, core (V3S), stabilized core (2CC) (32) and TriMut core 

(27). The rationale for examining this panel of Env variants was as follows. All MAbs are 

expected to bind gp120 but most CD4bs-directed MAbs do not efficiently recognize the 

D368R variant. All CD4bs MAbs should recognize gp120 core independently of the deleted 

variable regions, while the stabilized core, which is mutagenically induced in the CD4-

bound conformation of gp120, is efficiently recognized only by broadly neutralizing CD4bs 
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MAbs. The TriMut core contains mutations in the gp120 bridging sheet that eliminates 

efficient binding by CD4, but retains recognition by all known CD4bs MAbs. All NHP 

MAbs bound gp120 with high efficiency, while six of the eight NHP MAbs, GE121, GE136, 

GE140, GE143, GE147 and GE148 displayed no detectable binding to gp120-D368R (fig. 

S5A). Only two MAbs, GE125 and GE137, exhibited some binding to gp120-D368R, 

although with reduced efficiency. Among the human MAbs, VRC01 bound gp120-D368R 

weakly, while b12 and F105 binding to gp120 was completely abrogated by the D368R 

mutation, consistent with previous results. All NHP MAbs, except GE147, bound core, 

while only one NHP MAb, GE148, and the broadly neutralizing human MAbs, VRC01 and 

b12, exhibited detectable binding to the stabilized core. Similarly to the human MAbs, all 

NHP MAbs, except GE147, bound TriMut core (fig. S5A). The epitope specificity of the 

NHP MAbs to the CD4 binding region of gp120 was confirmed by competition ELISA. 

Binding to gp120 by biotinylated NHP MAbs was competed with a panel of CD4bs ligands, 

including b6, b12, VRC01 and CD4-Ig while no competition was observed for MAb 2G12 

(fig. S5B). Binding of the NHP MAbs to gp120 was moderately competed by the CoRbs Ab, 

17b, consistent with previous observations that CD4bs-directed Abs compete with CoRbs-

directed (33).

The binding characteristics of the NHP MAbs to selected gp120 Envs variants were further 

analyzed by Bio-Layer Interferometry which, besides the relative half maximal binding 

approximated by ELISA, can determine the precise kinetic parameters of Ab association 

(on-rate) and dissociation (off-rate) with its epitope on a given antigen. All NHP MAbs, 

except GE147, demonstrated high binding affinities for gp120, with dissociation constant 

KD value ranging from 2–15 nM, similar to that of the known human CD4bs MAbs (fig. 

4A). Consistent with the ELISA results, the binding affinities of all NHP MAbs to gp120-

D368R were below detection, with the exception of GE125 and GE137, which demonstrated 

weak affinities (KD values in the μM range) (table S5). Furthermore, the NHP MAbs and all 

human CD4bs MAbs bound core with similar affinities, while in contrast, only the broadly 

neutralizing antibodies, VRC01 and b12, were capable of binding stabilized core with high 

affinity (fig 4). Of the non-broad MAbs, only the vaccine-induced MAb GE148 and the 

infection-induced MAb b13 exhibited weak affinity for stabilized core (fig. 4 and table S5).

We next examined the neutralizing capacity of the NHP MAbs compared to the human 

CD4bs-directed MAbs using a standardized neutralization assay (34). The panel included 

clade B isolates representing neutralization-sensitive viruses (Tier 1) and isolates 

representing more neutralization-resistant primary viruses (Tier 2), a designation based upon 

the capacity of these viruses to be neutralized by HIV-1+ immune-sera. All NHP MAbs, 

except GE147, displayed neutralizing activity against several Tier 1 viruses including 

HXBc2, a virus known to be sensitive to CD4bs-directed Abs (table 2). Five of the NHP 

MAbs (GE125, GE136, GE140 and GE143) also neutralized SF162 and MN. MN was 

neutralized by VRC01, b12, b6 and b13, but not by F105, F91 and 1.5E. Several NHP MAbs 

(GE125, GE136, GE137 and GE143) neutralized either or both of the non-clade B viruses 

DJ263 and MW965, demonstrating that these MAbs were capable of recognizing the CD4bs 

of diverse Env spanning several HIV-1 clades (table 2). These results demonstrate the 

potential of the vaccine-elicited Abs to recognize this functionally conserved, antigenic 

surface across diverse HIV-1 clades.
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Fine mapping of the vaccine-elicited MAbs reveals distinct binding specificities to the 
CD4bs

To fine-map the sub-specificities of the NHP MAbs within the CD4 binding region, we 

selected 27 JRCSF gp120 mutants containing single alanine (Ala) point mutations in gp120 

to perform a limited Ala scan (35). Residues were selected based on the criteria that they 

were known contact residues for CD4, CD4bs-directed Abs or the structurally defined 

CD4bs Abs in complex with gp120 (14, 36–39). As expected, recognition by all NHP and 

human MAbs and CD4-Ig was dramatically changed by mutations in CD4 binding loop 

(residues 365–373) (fig. 5A). Mutations in β24/α5 connections (residues 471–474) affected 

only some NHP MAbs, while the CD4bs-directed infection-induced MAbs were more 

frequently affected. Beyond these regions, mutations in loop D, β23, and V5/β24 affected 

recognition by VRC01 or/and CD4-Ig binding but not the NHP MAbs or the non-broad 

human MAbs except b6, while mutations in the V3 base and β19 affected binding by the 

NHP MAbs but not the infection-induced human MAbs. These data suggest that the CD4bs 

specificities elicited by YU2 trimer immunization overlap with those of the non-broad 

neutralizing CD4bs MAbs, but markedly less so with the HIV-1 broadly neutralizing MAbs. 

The sub-specificities within the CD4bs recognized by the vaccine-elicited MAbs, shown as a 

composite of all residues that affect recognition by the eight NHP MAbs, compared to 

residues that affect the broadly neutralizing, infection-induced CD4bs MAb, VRC01, are 

dramatically revealed when the Ala scan data are mapped onto the molecular surface of the 

gp120 core crystal structure (fig. 5B, individual footprints in fig. S6). The difference in the 

approximate NHP MAb and VRC01 footprints on gp120 are even more apparent when the 

regions identified in the Ala scan are modeled onto the proposed Env trimer and fitted into 

the density of the previously described cryo-EM structure of the functional HIV-1 spike (40). 

Collectively, this analysis shows that the vaccine-elicited MAbs map closer to the trimer 

axis, while VRC01 maps more distally on the assembled spike, perhaps accounting for the 

better access of VRC01 to the functional Env spike and its much greater neutralization 

capacity (fig. 5C).

Based on this model, we hypothesized that the lack of neutralizing activity against resistant 

Tier 2 isolates, such as JRFL, might be due to quaternary packing constraints occluding 

access to the CD4bs by the vaccine-elicited MAbs. We therefore assessed the neutralizing 

activity of an engineered variant of JRFL, which lack an N-linked glycan at the base of V3, 

JRFLΔ301. Elimination of this glycan renders JRFL sensitive to non-broad human CD4bs-

directed MAbs, presumably due to the removal of quaternary conformational constraints 

(41). We found that similar to the non-broad human CD4bs-directed MAbs, the NHP 

CD4bs-directed MAbs also neutralized JRFLΔ301, but not the unmodified JRFL virus (fig. 

5D), consistent with a limited capacity of these MAbs to efficiently access the unmodified 

JRFL spike due to conformational constrains. In contrast, the more broadly neutralizing 

human MAbs, VRC01 and b12, potently neutralized both the JRFL and JRFLΔ301 viruses.

DISCUSSION

In this study, we established an approach for high-resolution definition of humoral immune 

responses in non-human primates and demonstrate its use for genetic and functional 
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analyses of B cell responses elicited by clinical vaccine candidates. Specifically, we 

investigated antibodies harbored in the IgG-switched memory B cell pool induced by a 

highly relevant vaccine antigen, HIV-1 Env. This line of investigation breaks new territory in 

defining vaccine-induced B cell responses to Env, a heavily glycosylated antigen that is 

considered a critical component of an effective HIV-1 vaccine. Our analysis of the genetic 

organization and sequence homologies between human and rhesus macaque antibody heavy 

and light chains (fig. 1 and fig S1–S3) provides a foundation for future efforts in this area. 

Having conducted a comprehensive analysis of the human and rhesus immunoglobulin loci, 

we amplified antibody heavy and light chain sequences from total, Env-specific and CD4bs-

specific memory B cells. Analysis of these sequences revealed similar V(D)J gene 

distribution in these populations and, intriguingly, a clear increase in the CDR3 length in the 

CD4bs-specific populations compared to total memory or total Env-specific cells.

Recent studies describe the isolation of HIV-1 infection-induced MAbs targeting the CD4bs 

that are considerably more potent and more broadly neutralizing than the prototype CD4bs-

directed MAb b12 (9, 15), demonstrating that highly effective Ab responses are elicited with 

detectable frequency during chronic HIV-1 infection. In contrast, broadly neutralizing 

antibodies directed against the CD4bs, or against any broadly neutralizing epitope on HIV-1 

Env, have so far not been elicited by subunit Env immunization. To establish a baseline of 

the types of Abs elicited against the CD4bs and to begin to understand the limitations of Env 

vaccine-induced Ab responses, we isolated eight clonally distinct CD4bs-directed MAbs and 

characterized them by ELISA, cross-competition analysis and binding kinetics compared to 

a panel of infection-induced, CD4bs-directed MAbs. In contrast to the infection-induced 

MAbs, VRC01 and b12, the vaccine-elicited CD4bs MAbs were modestly mutated 

compared to closest matching germline sequence, around 5%, which was similar to that 

observed in the total memory pool. The marked difference in SHM between vaccine-elicited 

and infection-elicited MAbs is not surprising given the persistent antigen load and chronic 

immune activation that typifies chronic HIV-1 infection. The average time for development 

of Abs displaying broadly neutralizing activity in naturally infected persons is 

approximately 2.5 years and breadth only develops in a minority of infected individuals. 

When rare but effective neutralizing responses do appear, the Abs mediating this activity are 

highly mutated, suggesting that multiple rounds of SHM and B cell affinity maturation 

against the target epitope are required to elicit such neutralizing activity.

When the epitopes of the vaccine-elicited MAbs were examined by Alanine scanning and 

modeled onto the structure of the gp120 core, we found that their composite binding 

footprint was more proximal to the trimer axis and overlapped more with that of a non-

broadly CD4bs-directed neutralizing infection-induced MAb, F105 (38) than that of the 

broadly neutralizing MAb VRC01, which was more dependent on residues located distally 

in the outer domain of gp120 (37). These data and analysis provide important information as 

they suggest that despite the high affinity of the vaccine-induced MAbs to soluble Env 

ligands, their limited capacity to neutralize diverse HIV-1 isolates is due to inefficient 

recognition of their cognate epitopes in the context of the functional spike, perhaps due to 

steric occlusion by quaternary packing. The differential footprints between the vaccine-

elicited NHP CD4bs MAbs and VRC01 are striking and may be a result of the recombinant 

trimeric immunogen used here as well as glycan-influenced shifting of B cell recognition, or 
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greater immunogenicity distal to the glycan-shielded outer domain, as previously suggested 

(37, 42). Importantly, the differential footprints suggest avenues for improved immunogen 

design. For example, approaches to occlude access to the bridging sheet-proximal regions of 

the CD4bs while maintaining access to the outer domain of gp120 might shift the sub-

specificities of elicited responses and result in Abs with improved neutralizing potential. The 

observation that GE148 weakly recognized the stabilized core (2CC) suggests that, perhaps, 

with a properly focused antigenic drive and additional affinity maturation, improved 

antibody responses against the neutralization-relevant sub-region of the CD4bs might be 

elicited. Such improvements in immunogen design and elicitation in NHPs would have a 

direct route of translation into human clinical studies. Structural analysis of selected NHP 

CD4bs-directed MAbs described here and the elucidation of their precise footprints on 

gp120 would provide valuable information to complement the epitope mapping performed in 

this study.

In conclusion, the current study establishes an approach for the iterative analysis of vaccine-

induced B cell responses in an experimental model system, which is highly relevant to 

humans at the molecular level. While the panel of expressed MAbs and the immunoglobulin 

sequences analyzed here represents a small sample of the total CD4bs-directed memory B 

cell repertoire, we believe that the results obtained provide an important foundation for the 

design of improved vaccine candidates that target the HIV-1 gp120 CD4bs to be accelerated 

into clinical studies. Furthermore, characterization of immune responses in NHPs permits 

the sampling of cellular compartments not easily accessed in humans, such as bone marrow 

and lymph nodes, and facilitates longitudinal studies of vaccine-induced B cell responses in 

a given vaccine-recipient, providing translational opportunities for Env-based 

immunogenicity testing in humans.

MATERIALS AND METHODS

Animals and sampling

Three year old rhesus macaques (Macaca Mulatta) of Chinese origin where housed at the 

animal facility Astrid Fagraeus Laboratory at the Swedish Institute for Infectious Disease 

Control. Housing and care procedures were in compliance with the guidelines of the 

Swedish Board of Agriculture. The facility has been assigned an Animal Welfare Assurance 

number by the Office of Laboratory Animal Welfare (OLAW) at NIH. All procedures were 

approved by the Local Ethical Committee on Animal Experiments. A detailed description of 

the immunization experiment was reported previously (26). Essentially, it consists of 

purified gp140-F trimers in adjuvant inoculated five times at monthly intervals.

Expression and purification of Env glycoproteins

The soluble gp140-F trimers (43) used as the immunogen were produced by transient 

transfection of a CMV-driven expression plasmid into Freestyle 293F suspension cells 

(Invitrogen) as previously described (44). Env ligands used in binding studies, gp120, 

gp120-D368R, gp120 core (core, previously referred to as V3S) and stabilized gp120 core 

(stabilized core, previously referred to as 2CC) were purified by a 17b MAb-coupled protein 

A-Sepharose column (45). TriMut core and TriMut core-368/70 were purified by lentil-
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lectin and gel filtration chromatography. The biotinylated gp140-F and gp140-F-D368R 

probes used for Env-specific cell sorting and enrichment of CD4bs-directed memory B cells 

flow cytometry were purified by lectin chromatography and IMAC. Both probes carried an 

Avi-tag signal for site-specific biotinylation to the C-terminus of gp140-F (46) and 

biotinylation was performed with biotin ligase Bir A (Avidity). All gp120 and gp140 

proteins were on the YU2 background, while the core proteins were based on HXBc2.

Rhesus Ab heavy chain gene analysis

The rhesus macaque genome (19) was mined for possible V(D)J genes using IMGT®/

LIGMotif version 4.1.1 (47). Proposed V(D)J genes where further evaluated using 

IMGT®/V-Quest (48) and Joinsolver® (49) to determine gene family usage and possible 

exon truncations. An intact exon and leader sequence defined the sequence as an ORF. To 

determine the VH gene similarity between Chinese and Indian rhesus macaques, we 

sequenced proposed VH gene units, including the leader sequence and VH exon. The 

sequences (average 3–4 per proposed VH gene) were assembled in ContigExpress 

(VectorNTI; Invitrogen) and aligned to the closest matching Indian rhesus macaque 

sequence to determine homology (fig. S1C). As a reference for normal allelic deviation, 

human VH allelic variants (IMGT®) were used. For phylogenetic analysis, germline VH 

genes from human (IMGT®) and rhesus macaques where aligned using MUSCLE (version 

3.7) iterated 50 times. Alignment gaps were removed using Gblocks. Phylogeny was 

calculated using PhyML (version 3.0) and maximal likelihood trees were rendered using the 

HKY85 substitution model and bootstrapping (200–500 replicates) with TreeDyn (version 

198.3) (50). The trees where then graphically edited using Dendroscope (51).

SHM calculations were performed on the VH region between codon 1 and ~104 (IMGT® 

count; conserved cysteine, marking the end of the V region) through aligns to the previously 

published rhesus genome (19). CDR3 lengths were determined via IMGT®/V-Quest.

Single cell sorting by flow cytometry

Cell sorting of memory B cells from NHPs F133 (Total memory), F125 and F128 following 

immunization 5 (Total Env-specific and CD4bs-specific) was performed as follows. Frozen 

monkey PBMCs were re-suspended in 10 ml RPMI 1640 medium (Invitrogen) pre-warmed 

to 37°C containing 10% fetal bovine serum (FBS) and 10,000 unit/ml DNase I (Roche). 

After centrifugation, the cells were re-suspended in 50 μl pre-chilled PBS. 5 μl of aqua 

fluorescent reactive dye (Invitrogen) reconstituted in DMSO and 40-fold diluted in distilled 

water was added to the suspension for 20 min at 4°C in the dark. The cells were then 

incubated with a cocktail of fluorescently labeled antibodies to cell surface markers (table 

S6). The Ab-Env probe cocktail was prepared in 50 μl of PBS including antibodies specific 

for the T cell markers CD3 and CD8 and B cell markers CD20, CD27, IgG and IgM. CD14- 

was used for negative selection of monocytes. Probes to enrich for CD4bs-specific B cells 

were also included in the cocktail and added to stain the cells for 1 h at 4°C. The gp140-F-

biotin trimers were conjugated to streptavidin-allophycocyanin (SA-APC) (Invitrogen) and 

the gp140-F-biotin-D368R trimers to extravidin-phycoerythrin (SA-PE) (Sigma) to yield 

gp140-F-APC and gp140-F-D368R-PE (15). Following conjugation, each Env-probe was 

added to the Ab-cell cocktail at a final concentration of 4 μg/ml. The stained cells were 
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washed with 10 ml of pre-chilled PBS and resuspended in 500 μl of PBS, passed through a 

70 μm cell mesh (BD Biosciences) and sorted using a modified 3-laser or 4-laser FACS Aria 

cell sorter (BD Biosciences). CD4bs-specific memory B cells were defined as CD3-, CD8−, 

Aqua blue-, CD14−, CD20+, IgG+, CD27+, IgM−, gp140-F+ and gp140F-D368R- and were 

collected into single wells of 96-well PCR plate containing 20 μl of cell lysis buffer (15). 

The numbers of cells in the sorted populations are indicated in table S4.

RT-PCR of IgG genes, cloning and expression

The IgG heavy and the corresponding light chain gene transcripts of single sorted NHP 

memory B cells were amplified by RT-PCR and cloned into eukaryotic expression vectors to 

produce full IgG1 antibodies, using immunoglobulin-specific PCR conditions, primers and 

expression vectors as described (15, 30). For expression, equal amounts of heavy chain and 

light chain plasmid DNAs (250 μg of each) were transfected with 1 ml of 293Fectin into 50 

ml FreeStyle 293F cells at a density of 1.2 million cells/ml. The cell culture supernatant 

containing the secreted IgG was harvested 4 days following transfection and purified by 

protein A Sepharose columns (GE Healthcare). The efficiency of the RT-PCR and cloning is 

indicated in table S4.

Characterization of Env binding and cross-competition ELISA

The MAbs where tested for binding using Reacti-bind® (Pierce) ELISA plates coated at 2 

μg/ml with gp120, gp120-D368R, core (V3S), stabilized core (2CC), TriMut core or TriMut 

core-368/70 in PBS at 4°C over night. After blocking in B3T buffer (150 mM NaCl, 50 mM 

Tris-HCl, 1 mM EDTA, 3.3% fetal bovine serum, 2% bovine albumin, 0.07% Tween 20), the 

MAbs were added and incubated for 1h at 37°C. Binding was detected by secondary HRP-

conjugated anti-human Fcγ (Jackson ImmunoResearch) at 1:10 000 for 1h. The signal was 

developed by addition of TMB substrate (SureBlue; KPL) for 10 minutes. Reactions were 

terminated with 1N sulfuric acid and the optical density (OD) read at 450 nm. Between each 

incubation step, the plates were washed 6 times with PBS containing 0.05% Tween 20.

Competition ELISA was performed as previously described (15). Briefly, the NHP MAbs 

were biotin-labeled with Peirce EZ-Link NHS-Biotin reagent (ThermoScientific) per 

manufacturer instruction. The gp120 was captured in the ELISA wells pre-coated with the 

sheep anti-gp120 C5 region-specific Ab, D7324 (Aalto Bio Reagents). The unlabelled 

competitor human MAbs or CD4-Ig were diluted in blocking buffer and plated at 10-fold 

serial dilution, starting at 50 μg/ml. Following 30 minutes incubation at 37°C, biotin-labeled 

antibodies at a single concentration were added to the wells. This concentration was 

determined by previous titration experiments to give OD450 nm value in the range of 1 to 2. 

The binding signal was developed by incubation with streptavidin-HRP (Sigma) and TMB 

substrate (Invitrogen).

Antibody binding kinetics analysis

The kinetics of NHP and human MAb binding to a panel of Env variants were assessed with 

an Octet Red96 system (ForteBio) using Bio-Layer Interferometry (BLI) in a 96-well format 

following manufacturer instructions. Prior to use, all Env variants were subjected to size-

exclusion chromatography to remove undesired oligomeric forms where applicable. 
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Antibodies at 10 μg/ml diluted in PBS/0.2% Tween 20 were captured on the surface of the 

anti-huIgG Fc capture biosensors (ForteBio) for 1 minute. Following capture, a 1 minute 

wash in buffer removed excess unbound Ab and to establish new baseline signal. The 

biosensor tip was then immersed in wells containing the Env variants in solution. The 

glycoproteins were 2-fold serially diluted from an initial starting concentration of 250 nM. 

In the case of low affinity, Env protein concentrations starting from 8 μM or 1 μM were used 

to obtain higher initial binding signal. Ab-Env association rate (on-rate) was measured over 

a 2 minute interval, followed by placing the sensors in wells containing buffer to measure 

dissociation rate (off-rate) over a 2 minute interval. KD values (in nM) were calculated as 

off-rate/on-rate. The interaction of Ab and Env on the tip of the sensor was assessed with a 

wavelength shift, Δλ due to the change in thickness of the sensor tip if a ligand-ligand 

interaction had occurred. The sensograms were corrected with the blank reference and fit 

with the software, ForteBio Data Analysis 6.4, using 1:1 binding model using the global 

fitting function (grouped by color, Rmax).

Alanine scanning

A panel of 27 gp120 Ala mutants containing alterations known to affect CD4 binding or 

recognition by a set of CD4bs-directed MAbs was selected. The Ala mutations were 

generated previously in the context of the full-length JRCSF gp160 expression plasmid (35). 

The Env plasmids were individually co-transfected into 293T cells together with a plasmid 

containing the remaining HIV structural genes to produce Env-pseudoviruses as described 

previously (34). For binding analysis, the gp120 was released from the pseudovirus by 

detergent lysis and then captured by the sheep anti-gp120 C5 Ab, D7324 (Aalto Bio 

Reagents) previously coated into ELISA wells of the 96-well plate. Following washing, 

binding to gp120 was assessed for the human and NHP MAbs using an anti-Fc HRP 

secondary Ab and the TMB substrate as described previously. The level of binding by the 

human MAb 2G12 was used to normalize the variant gp120 expression levels. The effect of 

a given Ala mutation on Ab binding was represented by apparent affinity (avidity) relative to 

a binding level to wild-type (WT) gp120, calculated with the formula ([(EC50_WT/

EC50_mutant)/(EC50_WT for 2G12/EC50_mutant for 2G12)]*100) as previously described 

(39).

Virus neutralization assays

Neutralization assays were performed using an HIV-1 Env pseudovirus assay and TZM-bl 

target cells (34). To determine the serum dilution that resulted in a 50% reduction in Relative 

luciferace units (RLU) serial dilutions of sera were performed and the neutralization dose-

response curves were fit by non-linear regression using a 4 parameter hill slope equation 

programmed into JMP statistical software (JMP 5.1, SAS Institute Inc.). The results are 

reported as the serum neutralization ID50, which is the reciprocal of the serum dilution 

producing 50% virus neutralization. Diverse HIV-1 virus isolates, including viruses from 

clades A, B and C were used in the neutralization assays. The sources of the Env-encoding 

plasmids were described previously (26).
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Molecular modeling

Amino acid residues affecting the binding of the NHP MAbs to gp120 were highlighted on 

the gp120 core structure using the PDB entry code: 2NY3. To position the affected residues 

in the context of the HIV-1 spike, the gp120 cores were superimposed on the gp120 core 

protomers already fitting the density map of the unliganded HIV-1 spike (PDB: 3DNN, 

EMDB: EMD-5019). The molecular modeling, SSM superimposition and presentation were 

done using the molecular graphics program, CCP4mg (52).

Human monoclonal antibodies

The MAb 2G12 was purchased from Polymun Scientific Inc. The anti-CD4bs MAb F105 

was provided by Marshall Posner (Dana Farber Cancer Institute) and the CD4bs MAbs b6, 

b12, and b13 were provided by Dennis Burton (The Scripps Research Institute). The co-

receptor-directed mAbs 17b was provided by James Robinson (Tulane University). HIV 

immune globulin (HIVIG) was obtained from the NIH AIDS Research and Reference 

Reagent Program. Soluble CD4 (sCD4 with CD4 D1–D4 domains) was purchased from 

Progenics (Tarrytown). The CD4-Ig plasmid expression construct was provided by Joseph 

Sodroski (Dana Farber Cancer Institute). VRC01 was previously described (15).

Statistical analysis

Statistical evaluation between individual groups was performed with a Mann-Whitney test 

Evaluation of ≥3 groups was done using the non-parametric Kruskal-Wallis test followed by 

Dunn’s post-test for comparison of specific samples. Statistical significance was determined 

as: *p≤0.05, **p≤0.01, and ***p≤0.001. All statistics were evaluated using GraphPad prism 

version 4 software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Human and rhesus macaque VH gene sequence homology
(A) Number of functional heavy chain V, D, J genes in humans and rhesus macaques. (B) 

Comparison of human and rhesus VH families and family members. (C) Joint phylogenetic 

relationships of rhesus and human VH genes. (D) Average homology between the rhesus VH 

ORFs and corresponding human VH genes (n=61).
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Figure 2. Isolation of vaccine-induced NHP memory B cells specific for the CD4bs of HIV-1 
gp120
(A) Schematic representation of the immunization schedule (left panel). Inoculations (black 

arrows) were given five times at monthly intervals to six rhesus macaques (26). Blood and 

cells were collected one and two weeks after each inoculation (red arrows). The frequency of 

Env-specific memory B cells one week after the fifth immunization (middle panel) and Env-

specific IgG Ab titers two weeks after the fifth immunization, presented as Log10 OD50 

titers (right panel) (n=6). Circled in red are values for macaque F128, which was used for the 

single-cell sorts. (B) Verification of probe specificity to detect CD4bs-directed neutralization 

using b12 (left panel), and 17b (middle panel). Right panel shows the presence of CD4bs-

directed antibodies in the NHP plasma at the time of sort. (C) Gating scheme for sorting IgG

+, CD4bs-specific memory B cells from immunized rhesus macaques: CD20+, IgG+, 

CD27+, CD3−, CD8−, CD14−, IgM−, gp140-F+, gp140-F-D368R- cells were sorted at 

single cell density into 96-well plates containing lysis buffer. The frequency (percentage) of 

gated cells is listed in red color. Upon cDNA synthesis, the heavy, lambda light and kappa 

light chains were amplified by nested PCR and the V(D)J regions were cloned into 

expression vectors.
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Figure 3. Evaluation of Ig heavy chain genetics in sorted memory B cell populations
Three memory B cell populations were sorted; Total memory (Blue; CD20+CD27+IgG+; 

n=78), total Env-specific (Green; CD20+CD27+IgG+gp140-F+; n=53), and CD4bs-specific 

(Red; CD20+CD27+IgG+gp140-F+gp140-F-D368R-; n=20). (A) V(D)J family distribution 

was evaluated using IMGT®/V-Quest and Joinsolver. (B) SHM in single-cell sorted memory 

B cells (Total, Env-specific and CD4bs-specific) is shown as % nucleotide difference 

calculated by aligning VH regions to the corresponding germline sequences of the Indian 

rhesus reference genome. (C) Evaluation of heavy chain CDR3 regions based on the CDR3-

IMGT definition. Statistical differences were evaluated using the non-parametric Kruskal-

Wallis test followed by Dunn’s post-test for comparison of specific samples. Significance 

was determined as; *p≤0.05, **p≤0.01, and ***p≤0.001
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Figure 4. NHP MAb affinity to Env
(A) The binding affinities of the NHP MAbs to gp120, core and stabilized core were 

analyzed by Bio-Layer Interferometry using an Octet Red96 system with the MAbs 

immobilized on the chip surface and the Env ligands in the analyte. Selected human CD4bs-

specific MAbs were examined for comparison. The dissociation constants (KD) between the 

different MAbs and ligands are shown in nM. (B) The kinetics of binding of VRC01, GE148 

and GE143 to gp120, core and stabilized core are shown at different concentrations of the 

ligand.
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Figure 5. Alanine scanning of NHP MAb binding sites
(A) A panel of JRCSF Env mutants containing single alanine (Ala) point mutations in gp120 

was used for a limited Ala scan of the CD4 binding region for the NHP MAbs, CD4-Ig and 

selected human CD4bs-directed MAbs. MAb 2G12 and HIV-Ig were used as controls. The 

effect of a given Ala mutation on ligand binding is shown relative to wild-type (WT) gp120. 

Mutations resulting in a three-fold reduction in binding of CD4-Ig and the CD4bs MAbs 

relative to WT gp120 are highlighted in blue. (B) The gp120 core molecular surface was 

used to highlight the residues affecting recognition by CD4-Ig and previously known CD4bs 

MAbs (blue). Of these, the residues affecting binding of VRC01 are marked in yellow and 

those affecting the NHP MAbs are marked in red. The alpha carbon backbone of the inner 

domain and bridging sheet, depicted in ribbon, are in gray and the outer domain is 
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highlighted in salmon. (C) Side and top views depict the cryo-EM density map with the 

trimeric cores fit into the density. Circled in red is the approximate location of residues 

affecting binding of the NHP MAbs while circled in yellow is the approximate footprint of 

VRC01. (D) Neutralization of JRFL and JRFLΔ301 by the CD4bs-directed MAbs shown in 

(A): human bNAbs (n=2), human non-bNAbs (n=5) and NHP MAbs (n=8). Statistical 

significance between inverse virus neutralization IC50 values was evaluated with a Mann-

Whitney test using Graph Pad Prism software.
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