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Abstract 34 

The induction of broad and potent immunity by vaccines is the key focus of research efforts 35 

aimed at protecting against HIV-1 infection. Soluble native-like HIV-1 envelope glycoproteins 36 

have shown promise as vaccine candidates as they can induce potent autologous neutralizing 37 

responses in rabbits and non-human primates. In this study, monoclonal antibodies were isolated 38 

and characterized from rhesus macaques immunized with the BG505 SOSIP.664 trimer to better 39 

understand vaccine-induced antibody responses. Our studies reveal a diverse landscape of 40 

antibodies recognizing immunodominant strain-specific epitopes and non-neutralizing neo-41 

epitopes. Additionally, we isolated a subset of mAbs against an epitope cluster at the gp120-gp41 42 

interface that recognize the highly conserved fusion peptide and the glycan at position 88 and 43 

have characteristics akin to several human-derived broadly neutralizing antibodies. 44 

  45 
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Introduction 46 

HIV-1 continues to cause significant morbidity and mortality around the world with an estimated 47 

1.7 million new infections in 20181, which emphasizes the need for an effective prophylactic 48 

vaccine. The HIV-1 envelope glycoprotein (Env) is the sole target for neutralizing antibody (NAb) 49 

responses. Studies of infected patients have led to the isolation of NAbs against multiple different 50 

epitopes on the Env surface that are capable of both neutralizing most circulating strains and 51 

providing passive protection against repeated viral challenges in non-human primates (NHPs)2-5. 52 

Extensive research efforts, including structure-based engineering of Env immunogens, are 53 

currently directed towards developing vaccine strategies to successfully elicit broadly 54 

neutralizing antibodies (bNAbs) against specific Env epitopes6-12. The development and structural 55 

determination of soluble native-like Env trimer mimics, particularly ones based on the SOSIP 56 

technology, has provided a platform for structure-based immunogen design13-16. NAbs induced 57 

by SOSIP trimers in NHPs can protect against challenge with an autologous Simian-Human 58 

Immunodeficiency virus (SHIV)17,18. However, as NAbs with the required breadth of activity have 59 

not yet been induced in trimer-immunized animals, improvements to current vaccine design and 60 

delivery strategies are clearly needed. 61 

Characterizing the antibody response to SOSIP trimers may provide useful information for 62 

guiding immunogen design. Initial analyses of rabbits immunized with BG505 SOSIP.664 trimers, 63 

including studies of isolated monoclonal antibodies (mAbs), showed that autologous NAbs 64 

targeted a large hole in the glycan shield of the BG505 virus caused by the absence of 65 

glycosylation sites at positions 241 and 28919,20. The 241 glycan is highly conserved (97%) among 66 

HIV-1 strains and while the 289 glycan is less conserved, it is still present in 79% of viruses. The 67 
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required absence of typically conserved glycans explains why the NAbs isolated from the trimer-68 

immunized rabbits lack breadth19. Later studies involving BG505 trimer-immunized rabbits, 69 

guinea pigs, and NHPs have identified additional narrow-specificity neutralizing serum responses 70 

that recognize epitopes in the C3/V4, C3/V5, and V1 regions, with mAbs isolated from guinea pigs 71 

targeting the C3/V4 epitope17,20-23.  72 

Here, we describe a detailed characterization of neutralizing and non-neutralizing mAbs 73 

isolated from two rhesus macaques (RMs) previously immunized with the BG505 SOSIP.664 74 

trimer 24. We identified multiple mAbs targeting the 289-glycan hole on the BG505 SOSIP.664 75 

trimer or a neo-epitope cluster at the base of the trimer. The most potent NAb isolated targeted 76 

the gp120/gp41 interface at an epitope that significantly overlaps with the epitope of human 77 

bNAb VRC3425. Insights from the induction of these NAbs through vaccination can be further used 78 

to develop immunogens and immunization strategies to induce cross-reactive antibody 79 

responses. 80 

  81 
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Results 82 

Indian origin rhesus macaque BCR germline database 83 

The majority of bNAbs isolated from HIV-infected patients have exceedingly high levels of 84 

somatic hypermutation (SHM)5,26. Accurately measuring levels of SHM elicited during 85 

immunization experiments is a critical component to ensuring the elicited antibodies are 86 

acquiring the level of mutations associated with neutralization breadth. To accurately measure 87 

the extent of SHM, the mAb sequences that we obtained from BG505 SOSIP.664 trimer-88 

immunized RMs required comparison to a germline B-cell receptor (BCR) reference database. 89 

The IMGT reference database for RMs is incomplete and contains a mixture of genes/alleles from 90 

both Chinese and Indian origin animals. Given the high levels of genetic diversity in the 91 

Immunoglobulin (Ig) loci among RMs from different origins27 and the general use of Indian origin 92 

RMs in most HIV-1 immunization experiments conducted in the United States, we constructed a 93 

germline database containing gene/alleles from only Indian origin RMs. The gene/alleles from 94 

the published database28 were aligned to the Mmul_8.0.1 Indian origin RM genome assembly 95 

using BLAST29,30. Sequences that were not identical to the reference genome were eliminated. 96 

Additional genes/alleles from publicly available Indian origin RM genomic DNA sequencing 97 

datasets21,31 were added to the database. After duplicates were removed, the resulting new 98 

database contained 189 IGHV, 70 IGHD, 9 IGHJ, 188 IGKV, 5 IGKJ, 147 IGLV, and 13 IGLJ 99 

genes/alleles (Table S1). 100 

Recent advances in BCR repertoire sequencing and analysis have enabled the use of next-101 

generation sequencing (NGS) datasets for inferring novel genes/alleles27,32,33. Using the database 102 

described above as an initial database, we performed IgDiscover analysis27 on IgM BCR sequences 103 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 2, 2020. ; https://doi.org/10.1101/2020.02.05.936096doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.05.936096
http://creativecommons.org/licenses/by/4.0/


derived from five Indian origin RMs. Additionally, we performed IgDiscover analysis on previously 104 

obtained Indian origin RM BCR NGS datasets that were downloaded from the NCBI sequence read 105 

archive27,34 or obtained directly from the study authors28. Inferred genes/alleles were kept if they 106 

were detected in more than one animal or if they were identical to RM genes/alleles that were 107 

previously deposited in the NCBI database. We added 113 IGHV, 18 IGKV, and 18 IGLV 108 

genes/alleles to our germline database (http://ward.scripps.edu/gld/) resulting in a total of 302 109 

IGHV, 206 IGKV, and 165 IGLV genes/alleles. This updated database was then converted into a 110 

custom IgBLAST database and subsequently used to analyze our BG505-specific mAbs sequences 111 

with IgBLAST35.  112 

 113 

Antigen-specific mAbs isolated from BG505 SOSIP.664 trimer-immunized RMs 114 

To better understand the immunogenicity of the BG505 SOSIP.664 trimers in previously 115 

immunized Indian origin RMs24 we selected the two animals (rh1987 and rh2011) with the highest 116 

serum neutralization activity against the autologous BG505.T332N pseudovirus for in-depth mAb 117 

analysis. Peripheral blood mononuclear cells (PBMCs) from the following time points were 118 

selected for BG505 SOSIP.664 trimer-specific IgG-positive single memory B-cell sorting: (i) two 119 

weeks prior to the fourth immunization (week 22), (ii) 1 week after the fourth immunization 120 

(week 25) and (iii) 1 week after the sixth immunization (week 53) (Fig 1A). In total, 25 and 17 121 

mAbs were cloned from RMs rh1987 and rh2011, respectively (Fig 1B). 122 

The BG505-specific mAb sequences were analysed using our germline database and 123 

shown to be evenly distributed between kappa and lambda light chains (KC and LC) usage (Fig 124 

1B). For animal rh1987, 11 KC and 14 LC mAbs were isolated. Their average heavy chain (HC) SHM 125 
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(nucleotide level) was 6.4% (range: 2.1%-10.2%) with an average HC complementarity-126 

determining region 3 (CDR-H3) length of 15 amino acids (aa) (range: 7-23) (Table S2). The rh1987 127 

KC mAbs utilized HC variable genes from the IGHV3 and IGHV4 families and predominantly used 128 

KC V genes from the IGKV1 family (Table S2). All of the rh1987 KC mAbs had a CDR-L3 length of 9 129 

aa and their average KC SHM (nucleotide level) was 4.7% (range: 2.6%-6.0%) (Table S2). A single 130 

clonal family with 4 members (RM19A) was detected among rh1987 KC mAbs with members 131 

isolated from both week 22 and week 25 samples (Table S2). The rh1987 LC mAbs used HC V 132 

genes from the IGHV1, IGHV3 and IGHV4 families and LC V genes mainly from the IGLV2 gene 133 

family (Table S2). The rh1987 LC mAbs had an average CDR-L3 length of 10 aa (range: 9-11) with 134 

an average LC SHM (nucleotide level) of 3.8% (range: 0.9%-10.6%) (Table S2). Two clonal families 135 

(RM19B [2 members] and RM19C [4 members]) were identified among the rh1987 LC mAbs 136 

isolated from weeks 22 and 25 (Table S2).  137 

For animal rh2011, 8 KC and 9 LC mAbs were isolated. Their average HC SHM rate 138 

(nucleotide level) was 6.1% (range: 3.0%-9.1%) and they had an average CDR-H3 length of 17 aa 139 

(range 10-20) (Table S2). Half of the rh2011 KC mAbs belonged to the RM20E clonal family, 140 

isolated from the week 53 sample. The RM20E clonal family utilized the HC V gene IGHV5-141 

ABI*01_S2502 and the KC V gene LJI.Rh_IGKV2.71 (Table S2). Overall, the rh2011 KC mAbs had 142 

an average KC SHM rate (nucleotide level) of 4.1% (range: 3.0%-5.3%) and a CDR-L3 length of 9 143 

aa (Table S2). Among the rh2011 LC mAbs, two clonal families (RM20A [4 members] and RM20B 144 

[2 members]) were isolated from weeks 22 and 25 samples (Table S2). Overall, the rh2011 mAbs 145 

had an average LC SHM rate (nucleotide level) of 4.4% (range: 2.1%-6.4%) and an average CDR 146 

L3 length of 10.6 aa (range: 9-11) (Table S2). 147 
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 148 

BG505-specific mAbs recognize multiple Env regions 149 

All 42 mAbs bound to the BG505 SOSIP.664 trimer in ELISA, but only 11 of the 25 mAbs from 150 

rh1987 and 9 of the 17 from rh2011 bound the corresponding gp120 monomer (Fig S1). The mAbs 151 

were tested for neutralization activity against the autologous BG505 clade A Tier 2 virus, its 152 

glycan-611 knockout variant (N611A), and the heterologous SF162 clade B Tier 1A virus. Only a 153 

few mAbs, 4 from rh1987 and 2 from rh2011, neutralized the BG505.T332N pseudovirus but one 154 

of them, RM20F from rh2011, did so potently (Fig 1C). Two mAbs from rh1987 and 4 from rh2011 155 

were able to potently neutralize the N611A-variant despite lacking activity against the autologous 156 

BG505.T332N pseudovirus (Fig 1C and D). None of the 42 mAbs neutralized the easy-to-neutralize 157 

heterologous SF162 virus (Fig 1C and D).  158 

 159 

EM-based epitope mapping revealed mAbs isolated from both animals target 4 distinct, but 160 

somewhat overlapping epitopes 161 

We used low resolution, negative stain, single particle electron microscopy (EM) to visualize 162 

where a representative subset of the isolated mAbs bound on the surface of the BG505 SOSIP 163 

trimer. The majority (55%) of mAbs isolated were non-neutralizing antibodies that bound to the 164 

base of the BG505 SOSIP trimer (Figs 2A, S2, and Table S2) at a neo-epitope cluster that is 165 

occluded by the viral membrane on HIV-1 virions. Fabs bound to the base of the soluble trimer 166 

via multiple angles of approach and utilized a variety of heavy and light chain genes/alleles to do 167 

so (Fig 2A and Table S2). The extent of SHM in the base-targeting mAbs ranged from 2-10% in the 168 

HC and 1-11% in the light chain (Table S2). Previous studies examining the polyclonal antibody 169 
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responses elicited by the BG505 SOSIP trimers in rabbits and RMs have shown that epitopes at 170 

the base of the soluble trimer were targeted in every single animal analyzed 21,23,36. Taken 171 

together with our new data, it is clear that the base of SOSIP trimers contain an immunodominant 172 

non-neutralizing neo-epitope cluster that is easily targeted by a variety of precursor BCRs in 173 

different species.  174 

A subset of mAbs from both animals bound to an epitope near the N611 glycan (Figs 2B 175 

and S2). These mAbs were not capable of neutralizing the autologous BG505.T332N pseudovirus 176 

but neutralized the BG505 N611A variant (Fig 1C and D). Two additional mAbs isolated from 177 

rh2011 (RM20F and RM20H) bound to an epitope near the fusion peptide (FP) and were capable 178 

of neutralizing both the autologous and N611A BG505 pseudoviruses, but the latter virus more 179 

potently (Figs 2C and S2). MAbs from both animals targeted the 289-glycan hole epitope on 180 

BG505, with some, isolated from rh1987, showing weak neutralization of the autologous 181 

BG505.T332N pseudovirus (Figs 1C and 2D; Table S2). Multiple germline genes/alleles were used 182 

to target the same 289-glycan hole epitope (Table S2).  183 

To further assess the epitopes targeted following immunization with the BG505 184 

SOSIP.664 trimer and verify that we isolated mAbs representative of the full serum antibody 185 

response, we performed electron microscopy polyclonal epitope mapping (EMPEM)36 using week 186 

28 serum. EMPEM revealed that similar epitopes were targeted in both animals and that the 187 

epitope assignments correlated well with the epitopes ascribed to mAbs generated by antigen-188 

specific B-cell sorting (Fig 2E versus S2).   189 

A previous analysis of purified serum IgGs from RMs rh1987 and rh2011 identified the 190 

C3/V5 epitope as a major target for neutralization activity20; however, none of the mAbs isolated 191 
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here targeted the C3/V5 epitope nor were they detected by EMPEM. While low resolution, 192 

negative stain EM provides valuable information on where mAbs bind on the surface of HIV-1 193 

Env, the molecular detail necessary to guide structure-based immunogen design requires high-194 

resolution structural data obtained by cryoEM and x-ray crystallography. We therefore selected 195 

three Fabs (RM20J, RM20F, and RM20E1) that bound to different epitopes for high-resolution 196 

structural determination. 197 

 198 

MAb RM20J binds to the α2 helix of gp120 and exploits a hole in the glycan shield of BG505 at 199 

position 289 200 

We solved a 2.3 Å crystal structure of unliganded RM20J Fab and a 3.9 Å cryoEM structure 201 

of RM20J Fab bound to the BG505 SOSIP Env trimer (Figs 3A and S3; Tables S4 and S5.). Together 202 

these structures revealed the RM20J Fab binds to an epitope on a single gp120 protomer with 203 

982 Å² of buried surface area (BSA). The CDR-H1 and CDR-H2 make contact with the C2 region of 204 

gp120 including residues N289 and T290 (Fig 3B). A glycan at position N289 would directly clash 205 

with both the CDR-H1 and CDR-H2 of RM20J (Fig 3B). CDR-L2 makes contact with the first N-206 

acetyl glucosamine sugar of the N355 glycan (Fig 3C). Additional contacts are made to the α2 207 

helix of gp120 by RM20J CDR-H3 and CDR-L2 (Fig 3C). When compared to 10A, a previously 208 

characterized 241/289 glycan hole targeting NAb isolated from a BG505 SOSIP.664-immunized 209 

rabbit19,36, RM20J binds to an epitope biased more towards 289 and away from 241 in the 210 

241/289 glycan hole, revealing subtle differences in the recognition of the epitope (Figs 3D and 211 

3E). Despite binding to the BG505 SOSIP trimer with high affinity (Table S3), RM20J was not able 212 

to neutralize the autologous BG505.T332N pseudovirus (Fig 1C). Although the hypervariable 213 
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region of V4 was not resolved in the trimer structure, it lies directly above the RM20J epitope 214 

and contains two additional glycans (N406 and N411) that may affect RM20J binding. 215 

Comparisons between the glycosylation profiles of the BG505 viral Env and the SOSIP.664 trimer 216 

revealed differences in the glycoforms present at positions N355, N406, and N41137,38 with more 217 

complex glycans being found on the viral Env that could hinder the ability of RM20J to bind on 218 

the surface of the virus and, therefore, render it incapable of neutralization. Several of the mAbs 219 

isolated from rh1987, including the RM19A clonal family, bind to a similar epitope as RM20J (Fig 220 

2D, Fig S2, Table S2) and either fail to neutralize the autologous BG505 virus or do so with weak 221 

potency (Fig 1C and D).  222 

 223 

MAb RM20F binds to a quaternary epitope at the gp120/gp41 interface that includes elements 224 

of the fusion peptide and the N88 glycan 225 

For a more detailed view of the mode of RM20F recognition, we solved a 2.2 Å crystal 226 

structure of unliganded RM20F Fab and a 4.3 Å cryoEM structure of RM20F Fab bound to BG505 227 

SOSIP trimer (Figs 4A and S3; Tables S4 and S5). RM20F recognizes an epitope spanning two gp41 228 

protomers and a single gp120 protomer that has 1126 Å² of BSA at the interface. The RM20F LC 229 

contributes 22% of the paratope surface area (250 Å²) and makes contact with the poorly 230 

conserved residues H85 (8.1% prevalence among global strains) and K229 (12.5% prevalence) in 231 

the C1 and C2 regions of gp120 respectively (Fig 4B). The RM20F HC contributes the remaining 232 

78% of the paratope surface area (876 Å²) and uses its 20 residue CDR-H3 to wedge between the 233 

FP of the primary gp41 protomer and the HR2 helix of the adjacent gp41 protomer (Fig 4C). 234 

Additional contacts with the fusion peptide proximal region (FPPR) of the primary gp41 protomer 235 
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are made by residues at the tip of CDR-H2 (Fig 4B). The N88 glycan accounts for 18% (198 Å²) of 236 

the epitope BSA and makes contact with the CDR-H2 and FR-H3 regions of RM20F (Fig 4B). The 237 

lack of connecting density, even at lower contour, between RM20F and the glycans at N611 and 238 

N637 suggests these glycans do not substantially contribute to the epitope. Epitope mapping 239 

using BG505.T332N mutant pseudoviruses showed that knocking out the N611 glycan (N611Q 240 

mutant) substantially enhanced neutralization by RM20F, while knocking out the N637 glycan 241 

(N637Q mutant) had no effect. (Fig 4D). Other virus mutants revealed that neutralization by 242 

RM20F was sensitive to various sequence changes within the epitope, particularly at residues 243 

H85 and E647 (84.3% prevalence) and N88 (N88 glycan knock out) (Fig 4D). The N88 glycan knock 244 

out and the H85A mutation (to a lesser extent) significantly reduced neutralization activity of the 245 

FP-targeting bNAb VRC34, but no effect on the CD4 binding site targeting bNAb VRC01 (Fig 4D).  246 

Introducing the 241 or 289 glycans (S241N and P291T, respectively) modestly reduced the 247 

neutralization activity of RM20F (Fig 4D). In comparison to the FP-targeting bNAbs VRC34 and 248 

ACS202, RM20F lacked neutralization breadth when tested against a panel that included multiple 249 

heterologous viruses (Fig S4) likely due to the dependency on poorly conserved residues.  250 

 251 

MAb RM20E1 binds to the fusion peptide and makes contact with two adjacent protomers 252 

We solved a 2.3 Å crystal structure of the unliganded RM20E1 Fab and 4.4 Å cryoEM 253 

structure of RM20E1 Fab bound to BG505 SOSIP trimer and Fab PGT122 (Figs 5A and S3; Tables 254 

S4 and S5). RM20E1 binds to an epitope composed of one gp120 and two gp41 protomers with 255 

1178 Å² of BSA. Residues 515 to 520 of the FP in the primary gp41 protomer are sandwiched 256 

between CDR-H3, CDR-L1, and CDR-L3 of RM20E1 (Fig 5B). CDR-H3 and FR-H1 make contact with 257 
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HR2 in the adjacent gp41 protomer (Fig 5C). Additionally, the FR-H1 makes contact near the 258 

N611-glycan site in the adjacent gp41 protomer, but we observed no connecting density that 259 

could be attributed to the N611-glycan itself (Fig 5C). RM20E1 avoids the N88 glycan but does 260 

interact with residues in the C1 region of gp120, including H85, via its CDR-L1 (Fig 5B). Despite 261 

recognition of the conserved FP, RM20E1 did not neutralize the autologous BG505.T332N 262 

pseudovirus. The antibody did however potently neutralize the N611A glycan KO BG505 263 

pseudovirus (Fig 1C) suggesting the epitope is shielded by the N611 glycan. The epitopes of the 264 

FP-targeting bNAbs VRC34, ACS202, and DFPH-a.15 overlap to a large extent with the epitopes 265 

of RM20E1 and RM20F (Fig 5D), with DFPH-a.15 and VRC34 also neutralizing more potently in 266 

the absence of the N611 glycan9,25,39,40. The RM20E1-bound FP conformation is similar to the FP 267 

conformation when bound by the bNAb VRC34 (Fig S5); however, the inability of RM20E1 to 268 

accommodate the N611 glycan likely results in the lack of neutralization of the wild-type virus. 269 

 270 

Discussion 271 

A major goal of HIV-1 vaccine research is to elicit bNAbs able to neutralize the large 272 

diversity of circulating HIV-1 strains in humans. However, how to achieve this goal remains a 273 

critical problem. Native-like Env trimers are an important design platform for engineering 274 

immunogens for bNAb induction7-13,41,42. BG505 SOSIP trimers were able to induce responses in 275 

immunized RMs that potently neutralized the autologous Tier 2 virus17,24. When present at 276 

sufficient titers, those NAbs protected against BG505-SHIV challenge18. Evaluating SOSIP trimers 277 

in RMs can yield valuable information because of the close genetic relationship between RMs 278 

and humans. Here, we isolated mAbs from two BG505 SOSIP.664 trimer-immunized RMs to 279 
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better understand how the immune system recognizes the trimers and the epitopes associated 280 

with the potent, but limited, HIV-1 Tier 2 neutralization. 281 

By mapping the epitopes of all of the mAbs isolated from the immunized RMs, rather than 282 

focusing only on NAbs, we were able to identify several non-neutralizing and potentially 283 

immunodominant epitopes that would ideally be eliminated in future immunization studies. As 284 

shown previously with mAbs from rabbits immunized with BG505 SOSIP.664 trimers19, the lack 285 

of glycans at positions 241 and 289 in BG505 creates a large glycan hole which is targeted by 286 

mAbs from both RMs. The mAbs isolated from RMs that target the 241/289 glycan hole are more 287 

biased towards the 289-site compared to the previously characterized rabbit mAbs. This 288 

difference may be attributed to the underlying differences in BCR repertoires between the two 289 

animal models. In addition to the lack of glycans due to missing sequons that encode for 290 

glycosylation, the recombinant BG505 SOSIP.664 trimer may also contain missing glycans even 291 

when the correct sequon is present as previously observed by mass spectrometry studies of 292 

glycopeptides37,43. Our study identified gp120/gp41 interface antibodies whose neutralization 293 

was enhanced in the absence of the N611 glycan, suggesting that the BG505 SOSIP.664 trimer 294 

may have sub-stoichiometric glycan occupancy in gp41 at this position, creating an unexpected 295 

but immunogenic glycan hole. The elicitation of FP targeting mAbs in RMs with the BG505 296 

SOSIP.664 trimer provides evidence that the FP bNAb epitope is accessible and immunogenic on 297 

soluble Env trimer immunogens. Recent studies in mice, guinea pigs and RMs using synthetically 298 

produced HIV fusion peptides covalently attached to carrier proteins as priming immunogens 299 

followed by boosts with soluble Env trimer immunogens have also elicited FP specific antibodies 300 

including some mAbs with neutralization breadth9,44,45. However, the majority of the animals 301 
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immunized in these studies do not develop neutralization breadth and instead develop potent 302 

neutralization against the BG505 pseudovirus with the N611 glycan KO9,44,45. Given the 303 

consistency across studies and animal models in eliciting potent NAbs that target the FP epitope 304 

and require the absence of the N611 glycan, investing in strategies to quantify and enhance the 305 

N611 glycan occupancy in soluble Env trimer immunogens, particularly for boost immunogens, 306 

may improve the neutralization breadth elicited by FP-targeting immunization protocols.   307 

The sorting probe used to isolate BG505 Env-specific B-cells was a C-terminally 308 

biotinylated BG505 SOSIP.664 trimer bound to a fluorescent streptavidin tetramer. Steric 309 

constraints between the base of the trimer and the streptavidin tetramer likely resulted in a 310 

lower recovery of base epitope-specific B-cells. Despite this potential selection bias, 55% of the 311 

mAbs isolated from the two immunized RMs bound to the base of the BG505 SOSIP.664 trimer, 312 

indicating the base of the soluble trimer is the major target for antibody responses during 313 

immunization. To reduce the immunogenicity of this epitope, glycans can be introduced to shield 314 

this site or the native-like trimers could be constructed onto scaffolds or particles46-49.  315 

We were unable to construct individual germline BCR databases from RMs rh1987 and 316 

rh2011 to precisely determine the SHM and gene/alleles usage as additional PBMC samples were 317 

no longer available. Instead, we constructed a germline database containing BCR gene/alleles 318 

from multiple Indian origin RMs that allowed us to measure SHM levels in the mAbs we isolated 319 

from RMs. The new database provides web-based access (http://ward.scripps.edu/gld/) to a 320 

curated and highly annotated general resource for examining BCR gene/alleles from Indian origin 321 

RMs. Previous estimates of average SHM rates in mAb sequences from Env-immunized RMs were 322 

8.9% and 6.1% for the HC and LC, respectively 50. These apparently high levels of SHM following 323 
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repeated immunization with the exact same soluble Env immunogens were likely due to missing 324 

germline gene/alleles from the database used to calculated SHM. Using the germline database 325 

reported in this study, we were able to assign vaccine-elicited antibody sequences to specific 326 

germline genes/alleles and determine levels of SHM much more accurately. The average levels 327 

of SHM reported in this study (6.3% for HC and 4.2% for LC) are comparable to the average levels 328 

of SHM reported in similar immunization studies where per animal germline BCR databases were 329 

inferred using IgDiscover 51,52. Our germline database provides a resource for assigning germline 330 

genes/alleles and accurately calculating rates of SHM when inferring individual germline 331 

databases for each animal is logistically impractical.   332 

In conclusion, in this study, neutralizing and non-neutralizing mAbs with distinctive 333 

epitopes were isolated and characterized in BG505 SOSIP.664-immunized RMs. We 334 

demonstrated that a polyclonal response was elicited in two different RMs that target the BG505 335 

SOSIP.664 trimer in highly similar ways. While rabbit antibody responses are dominated by the 336 

base and 241-glycan hole epitopes, the RM mAbs target more diverse epitopes with mAbs also 337 

targeting the FP and gp120/gp41 interface. The mAbs characterized here also provide a valuable 338 

resource for epitope mapping and comparison to a wide array of BG505-based immunization 339 

experiments, including the recently initiated BG505 SOSIP.664 human clinical trial 340 

(NCT03699241). Finally, the FP-targeting mAbs in particular provide a structure-guided 341 

opportunity to modify BG505 SOSIP and other trimers to focus the antibody response on the FP-342 

region, with the goal of eliciting bNAb-like antibodies. 343 

 344 

Methods 345 
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Immunizations of rhesus macaques 346 

Immunization samples used in this study were obtained from previously immunized RMs 347 

described in Sanders et al. 2015 24. Briefly, RMs were immunized intramuscularly (i.m.) with 100 348 

μg of BG505 SOSIP.664 trimer formulated in 75 units of ISCOMATRIX given at week 0, 4, 12, 24, 349 

38 and 52. All immunizations and blood samplings were performed at the Wisconsin National 350 

Primate Research Center as described previously 24.  351 

Rhesus macaque naïve B-cell repertoire sequencing 352 

Frozen PBMCs from five naïve Indian origin RMs were obtained from Yerkes National Primate 353 

Research Center (IACUC approval YER2001036). The cells were rapidly thawed in a 37°C water 354 

bath and immediately diluted into 10 mL of pre-warmed RPMI media with 10% (v/v) heat-355 

inactivated fetal bovine serum (FBS). Cells were pelleted at 400xg for 7 minutes and resuspended 356 

in 0.5 mL FACS buffer (PBS + 1% (v/v) FBS and stained on ice for 1 hr with the panel of fluorescent 357 

antibodies against IgM ([clone G20-127] BD), CD4 ([clone OKT-4] BioLegend), CD3 ([clone SP34-358 

2] BD), IgG ([clone G18-145] BD), CD20 ([clone 2H7] BioLegend), CD8 ([clone RPA-T8] BioLegend), 359 

CD14 ([clone M5E2] BD), CD16 ([clone eBioCB16] ThermoFisher) and an eFluor780 viability 360 

marker (ThermoFisher). A MoFlo Astrios cell sorter (Beckman Coulter), with gating for live 361 

IgM+/CD20+/CD3-/CD4-/CD8-/CD14-/CD16- cells, was used to isolate cells that were then pelleted 362 

at 600xg for 10 min, resuspended in RLT+BME buffer (Qiagen), snap frozen in a dry ice ethanol 363 

bath and stored at -80°C. RNA extraction was performed using RNeasy Protect Mini kit (Qiagen) 364 

following the manufacturer’s instructions. The 5ʹ rapid amplification of cDNA ends (5’RACE) with 365 

template switching method was used to obtain cDNA with unique molecular identifiers (UMIs) 366 

using a protocol modified from Turchaninova et al. 53. Briefly, 300 ng of RNA was used in a 5'RACE 367 
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cDNA synthesis reaction. The first-strand cDNA synthesis was performed at 42°C for 1 hr using 368 

the RM IgM outer reverse primer (5'-GTGATGGAGTCGGGAAGGAAG-3'), a template switch 369 

adaptor with incorporated UMIs (5'-370 

AAGCAGUGGTAUCAACGCAGAGUNNNNUNNNNUNNNNUCTTrGrGrGrG-3'), and SMARTScribe 371 

Reverse Transcriptase (Clontech). Residual template switch adaptor was removed by incubation 372 

with 5 U of uracil DNA glycosylase (New England BioLabs) for 40 min at 37°C. The resulting cDNA 373 

was purified using the MinElute PCR Purification Kit (Qiagen) following the manufacturer’s 374 

instructions. PCR amplification was performed using the Q5® High-Fidelity DNA Polymerase (New 375 

England BioLabs), the forward primer (5'-NNNNAAGCAGTGGTATCAACGCA-3'), and the RM IgM 376 

inner reverse primer (5'-NNNNNAGGGGGAAAAGGGTTG-3'). Illumina adaptors were added using 377 

the NEBNext® UltraTM II DNA Library Prep Kit (New England BioLabs) following the manufacturer’s 378 

instructions. Libraries were sequenced on an Illumina MiSeq using the Illumina v3, (2x 300 bp) 379 

sequencing kit. 380 

Indian origin RM germline BCR database 381 

Gene/alleles published by Vigdorovich et al. 28 were aligned to the Mmul_8.0.1 Indian origin RM 382 

genome assembly using BLAST 29,30. Sequences that were not identical to the reference genome 383 

were eliminated. Additional full-length genes/alleles from available Indian origin RM genomic 384 

DNA sequencing datasets 21,31 were added to the database. Duplicates and sequences containing 385 

ambiguous bases were removed. The resulting initial Indian origin RM germline BCR database 386 

(Table S1) was used for running IgDiscover on additional NGS datasets that were obtained during 387 

this study as described above, downloaded from the NCBI SRA 27,34, or obtained directly from the 388 

study authors 28. Paired sequence reads were aligned and filtered for length and quality using 389 
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VDJServer 54. Novel germline BCR gene/alleles were inferred using IgDiscover v0.11 with the 390 

germline_filter parameters “unique_cdr3s” and “unique_js” set to 10 and 4 respectively to 391 

reduce the rate of false positives 27. Inferred genes/alleles were kept if they were detected in 392 

more than one animal or if they were identical to RM genes/alleles that were previously 393 

deposited in NCBI. The resulting germline BCR database (available at 394 

http://ward.scripps.edu/gld/) was converted into a custom IgBLAST database and subsequently 395 

used to analyze the BG505-specific mAb sequences 35.  396 

Env sequence analysis 397 

Prevalence of specific amino acids or potential N-linked glycosylation sites (PNGS) were 398 

calculated using HIVAnchor (https://github.com/chazbot72/anchor). Pairwise alignments 399 

between the HxB2 Env reference sequence (K03455) and the LANL 2018 Group M super filtered 400 

web alignment was performed using Clustal Omega 55. The results were parsed into a database 401 

keyed on positions relative to the reference, with gaps notated as sub positions following the last 402 

identical residue. The database was subsequently interrogated for conservation of amino acids 403 

or PNGS at specific positions.  404 

Env protein production 405 

BG505 SOSIP.664, BG505 SOSIP.664-D7324 tag, BG505 SOSIP.664-AviTag, BG505 SOSIP.v4.1, and 406 

BG505 SOSIP.v5.2 were expressed in HEK293F cells and purified with either PGT145 or 2G12 407 

affinity chromatograph followed by size exclusion chromatography (SEC) using a HiLoad® 16/600 408 

Superdex® pg200 (GE Healthcare) as described previously 7,8,13. Monomeric gp120 proteins 409 

(AviTag or D7324 tagged) were purified using a Galanthus nivalis lectin (Vector Labs) column. The 410 

Avi-tagged proteins were biotinylated using the BirA enzyme (Avidity) according to the 411 
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manufacturer’s protocol. The resulting biotinylated proteins are referred to using the descriptor 412 

AviB. 413 

Monoclonal antibody isolation 414 

BG505 SOSIP.664-specific IgG+ memory B-cells from isolated PBMCs from RMs rh1987 and 415 

rh2011 were single cell sorted in lysis buffer in order to amplify the antigen-specific mAbs, as 416 

previously described 56. PBMCs were stained with primary fluorophore-conjugated antibodies to 417 

human CD3, CD8, CD14, CD20, IgG and IgM (BD Pharmigen). For staining with Env proteins, 50 418 

nM of BG505 SOSIP.664-AviB, BG505 SOSIP.664 7C3-AviB or gp120-AviB were coupled in 419 

equimolar ratios to Streptavidin-PE, Streptavidin-FITC or Streptavidin-APC (Life Technologies), 420 

respectively. Cells were stained for 1 hr at 4°C in PBS supplemented with 1 mM EDTA and 1% FBS. 421 

In the gating strategy, we first excluded unwanted cell populations (CD3-/CD8-/CD14-) followed 422 

by selection of HIV Env-specific (positive for any of the 3 probes) memory B-cells 423 

(CD20+/IgG+/IgM-/HIV+). Cells of interest were single-cell sorted using a BD FACSAria III machine, 424 

into 96-well plates containing lysis buffer, and immediately stored at -80°C. One round of reverse-425 

transcription and two rounds of nested PCR were performed to amplify the antibody V(D)J genes 426 

as previously described by Tiller et al.15. The PCR products containing the variable regions of the 427 

heavy chain or light chain, kappa or lambda were cloned into human IgG expression vectors to 428 

produce mAbs as described previously 56. Fab expression vectors were made by introducing two 429 

stop codons following residue D234 (Kabat numbering 57) in the IgG heavy chain vectors using 430 

the QuikChange® Lightning Site-Directed Mutagenesis kit (Agilent). Sequences were verified by 431 

Sanger sequencing (Genewiz).   432 

Monoclonal antibody and Fab production 433 
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MAbs and Fabs were expressed in HEK293F cells and purified using affinity chromatography. 434 

Briefly, HEK293F cells (Invitrogen) were co-transfected with heavy and light chain plasmids (1:1 435 

ratio) using PEImax. Transfections were performed according to the manufacturer’s protocol. 436 

Supernatants were harvested 4-6 days following transfection and passed through a 0.45 µm filter. 437 

MAbs were purified using Protein A/G (ThermoFisher) or MAbSelect™ (GE Healthcare) affinity 438 

chromatography. Fabs were purified using CaptureSelect™ CH1-XL (ThermoFisher) affinity 439 

chromatography. 440 

D7324-capture ELISA for monomeric and trimeric BG505 Env proteins  441 

Binding ELISAs were conducted as described previously 13,40. 442 

TZM-bl cell-based neutralization assays 443 

Neutralization assays using the autologous BG505.T332N virus and mutants, and the 444 

heterologous SF162 virus, were carried out as described previously 58. Nonlinear regression 445 

curves were determined and 50% inhibitory concentration (IC50) values were calculated using a 446 

sigmoid function in Graphpad Prism v7.03.  447 

Bio-Layer Interferometry (BLI) 448 

An Octet RED instrument (FortéBio) was used to determine the kinetic parameters of the 449 

antibody–antigen interactions by Biolayer Interferometry. Monoclonal Fabs were loaded onto 450 

anti-human Fab-CH1 (FAB2G) biosensors (FortéBio) at a concentration of 10 μg/mL in kinetics 451 

buffer (PBS, pH 7.4, 0.01% [w/v] BSA, and 0.002% [v/v] Tween 20) until a response of 1 nanometer 452 

shift was reached. Loaded biosensors were dipped into kinetics buffer for 1 min to acquire a 453 

baseline and then moved to wells containing a series of 2-fold dilutions of BG505 SOSIP.v5.2 in 454 

kinetics buffer, starting at a 4000 nM. The trimers were allowed to associate for 180 secs before 455 
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the biosensor were move back to the wells containing kinetics buffer where the baseline was 456 

acquired. Disassociation of the trimers from the Fab-loaded biosensors was recorded for 300 457 

secs. All BLI experiments were conducted at 37°C. Kinetic parameters were calculated using the 458 

Octet System Data Analysis v9.0 (FortéBio).  459 

Negative Stain Electron Microscopy 460 

BG505 SOSIP/Fab complexes were made by mixing 10-15 μg SOSIP with a 3 to 6-fold per protomer 461 

molar excess for monoclonal Fabs or 500 μg polyclonal Fabs and allowed to incubate for 18 to 24 462 

hrs at room temperature (RT). Complex samples were either diluted to 0.02 mg/mL and applied 463 

to glow discharged negative stain grids or they were SEC purified using a SuperoseTM 6 Increase 464 

10/300 GL (GE Healthcare) column to remove excess Fab prior to EM grid preparation. Fractions 465 

containing the SOSIP/Fab complexes were pooled and concentrated using 10 kDa Amicon® spin 466 

concentrators (Millipore). Samples were diluted to 0.03 mg/mL in TBS (0.05 M Tris pH 7.4, 0.15 467 

M NaCl) and adsorbed onto glow discharged carbon-coated Cu400 EM grids (Electron Microscopy 468 

Sciences) and blotted after 10 seconds. The grids were then stained with 3 μL of 2% (w/v) uranyl 469 

formate, immediately blotted, and stained again for 45 secs followed by a final blot. Image 470 

collection and data processing was performed as described previously on either an FEI Tecnai T12 471 

microscope (2.05 Å/pixel; 52,000× magnification) or FEI Talos microscope (1.98 Å/pixel; 72,000× 472 

magnification) with an electron dose of ∼25 electrons/Å2 using Leginon 59,60. 2D classification, 3D 473 

sorting and 3D refinement conducted using Relion v3.0 61. EM density maps were visualized using 474 

UCSF Chimera and segmented using Segger 62,63.    475 

X-ray Crystallography Data Collection and Processing 476 
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All crystals were grown using sitting drop vapor diffusion. The RM20F Fab was crystallized from 477 

a solution containing 10 mg/mL protein in TBS with a well solution containing 0.1M MES, pH 5.0 478 

and 2M ammonium sulfate. The crystals were cryoprotected by soaking in a well solution 479 

supplemented with 30% ethylene glycol. The RM20J Fab was crystallized from a solution 480 

containing 10 mg/mL protein in TBS with a well solution containing 0.1M MES, pH 6.0, 5% 481 

PEG3000 and 40% PEG400, with no cryoprotectant supplemented. The RM20E1 Fab was 482 

crystallized from a solution containing 6.3 mg/mL protein in TBS with a well solution containing 483 

0.1M glycine, pH 10.5, 1.2M NaH2PO4, 0.8M Na2HPO4, and 0.2M Li2SO4, with 15% ethylene glycol 484 

supplemented as cryoprotectant. All crystals were grown at 298 K. Diffraction data for RM20F 485 

and RM20E1 were collected at the Stanford Synchrotron Radiation Lightsource (SSRL) beamline 486 

BL12−2, and that for RM20J collected at the Advanced Photon Source (APS) beamline 23ID-B. 487 

Data collection and processing statistics are detailed in Table S5. Data sets were indexed, 488 

integrated, and scaled using the HKL-2000 package 64. The structures were solved by molecular 489 

replacement using PHASER 65 with a homology model (SWISS-MODEL; 66-68) as a search model 490 

and further refined using phenix.refine 69 combined with manual building cycles in Coot 70. 491 

Cryo Electron Microscopy Sample Preparation 492 

RM20J complex: 500 µg BG505 SOSIP.v5.2 was mixed with 656 μg RM20J Fab and incubated at 493 

RT overnight. The complex was SEC purified using a HiLoad® 16/600 Superdex® pg200 (GE 494 

Healthcare) column in  TBS. Fractions containing the complex were concentrated to 6.1 mg/mL 495 

using a 10 kDa Amicon® spin concentrator (Millipore). 3.5 μL of the complex was mixed with 0.57 496 

μL of 0.04 mM lauryl maltose neopentyl glycol (LMNG) and applied to a C-Flat grid (CF-2/1-4C, 497 

Protochips, Inc.), which had been plasma-cleaned for 5 seconds using a mixture of N2/O2 (Gatan 498 
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Solarus 950 Plasma system). The grid was blotted and plunged into liquid ethane using a Vitrobot 499 

Mark IV (ThermoFisher).   500 

RM20F complex: 500 μg BG505 SOSIP.v4.1 was mixed with approximately 1,000 µg RM20F Fab 501 

and incubated at RT overnight. The complex was SEC purified using a SuperoseTM 6 Increase 502 

10/300 GL (GE Healthcare) column in  TBS. Fractions containing the complex were concentrated 503 

to 6 mg/mL using a 10 kDa Amicon® spin concentrator (Millipore). 3 μL of the complex was mixed 504 

with 1 μL of a n-Dodecyl-β-D-Maltopyranoside (DDM) solution to a final DDM concentration of 505 

0.06 mM and applied to a C-Flat grid (CF-2/2-4C, Protochips, Inc.), which had been plasma-506 

cleaned for 5 seconds using a mixture of N2/O2 (Gatan Solarus 950 Plasma system). The grid was 507 

blotted and plunged into liquid Ethane using a Vitrobot Mark IV (ThermoFisher). 508 

RM20E1 complex: 355 μg BG505 SOSIP.v5.2 was mixed with 484 μg RM20E1 Fab and 484 μg 509 

PGT122 Fab and incubated at RT overnight. The complex was SEC purified using a HiLoad® 16/600 510 

Superdex® pg200 (GE Healthcare) column in TBS. Fractions containing the complex were 511 

concentrated to 4 mg/mL using a 10 kDa Amicon® spin concentrator (Millipore). 3 μL of the 512 

complex was mixed with 1 μL of a n-Dodecyl-β-D-Maltopyranoside (DDM) solution to a final DDM 513 

concentration of 0.06 mM and applied to a grid (Quantifoil R 1.2/1.3, 400), which had been 514 

plasma-cleaned for 5 seconds using a mixture of N2/O2 (Gatan Solarus 950 Plasma system). The 515 

grid was blotted and plunged into liquid Ethane using a Vitrobot Mark IV (ThermoFisher).    516 

Cryo Electron Microscopy Data Collection and Processing 517 

Samples were imaged on either FEI Titan Krios electron microscope (ThermoFisher) operating at 518 

300 keV (RM20F dataset) or a FEI Talos Arctica electron microscope (ThermoFisher) operating at 519 

200 keV (RM20J and RM20E1 datasets). Both microscopes were equipped with Gatan K2 Summit 520 
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direct electron directors operating in counting mode. Automated data collection was performed 521 

using the Leginon software suite 59. Micrograph movie frames were aligned and dose-weighted 522 

using MotionCor2 71, and CTF models were determined using Gctf 72. Particle picking, 2D 523 

classification, Ab-initio reconstruction, and 3D refinement were conducted using cryoSPARCv2 73. 524 

Data collection and processing parameters are reported in Table S4.  525 

Initial molecular models of the BG505 SOSIP trimer/Fab complexes were built by docking the Env 526 

portion of PDB: 5V8M 74 into the EM density maps along with the relevant Fab crystal structures 527 

(PDB: 4JY5 was used for PGT122 75) using UCSF Chimera 62. The Fab constant regions were 528 

removed due to flexibility in the elbow region as commonly found in Fab structures 76, the 529 

appropriate stabilizing mutations (v4.1 or v5.2) were introduced into the Env sequence, and N-530 

linked glycans were added using Coot 77. The models were iteratively refined into the EM density 531 

maps using RosettaRelax and Coot 70,77-80. Glycan structures were validated using  Privateer 81. 532 

Overall structures were evaluated using EMRinger 82 and MolProbity 83. Protein interface 533 

calculations were performed using jsPISA 84. Final model statistics are summarized in Table S4. 534 

Statistical analysis 535 

Statistical models inherent to Relion 3.0 61 and cryoSPARC 73 were employed in image analysis to 536 

derive 2D classes and 3D models. All ELISA and neutralization assays were conducted with at least 537 

duplicate measurements. 538 

Data and Software Availability 539 

The accession numbers for Env-specific BCR sequences are DDBJ/ENA/GenBank: MT002976-540 

MT002992 and MT008262-MT008328. RM IgM BCR sequences are available under BioProject ID: 541 

PRJNA604386. Atomic coordinates and structure factors of the reported crystal structure have 542 
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been deposited in the Protein Data Bank (PDB: 6VOS, 6VOR, 6VSR). Cryo-EM reconstructions have 543 

been deposited in the Electron Microscopy Data Bank (EMDB: EMD-21246, EMD-21257, EMD-544 

21232), and in the Protein Data Bank (PDB: 6VN0, 6VO1, 6VLR). The accession numbers for the 545 

negative stain 3D EM reconstructions are Electron Microscopy DataBank: EMD-21053, EMD-546 

21055, EMD-21056, EMD-21057, EMD-21058, EMD-21059, EMD-21061, EMD-21062, EMD-547 

21064, EMD-21065, EMD-21066, EMD-21075, EMD-21076, EMD-21077, EMD-21078, EMD-548 

21079, EMD-21080, EMD-21081, EMD-21082, EMD-21083, EMD-21084, EMD-21085, EMD-549 

21086, EMD-21087, EMD-21088, EMD-21089, EMD-21090, EMD-21091, EMD-21092, EMD-550 

21093, EMD-21272, EMD-21273, EMD-21274, EMD-21275, EMD-21276, EMD-21277, EMD-551 

21278. 552 

 553 

Figure Legends 554 

Figure 1. MAb isolation and characterization from BG505 SOSIP.664 trimer-immunized RMs. (A) 555 

Simplified immunization scheme adapted from Sanders et al. 2015 24. Black arrows indicate i.m. 556 

immunizations with 100 μg of BG505 SOSIP.664 with 75 units of ISCOMATRIX adjuvant. Red 557 

arrows indicate blood draws. (B) Heavy and light chain genetic characteristics for mAbs isolated 558 

from rh1987 and rh2011. (C) TZM-bl neutralization of BG505.T332N, BG505.T332N.N611A, and 559 

SF162 pseudoviruses for mAbs isolated from RM rh1987. (D) TZM-bl neutralization of 560 

BG505.T332N, BG505.T332N.N611A, and SF162 pseudoviruses for mAbs isolated from RM 561 

rh2011. Assay limit of detection was at an IC50 of 50 μg/mL. 562 

Figure 2. Epitope mapping by negative stain electron microscopy. (A) Representative base-563 

targeting mAbs for animals rh1987 and rh2011. (B) Overlapping gp120/gp41 interface epitope 564 
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targeted by mAbs from both animals. (C) Overlapping FP epitope targeted by mAbs from both 565 

animals. (D) Overlapping N289-glycan hole epitope targeted by mAbs from both animals. (E) 566 

EMPEM analysis for wk28 IgG from rh2011 and rh1987. All structural figures were generated with 567 

UCSF Chimera 62. EM density maps were segmented with the Segger extension in UCSF Chimera 568 

62,63.  569 

Figure 3. RM20J binds to the N289 glycan hole region of BG505 SOSIP.v5.2 (A) Segmented 3.9 Å 570 

cryoEM reconstruction of RM20J Fab (pink) in complex with  BG505 SOSIP.v5.2 (gp120, dark blue; 571 

gp41, light blue). (B) and (C) Zoomed-in views of the epitope/paratope interaction between 572 

gp120 (blue, ribbon diagram) and RM20J Fab (surface representation). (D) and (E) Comparison of 573 

the RM20J epitope with that of the BG505 SOSIP.664 elicited rabbit neutralizing NAb 10A (PDB: 574 

6DID) 19,36. 575 

Figure 4. RM20F binds to a quaternary epitope at the gp120/gp41 interface of  BG505 SOSIP.v4.1. 576 

(A) Segmented 4.3 Å cryoEM reconstruction of RM20F Fab (orange) in complex with BG505 SOSIP 577 

(gp120, dark blue; gp41, light blue). (B) and (C) Zoomed-in views of the epitope/paratope 578 

interaction between BG505 SOSIP (gp120, dark blue; gp41s, light blue and light green; ribbon 579 

diagram) and RM20F Fab (surface representation). (D) Neutralization data for BG505 mutant 580 

pseudoviruses against VRC01, RM20F, and VRC34.  581 

Figure 5. RM20E1 binds to the fusion peptide of BG505 SOSIP.v5.2. (A) Segmented 4.2 Å cryoEM 582 

reconstruction of RM20E1 Fab (yellow) and PGT122 Fab (light green) in complex with BG505 583 

SOSIP (gp120, dark blue; gp41, light blue). (B) and (C) Zoomed-in views of the epitope/paratope 584 

interaction between BG505 SOSIP (gp120, dark blue; gp41s, light blue and light green; ribbon 585 
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diagram) and RM20E1 Fab (surface representation). (D) Comparison of RM20E1 and RM20F 586 

epitopes to those of FP targeting bNAbs VRC34, ACS202, and DFPH-a.15 9,25,39,40.  587 

Table S1. Initial germline BCR database used in IgDiscover 588 
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