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ABSTRACT  24 

The high HIV-1 viral diversity is a formidable hurdle for the development of an HIV-1 25 

vaccine. Elicitation of broadly neutralizing antibodies (bNAbs) would offer a solution, but so 26 

far immunization strategies have failed to elicit bNAbs efficiently. To overcome the obstacles, 27 

it is important to understand the immune responses elicited by current HIV-1 envelope 28 

glycoprotein (Env) immunogens. To gain more insight, we characterized monoclonal 29 

antibodies (mAbs) isolated from rabbits immunized with Env SOSIP trimers based on the clade 30 

B isolate AMC008. Four rabbits that were immunized three times with AMC008 trimer 31 

developed robust autologous and sporadic low-titer heterologous neutralizing responses. 32 

Seventeen AMC008 trimer-reactive mAbs were isolated using antigen-specific single B cell 33 

sorting. Four of these mAbs neutralized the autologous AMC008 virus and several other clade 34 

B viruses. When visualized by electron microscopy, the complex of the neutralizing mAbs with 35 

the AMC008 trimer showed binding to the gp41 subunit with unusual approach angles and we 36 

observed that their neutralization ability depended on their capacity to induce Env trimer 37 

dissociation. Thus, AMC008 SOSIP trimer immunization induced clade B neutralizing mAbs 38 

with unusual approach angles with neutralizing effects that involve trimer destabilization. 39 

Optimizing these responses might provide an avenue to the induction of trimer dissociating 40 

bNAbs. 41 

 42 

Keywords 43 

HIV-1, vaccine, monoclonal antibodies, AMC008 SOSIP, trimer destabilization, approach angle 44 

 45 

IMPORTANCE 46 
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Roughly 32 million people have died as a consequence of HIV-1 infection since the start 47 

of the epidemic and still 1.7 million people get infected with HIV-1 annually. Therefore, a 48 

vaccine to prevent HIV-1 infection is urgently needed. Current HIV-1 immunogens are not able 49 

to elicit the broad immune responses needed to provide protection against the large variation 50 

of HIV-1 strains circulating globally. A better understanding of the humoral immune responses 51 

elicited by immunization with state-of-the-art HIV-1 immunogens should facilitate the design 52 

of improved HIV-1 vaccine candidates. We identified antibodies with the ability to neutralize 53 

multiple HIV-1 viruses by destabilization of the envelope glycoprotein. Their weak but 54 

consistent cross-neutralization ability indicates the potential of this epitope to elicit broad 55 

responses. The trimer-destabilizing effect of the neutralizing mAbs combined with detailed 56 

characterization of the neutralization epitope can be used to shape the next generation of 57 

HIV-1 immunogens to elicit improved humoral responses after vaccination.  58 

59 
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INTRODUCTION 60 

The ongoing HIV-1 epidemic, in spite of effective HIV-1 medication, highlights the need 61 

for an HIV-1 vaccine. To achieve this goal, knowledge on the immune responses elicited by 62 

state-of-the-art HIV-1 immunogens is important. Such knowledge will allow the further 63 

optimization and development of these immunogens. Many immunogens that are being 64 

explored as subunit vaccines are based on the HIV-1 envelope glycoprotein (Env) trimer (1–6). 65 

The Env trimer is the only viral protein expressed on the outside of the HIV-1 particle and 66 

therefore the only target for neutralizing antibodies (NAbs). Because circulating HIV-1 viruses 67 

have extremely diverse Env sequences, in order to provide protection, an HIV-1 vaccine needs 68 

to induce broadly NAbs (bNAbs), i.e. NAbs that can cope with Env diversity(7). Extensive 69 

research has provided the field with soluble, stable, and native-like versions of Env, including 70 

SOSIP trimers(8). So far, SOSIP trimers have generally elicited strong autologous NAb 71 

responses, but only sporadic, inconsistent, and weak cross-NAb responses(9–12). It is 72 

imperative to study these Ab responses to understand precisely which improvements are 73 

needed to consistently broaden the response. Iterative vaccine design based on monoclonal 74 

Abs (mAbs) isolated from vaccinated animals is a valuable way to overcome the limitations of 75 

the current HIV-1 immunogens(13, 14). 76 

Previous studies characterizing mAbs and bulk serum of SOSIP Env trimer immunized 77 

rabbits and macaques showed that the Ab responses frequently target strain-specific glycan 78 

holes(15–17). Indeed, the immunodominance of glycan holes was confirmed by re-direction 79 

of vaccine induced Ab responses towards de novo glycan holes when the original strain-80 

specific glycan hole was filled(18). Env trimers from different virus isolates probably have their 81 

own specific immunodominant glycan holes, which would explain why Env-trimer immunized 82 
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animals develop very limited neutralization breadth. Another immunodominant region after 83 

immunization is the unprotected base of the soluble Env trimer (17, 19, 20). This region of the 84 

Env trimer is, in its natural display, concealed by the viral membrane and in no need of heavy 85 

glycosylation to evade the immune system. However, on soluble Env trimers the base forms a 86 

large glycan hole that is easily accessed by the immune system, and induces Abs that cannot 87 

recognize the full length Env trimer, i.e. are non-NAbs. 88 

Many vaccine induced NAbs target epitopes that overlap those of non-NAbs(11, 15, 89 

16). Yet, it is unclear what exactly determines whether an Ab will have neutralizing ability. For 90 

some Ab families binding kinetics might influence neutralization ability(21, 22). Indeed, it was 91 

shown that some Ab families elicited during natural infection have kinetics of Ab binding that 92 

correlate with their neutralization ability. In particular a high off-rate constant was associated 93 

with absent or less effective neutralization. The on-rate constant and overall affinity appeared 94 

to be of less influence on the ability to neutralize(21, 22).  95 

SOSIP-induced NAbs have been discovered that target the same epitope as well-known 96 

bNAbs elicited after natural HIV-1 infection, but without displaying the same potency or 97 

breadth(17, 19, 23–25). Some studies have shown that the approach angle is relevant in this 98 

respect. For instance, for CD4-binding site (CD4-bs) directed Abs the correct approach angle 99 

is essential for their ability to neutralize. The right approach angle allows bNAbs to reach the 100 

CD4bs while circumventing the dense Env glycan shield(23).  101 

Several vaccines involving state-of-the-art Env trimer immunogens(1, 10) or specific 102 

Env epitope scaffolds(26, 27) have induced sporadic NAb responses against heterologous 103 

viruses in addition to autologous NAbs. Although such heterologous neutralization can be 104 

broad, spanning many clades, it is usually not very potent. Interestingly, two bNAbs have been 105 
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isolated from a rabbit immunized with Env trimers on liposomes(1). The serum of this rabbit 106 

serum exhibited broad neutralization, and the isolated bNAbs recapitulated that activity. The 107 

development of breadth in this one rabbit was exceptional, as none of the other rabbits 108 

receiving the same immunogens developed this remarkable neutralization breadth, but the 109 

detailed characterization of such immune responses through the isolation of mAbs helps to 110 

understand why the development of neutralization breadth is rare, and how it can be 111 

improved. 112 

In this study we isolated mAbs from four rabbits immunized with the clade B Env trimer 113 

immunogen AMC008 SOSIP. We identified an immunodominant area on the gp41 subunit of 114 

the AMC008 SOSIP trimer. Interestingly, these NAbs could cross-neutralize other clade B 115 

viruses. Negative-stain electron microscopy (NS-EM) revealed that these NAbs bound with an 116 

unusual approach angle that would be expected to be incompatible with binding to virus-117 

associated Env trimers because of a clash with the viral membrane. Contrary to expectations 118 

and despite the unusual angle of approach, these mAbs were able to bind and neutralize, 119 

demonstrating remarkable flexibility of virus-associated Env trimers in their interaction with 120 

Abs(28). We further showed that the neutralization capacity of these NAbs depended on their 121 

ability to dissociate the Env trimer, similarly to what has been described previously for bNAbs 122 

isolated from both humans and rabbits(1, 29). The information gathered from this study helps 123 

to elucidate mechanistic aspects of virus neutralization and may help to tailor immunogens to 124 

elicit trimer dissociating NAbs. 125 

 126 

RESULTS 127 

AMC008 SOSIP immunization induces NAbs and non-NAbs 128 
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In a previous study by our group, fifteen rabbits (animal IDs: 1594-1608) were 129 

immunized with the clade B Env trimer AMC008 SOSIP(10). This immunogen was based on the 130 

viral sequence from an individual enrolled in the Amsterdam Cohort Studies (ACS) that 131 

showed broad serum neutralization(10). All AMC008 SOSIP trimer-immunized rabbits showed 132 

consistent autologous neutralization as well as low cross-neutralization of the clade B viruses 133 

BaL, REJO, WITO, and SHIV162p3(10). We further investigated serum neutralization of animals 134 

1605-1608 and observed cross-neutralized at low titers by two and four rabbits of the clade B 135 

viruses AMC009 and AMC018, isolated from different HIV-infected individuals (figure 1A). To 136 

better understand the cross-neutralization in these animals and its limitations, mAbs were 137 

isolated from these four AMC008 SOSIP trimer-immunized rabbits. PBMCs were obtained 138 

from these animals at week 21, one week after the third immunization (figure 1A). Single B 139 

cells expressing IgG, and with the ability to bind two distinctly labeled, fluorescent AMC008 140 

SOSIP trimers were selected by fluorescence-activated cell sorting (FACS). On average, 5% of 141 

total live B cells were AMC008 SOSIP trimer-reactive. B cell receptor (BCR) sequences were 142 

subsequently amplified and cloned into expression vectors to generate mAbs that were tested 143 

for binding to autologous AMC008 SOSIP trimers in ELISA. A total of 17 mAbs bound the 144 

AMC008 SOSIP trimer. Rabbits 1605 and 1607 yielded 7 and 8 mAbs respectively, while from 145 

the other two rabbits (1606 and 1608) only one mAb each was generated (figure 1B).  146 

Sequence analysis of the heavy chain variable region showed the expected polyclonal 147 

immune response within each rabbit (figure 1C). From these sequences we determined the 148 

length of the complementary determining region 3 of heavy and light chains (CDRH3 and 149 

CDRL3, respectively). The CDRH3 is important as it interacts directly with the immunogen and 150 

is often elongated in human bNAbs to cope with the extensive glycan shield surrounding the 151 
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Env trimer(30, 31). We also analyzed the CDRL3 because rabbit Abs, in contrast to human Abs, 152 

usually interact with the immunogen predominantly through the CDRs of their light chain(32). 153 

The average length of the CDRH3 of all AMC008 SOSIP trimer-reactive mAbs was 15 amino 154 

acids, which agrees with previous studies on CDRH3 lengths of BCR sequences in naïve 155 

rabbits(32, 33) (figure 1D). However, the individual CDRH3 length varied greatly, ranging from 156 

10-22 amino acids. The average CDRL3 length was increased with 2 amino-acid residues to an 157 

average of 14 residues in AMC008 SOSIP trimer-reactive mAbs from 12 residues in BCR 158 

sequences from naïve rabbits(32, 33). The distribution of the individual CDRL3 lengths in the 159 

rabbits was more limited than that of the CDRH3 region, ranging from 11-16 amino acids 160 

(figure 1D). 161 

We then tested the isolated mAbs for their ability to neutralize the autologous AMC008 162 

virus (figure 1E). Four of the seventeen mAbs were able to neutralize the AMC008 virus 163 

although with relatively low potency (IC50 values ranging from 16-19 µg/mL). Three of the 164 

identified four NAbs were isolated from rabbit 1605 and belonged to the same clonal family; 165 

these were designated 05A1, 05A2, and 05A3. The fourth NAb was isolated from rabbit 1607 166 

and named 07A1. Alignment of heavy and light chain variable regions revealed 93% sequence 167 

similarity between the CDRL3 sequences of the 05A family (figure 1C). In addition, we found 168 

no evidence of gene conversion, a common feature for rabbit antibodies, within this family of 169 

3 mAbs. Interestingly, NAb 07A1 CDRL3 region similar to that of 05A1-3 (79% sequence 170 

similarity). This shared CDRL3 was relatively long with a length of 14 amino acids. The heavy 171 

chain CDR sequences of the 05A family and 07A1 did not show any similarities (figure 1C). 172 

 173 

AMC008 SOSIP-induced NAbs cross-neutralize some clade B viruses 174 
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9 

 

The cross-binding ability of the NAbs was tested against a panel of 12 heterologous 175 

SOSIP Env trimers (table 1). This panel included four clade B SOSIP Env trimers (AMC009, 176 

AMC011, AMC016, and AMC018) based on virus sequences from individuals enrolled in the 177 

ACS(34). The Env sequences from these four clade B SOSIP trimers have >83% sequence 178 

identity with the AMC008 Env protein. Additional Clade B SOSIP Env trimers derived from 179 

SHIV162p3 and REJO, 79% and 84% sequence identity with AMC008 respectively, were also 180 

included in the panel, as neutralization of these viruses by the corresponding rabbit sera was 181 

observed previously (10). Furthermore, we included a selection of non-clade B SOSIP trimers 182 

from a representative global panel i.e. CNE55 (clade CRF01_AE), BJOX002000.03.2 (clade 183 

CRF07_BC), Ce1176_A3 (clade C), 25710-2.43 (clade C)(35), as well as BG505 (clade A)(5) and 184 

finally the ConM SOSIP trimer, a consensus sequence protein based on the consensus 185 

sequences of each individual HIV-1 Group M clade(36). All four NAbs displayed cross-reactivity 186 

with five out of the six clade B SOSIP Env trimers (table 1). The NAb family 05A1-A3 also bound 187 

to the clade C SOSIP trimer Ce1176_A3 but there was no binding to other SOSIP trimers, 188 

suggesting that the target epitope is fairly conserved in clade B isolates but not across different 189 

clades. 190 

All four NAbs were then tested for neutralization breadth against a panel of 17 191 

heterologous viruses consisting of a subpanel representing the global diversity of HIV-1 192 

supplemented with a number of clade B viruses(35). Two of the viruses in this heterologous 193 

panel, the clade B tier 2 viruses SHIV162p3 and AMC009, were cross-neutralized by all four 194 

NAbs (table 2). SHIV162p3 was neutralized relatively weak with IC50 values ranging from 5.6-195 

19 µg/mL, i.e. similar to those against the autologous AMC008 virus. Heterologous AMC009 196 

neutralization by the NAbs was much weaker, with IC50 values ranging from 58-177 µg/mL. 197 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
14

 J
un

e 
20

21
 b

y 
19

3.
60

.2
40

.9
9.



10 

 

The relative cross-neutralization of autologous AMC008 and heterologous SHIV162p3 and 198 

AMC009 is consistent with the cross-neutralization titers of the serum of the rabbits 1605 and 199 

1607(10). 200 

 201 

AMC008 NAbs target an epitope on the gp41 subunit 202 

Because the four NAbs had nearly identical CDRL3 sequences and three of them were 203 

clonal family members, we hypothesized that they might target a shared epitope. To test this, 204 

we performed competition assays between these four NAbs using Bio-layer interferometry 205 

(BLI). All NAbs showed strong and reciprocal competition with each other, suggesting that 206 

their epitopes overlap (figure 2A). Differences in percentage of residual binding were 207 

observed depending on the directionality of the assay. For instance, we observed 54% residual 208 

binding of 05A2 after pre-incubation with competitor 07A1 mAb. However, only 9% residual 209 

binding of 07A1 was measured when 05A2 was used as the competitor. These differences 210 

could be due to differences in affinity of the NAbs. All mAbs showed self-competition (46-27% 211 

residual binding) (figure 2A). 212 

We then performed competition assays with known human bNAbs using ELISA and 213 

Surface Plasmon Resonance (SPR) to specify the epitope targeted by these four NAbs. We 214 

tested competition with bNAbs VRC01, PGT121, 35O22, 3BC315, PGT151, and ACS202. These 215 

bNAbs target diverse regions on the Env trimer enabling us to define a potential binding area 216 

of NAbs 05A1-A3 and 07A1. All four NAbs competed significantly in ELISA with bNAbs 35O22, 217 

3BC315, and VRC34 which all target gp41. Competition of the four NAbs 05A1, 05A2, 05A3 218 

and 07A1 with 35O22 was weakest with residual binding being 58%, 69%, 73%, and 67%, 219 

respectively (figure 2B). The four NAbs competed more efficiently with VRC34 and 3BC315 220 
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with residual binding between 25% and 60%  (figure 2B). Weak but not statistically significant 221 

competition was observed with gp41-gp120 targeting bNAb ACS202 and no statistically 222 

significant competition was detected with gp41-gp120 targeting bNAb PGT151, or bNAbs 223 

VRC01 or PGT121, which bind to the CD4bs and the V3-N332 glycan epitope, respectively. 224 

SPR analyses strengthened the evidence for competition of the 05A family with gp41-225 

gp120-targeting bNAbs 35O22 (~25% residual binding) and ACS202 (~60% residual binding), 226 

and also revealed weak competition with PGT151 (~80% residual binding) (figure 2B). The 227 

competition with ACS202 was enhanced when the SPR assay set-up was reversed. In this 228 

reversed set-up, where ACS202 was allowed to bind first and 05A1-3 second, the residual 229 

binding dropped to ~10% (figure 2C). No significant competition of the rabbit NAbs with the 230 

bNAbs VRC01 and PGT121 was observed in the SPR assays in both set-ups (figure 2B). These 231 

competition results suggest that the AMC008 SOSIP induced NAbs that most likely target an 232 

epitope at or near the gp41-gp120 interface area.  233 

We also tested competition of the AMC008 SOSIP trimer induced NAbs with the non-234 

NAbs elicited against the same immunogen using bio-layer interferometry (BLI). The binding 235 

of the four NAbs to the AMC008 SOSIP trimers was completely or partially abrogated when 236 

either of the five non-NAbs 06A1, 07B1, 07D2, 07E1, or 08A1 was present. These competition 237 

results suggest that these five non-NAbs have overlapping epitopes with the NAbs (figure 2D). 238 

The remaining five non-NAbs did not compete with the NAbs, suggesting these target different 239 

epitopes on the Env trimer.  240 

Negative stain electron microscopy (NS-EM) was performed to further delineate the 241 

NAb epitope and to confirm its location at or near the gp41-gp120 interface. Binding of Fab 242 

fragments from the four identified NAbs to the AMC008 SOSIP trimer was visualized through 243 
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3D reconstructions. The NAb Fabs interacted with the gp41 subunit of the AMC008 SOSIP 244 

trimer, possibly interacting with residues S528-A532, N616-N625, and Q658-D644 in the HR2 245 

region (figure 3A). Additional NS-EM analysis carried out with 05A3 revealed that it bound 246 

with a predominant stoichiometry of two Fabs to one Env trimer, although full occupancy of 247 

three Fabs binding to one trimer could be detected in a minority of cases. Interestingly, the 248 

NAbs interacted with the Env trimer with unusual approach angles that would a priori be 249 

expected to lead to a clash of the NAbs with the viral membrane.  250 

 251 

AMC008 NAbs target residues 620 and 624 in HR2  252 

The NS-EM analysis enabled us to make informed changes to identify amino-acid 253 

residues important for binding and neutralization. Within predicted interaction regions 254 

pinpointed by the NS-EM analysis, we searched for differences between the sequences of Env 255 

trimers that the NAbs were able to cross-bind and/or neutralize, and those that they could 256 

not bind or neutralize (figure 3B). Divergent amino acids were mutated in the context of 257 

AMC008 SOSIP trimer and corresponding pseudovirus to the most prevalent amino acid in the 258 

non-binding sequences, resulting in three variants with single amino acid substitutions, i.e., 259 

D620N, N624D, and E662A. In addition, considering that Env glycans might influence NAb 260 

binding, we modified the glycan shield near or on gp41 of the AMC008 trimer. Accordingly, 261 

knock-out (KO) mutants of the potential N-linked glycosylation sites (PNGS) at position 88, 262 

611, 616, and 637 were created. Finally, since previous studies showed that SOSIP-induced 263 

NAbs often target strain specific holes in the glycan shield(15–17, 25), we knocked-in (KI) the 264 

PNGS at positions 230 and 234 of the AMC008 sequence, as the absence of PNGS at these 265 

positions in the natural AMC008 sequence is expected to create a strain-specific glycan hole 266 
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(figure 3C). Substitution of amino acids 620 and 624 abolished neutralization ability of all four 267 

NAbs, but not of the control Ab VRC01, consistent with the NS-EM data (figure 3D and 3E). 268 

Furthermore, neutralization by 07A1 was also affected by introducing simultaneously the 269 

N230 and N234 PNGS, although these substitutions did not completely abrogate activity, as 270 

neutralization of the virus still occurred at higher Ab concentrations. This suggests that glycans 271 

at N230 and N234 restrict access to the 07A1 epitope. Three out of four NAbs were also 272 

affected by removing the N611 and N637 PNGS: these glycans might therefore contribute to 273 

(the presentation of) the NAb epitope. The K232T and K236T single KI mutations did not affect 274 

neutralization for any of the four NAbs and neither did the N88, and N616 KO mutations, or 275 

the E662A amino acid substitution. When residues 230, 234, 611, 620, 624, or 637 were 276 

mutated in the AMC008 SOSIP trimer context, it did not detectably affect binding of NAbs 277 

05A1-A3 in ELISA, while the effect on NAb 07A1 was only observed when residues 620 and 278 

624 were changed (figure 4A). Differential effects of single mutations in neutralization versus 279 

binding assays have been observed in other cases(37, 38), and probably relate to affinity and 280 

Env protein conformation and stability.  281 

We were also able to define the epitopes for the majority of the non-NAbs. mAbs 07E1 282 

and 07D2 also showed dependence on the 620, 624, and/or 662 amino acids in ELISA (Figure 283 

4A), confirming their epitope overlap with the NAbs as suggested by the competition 284 

experiments. NS-EM further confirmed this epitope overlap for non-NAb 07D2 (figure 4B). 285 

Other non-NAbs bound a variety of epitopes on the gp41 subunit of the Env trimer such as the 286 

area around the N637 glycan (07F1) (Figure 4A), and an epitope at the base of the Env trimer 287 

(07B1). The non-NAb 05D1 was able to bind a linear V3 peptide in ELISA (Figure 4A). 288 

 289 
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NAbs and non-NAbs targeting the 620/624 site cannot be differentiated based on affinity for 290 

soluble trimer 291 

We were intrigued by the identification of NAbs and non-NAbs that targeted 292 

overlapping epitopes. A first hypothesis would be that binding affinity might explain the 293 

differences in neutralization ability between NAbs and non-NAbs. To test this, we subjected a 294 

subset of AMC008 SOSIP-induced non-NAbs and all four NAbs, to kinetic binding experiments 295 

with AMC008 SOSIP Env trimers. No significant differences were observed in affinity between 296 

the NAbs and the non-NAbs (P = 0.057 for KD, P = 0.057 for Ka and P > 0.999 for Kd; Mann-297 

Whitney U test) (figure 5A).  298 

We also noted that all four NAbs were able to cross-bind certain SOSIP Env trimers, but 299 

were unable to neutralize their corresponding virus. We asked whether this observation could 300 

be explained by differences in affinity as well. We tested all four of the NAbs in kinetic binding 301 

experiments using AMC008 SOSIP and AMC016 SOSIP Env trimers. The latter was selected in 302 

addition to the autologous trimer because the AMC016 virus was not neutralized by our NAbs, 303 

while they were able to bind to the corresponding AMC016 SOSIP trimer (table 2). AMC016 304 

SOSIP trimers contain the amino acids essential for neutralization (D620 and N624) but also 305 

the N230 and N234 PNGS that are absent from the AMC008 Env sequence. Kinetic analysis did 306 

not reveal significant differences in NAb binding kinetics between the AMC008 SOSIP and 307 

AMC016 Env trimers (P = 0.343 for KD, P = 0.114 for Ka and P = 0.486 for Kd; Mann-Whitney 308 

U test) (figure 5A), suggesting that binding kinetics are not the main cause for the (in)ability 309 

of these NAbs to neutralize these viruses.  310 

 311 
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NAbs and non-NAbs targeting the 620/624 site cannot be differentiated based on binding to 312 

membrane associated Env trimer 313 

The next hypothesis posits that the discrepancy between binding and neutralization 314 

ability of the autologous AMC008 SOSIP Env trimer-reactive mAbs might be due to an inability 315 

of the non-NAbs to bind full length-surface displayed Env trimers, possibly related to the 316 

observed unusual approach angle. To test this, we transfected HEK293 cells with AMC008 317 

SOSIP gp160 Env constructs(39), which resulted in surface expressed AMC008 SOSIP trimers, 318 

that were subsequently analyzed by FACS to detect mAb binding (figure 5B). In contrast to 319 

what we expected, we found that NAbs and non-NAbs bound similarly to full-length, cell-320 

surface-displayed AMC008 SOSIP gp160 trimers. Surprisingly, we found that the NAb 05A3 321 

bound weakly, and NAb 07A1 was unable to bind cell-surface-displayed SOSIP gp160 trimers, 322 

which is somewhat inconsistent with their ability to neutralize.  323 

 324 

Neutralization activity of mAbs against the 620/624 epitope is determined by their ability to 325 

disrupt the trimer 326 

A third hypothesis argues that the strength of neutralization is strongly influenced by 327 

the capability to induce trimer dissociation. Indeed, gp41 targeting human bNAbs 3BC315 and 328 

3BC176 neutralize by inducing dissociation of the Env trimer and so does rabbit bNAb 1C2 329 

derived from an immunization study(1, 29). We noticed that the 05A3 fab fragments caused 330 

the trimer to dissociate into monomers during sample preparation for NS-EM (figure 6A). 331 

Dissociation of the AMC008 SOSIP Env trimer did not occur spontaneously when the trimer 332 

was left overnight at RT in the absence of 05A1 or 05A3, suggesting that the fab was 333 

responsible for the observed trimer dissociation.  334 
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To corroborate these findings, we performed a neutralization assay with prolonged 335 

pre-incubation times (29). This assay determines the neutralization ability of an Ab after pre-336 

incubation over a 24-hour time at 37 oC period to measure irreversible trimer destabilization. 337 

An increase of neutralization with longer incubation times is indicative of trimer 338 

destabilization as more trimers are destabilized by the Ab over time(1, 29). The bNAbs PGT126 339 

and 3BC315 were tested in this assay as negative and positive controls, respectively, and 340 

showed an increase in neutralization potency of 1.5-fold and 10-fold, respectively, after 24 vs 341 

1 hour incubation. The potency of our NAbs against the autologous AMC008 virus increased 342 

by ~10-fold after 24 hours incubation (figure 6B), indicative of trimer dissociation and similar 343 

to the effect of 3BC315. The non-NAb 6A1, targeting a similar epitope as our NAbs, remained 344 

unable to neutralize the AMC008 virus even after 24 hours of incubation. The results were 345 

even more pronounced with the heterologous SHIV162p3 virus, showing increases in potency 346 

of up to nearly 30-fold after 24 hours. Interestingly, the NAb 05A1 did show an increase in 347 

potency against the AMC008 virus over time, but no significant increase against the 348 

heterologous SHIV162p3 virus. Nevertheless, these data indicate that the four NAbs dissociate 349 

Env trimers of both autologous and heterologous viruses and that this largely contributed to 350 

their neutralization capacity. 351 

 352 

DISCUSSION  353 

To overcome viral diversity an HIV-1 vaccine should induce bNAbs. However, the 354 

currently used immunogens have been unable to consistently elicit such responses. In this 355 

study we tried to better understand the humoral immune responses after HIV-1 SOSIP Env 356 

trimer immunization in rabbits. We set out to determine which epitopes on the clade B 357 
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AMC008 SOSIP Env trimer were targeted, and whether the observed specificities could explain 358 

the low-titer heterologous neutralization that was observed after immunization with this 359 

SOSIP trimer. We isolated and characterized 17 mAbs from four AMC008 SOSIP Env trimer-360 

immunized rabbits. The vast majority of the isolated mAbs targeted a similar area in the HR2 361 

region. One antibody family (05A) and the mAb 07A1 were found to neutralize the autologous 362 

and two heterologous viruses through destabilization of the Env trimer. A mechanism of 363 

neutralization also used by NAbs induced by natural infection or vaccination(1, 29). 364 

Additionally, we identified important contact residues for these NAbs. Such knowledge may 365 

help to shape next generation SOSIP Env trimer immunogens to induce trimer destabilizing 366 

NAbs. 367 

Even though rabbits are a widely used animal model in the early stages of HIV-1 vaccine 368 

testing, we realize there are caveats to using this model. In contrast to humans, rabbits 369 

interact with the antigen predominantly through their light chain(32) and use one heavy V-370 

gene in the initial Ab recombination process, therefore, diversity in the heavy chain is much 371 

more restricted compared to their light chains. Additionally, gene conversion and somatic 372 

hypermutation (SHM) are the major drivers of Ab diversity in rabbits, the former is a process 373 

that rarely takes place in humans(32, 40). Nonetheless, numerous isolated rabbit Abs show 374 

that similar epitopes on the Env trimer are targeted as seen in macaques and humans after 375 

natural infection(41).  376 

Although the NAbs that we describe do not have the desired breadth for a protective 377 

HIV-1 vaccine, they are rare examples of mAbs with consistent, albeit weak, cross-neutralizing 378 

ability, in particular after only three immunizations with only one immunogen. Other 379 

experiments have yielded only autologous neutralizing mAbs with the notable exception of 380 
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the isolation of two bNAbs from one Env-immunized rabbit(1, 16, 19, 25). Valuable 381 

information from these previous studies led to the development of new immunogens, such as 382 

Env trimers displayed on nanoparticles, germline trimers, and specific epitope scaffolds that 383 

were expected to induce more broad and consistent neutralization (2, 27, 42, 43). 384 

Nonetheless, neutralization breadth in rabbits after HIV-1 immunization remains sporadic and 385 

usually of low titer(9–12). The isolation of heterologous NAbs from multiple rabbits using the 386 

same neutralization mechanism and targeting similar epitopes highlights the possibility for 387 

immune focusing towards this epitope cluster. The identification of bNAbs isolated from both 388 

humans and rabbits targeting similar epitopes, with the shared capacity to disrupt trimers, 389 

marks this epitope as a very interesting target to be further exploited(1, 29).  390 

bNAb 1C2 that exhibited an extraordinary broad NAb response (~85%) was isolated 391 

from an Env-immunized rabbit(1). The mechanism of 1C2 neutralization involved 392 

destabilization of the Env trimer similar to the effects of bNAbs 3BC315 and 3BC176(29), and 393 

NAb family 05A and 07A1 described here. It was proposed that these bNAbs destabilize the 394 

trimer by disruption of the stabilizing tryptophan clasp formed by amino acids W623, W628, 395 

and W631(1, 44). The CDRH3 loops of both rabbit bNAb 1C2 and human bNAb 3BC315 are 396 

close to residue W623 of this clasp. Because the NAbs we describe here have contacts with 397 

residues 620 and 624, neighboring this tryptophan clasp, it is not unlikely that a similar 398 

disruption mechanisms is utilized by these rabbit NAbs. The description of multiple (b)NAbs 399 

directed to this epitope, with the same potent mechanism of action would indicate this 400 

epitope as a potential vaccine target. Nonetheless, the isolation of both bNAbs, NAbs, and 401 

non-NAbs directed to this epitope shows that adaptations to the immunogen are necessary 402 

to amplify this desirable response and guide the responses to neutralization potency and 403 
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breadth. One strategy involves glycan modifications to enhance accessibility of the tryptophan 404 

clasp. Another complementary strategy could involve immune focusing on conserved amino 405 

acids within this region as opposed to ones that are more variable such as residues 620 and 406 

624. 407 

The AMC008 SOSIP Env trimer lacks the N230 and N234 PNGS, generating a strain-408 

specific glycan hole. The absence of these glycans might dictate the angle of approach for the 409 

NAbs identified in this study, and thereby restrict the breadth of the response. Filling the 410 

230/234 glycan hole negatively impacted neutralization by the NAb 07A1. However, this was 411 

not the case for the NAbs isolated from animal 1605. One explanation might be that the 412 

footprint of the 07A1 epitope is larger and/or in closer proximity to the 230/234 glycan hole. 413 

The ability of these NAbs to neutralize viruses containing the 230 and 234 PNGS, such as the 414 

SHIV162p3 virus, is encouraging as the 234 PNGS is widely conserved. 415 

The NS-EM revealed an improbable approach angle for the NAbs that should result in 416 

a clash with the viral membrane. Possibly the angles by which the NAbs approach soluble Env 417 

trimers and virus-associated Env might vary, in particular at the trimer stem. For instance, the 418 

MPER bNAb 10E8 Fab approaches soluble SOSIP trimers with an angle similar to that of 05A1-419 

A3 and 07A1, but this angle changes to facilitate the presence of the membrane when 10E8 420 

binds to membrane-anchored Env(45). Moreover, viral membrane-associated envelope 421 

proteins can have remarkable flexibility. This flexibility was visualized for the SARS-CoV-2 spike 422 

protein which is able to tilt by up to ~60˚ relative to a position perpendicular to the 423 

membrane(46). Also, HIV-1 Env trimers on nanodiscs displayed the ability to tilt by ~20˚ when 424 

bound to gp41 directed bNAbs(28). 425 
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Previous studies suggested that a slower dissociation was associated with stronger 426 

neutralization(21, 22). However, this did not apply to the gp41-directed mAbs described here. 427 

One difference is that these mAbs originated from different clonal families, whereas the 428 

previous studies analyzed clonal family members. Furthermore, we determined binding 429 

kinetics using stabilized soluble Env SOSIP trimers. It cannot be excluded that Env stabilization 430 

in the SOSIP construct and the observed destabilization of the Env trimer by the Nabs might 431 

have affected the affinities we measured. Nevertheless, it is likely that a slow dissociation and 432 

the ability to induce trimer dissociation are distinct properties that affect both neutralization 433 

potency and efficacy(47). 434 

In summary, characterizing humoral immune responses at the mAb level after 435 

immunization can inform future immunization studies and strategies. We found that gp41-436 

directed NAbs with an unusual approach angle, predicted to clash with the viral membrane, 437 

were able to weakly neutralize autologous and heterologous clade B viruses by inducing Env 438 

trimer destabilization, reminiscent of bNAbs that induce trimer dissociation by disrupting the 439 

tryptophan clasp in gp41. This knowledge highlights that destabilization of the trimer might 440 

be a more important neutralization mechanism than previously appreciated. Inducing trimer 441 

destabilizing NAbs that target the tryptophan clasp should be considered in future 442 

immunization strategies.  443 
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METHODS 472 

Isolation of rabbit Peripheral blood mononuclear cells 473 

Blood of immunized rabbits was used for Peripheral blood mononuclear cells (PBMC) 474 

isolation through ficoll separation. In short, blood was diluted 1:1 with PBS, loaded on a ficoll 475 

layer, and centrifuged for 30 min at room temperature (RT) at 400xg with an acceleration 476 

speed of 7 and a deceleration speed of 0. PBMCs were isolated, washed with PBS and 477 

subsequently re-suspended in 1-2 mL of ACK buffer (Thermo Fisher Scientific) to remove red 478 

blood cells. PBMCs were counted, suspended in fetal calf serum with 10% DMSO and directly 479 

frozen at -150°C. 480 

 481 

Env protein design, production, and purification 482 

All SOSIP trimers contained the previously described SOSIP mutations(8) and were 483 

further stabilized with additional mutations yielding SOSIP.v4.2 (E66K + A316W) trimers(10). 484 

ConM and SHIVp3 SOSIP trimers contained additional mutations (SOSIP.v9) described 485 

elsewhere(48–50). All SOSIP constructs were cloned into a pPPI4 expression vector(51). 486 

Mutant variants were generated by the use of the Q5 site-directed mutagenesis kit (New 487 

England Biolabs) with specifically designed primer sets and adapted annealing temperatures 488 

for the mutations N88Q, K232T, K236T, K232T+K236T, N611Q, N616Q, N637Q, D602N, N624D 489 

and E662A. D7324 tags were incorporated directly C-terminally of residue 664 in each of the 490 

plasmids(8). Additionally we replaced the D7324 tag C-terminally of residue 664 with an Avi-491 

tag in the AMC008 SOSIP.v.4.2 construct for biotinylation (16). For BLI and SPR experiments a 492 

His-tag was incorporated into AMC008 SOSIP.v4.2, and the AMC008 SOSIP.v4.2 D620N, 493 

N624D, and E662A mutant plasmids, replacing the D7324 tag(2). 494 
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All SOSIP trimer variants were produced as described before(6, 8, 10, 52, 53). In short, 495 

SOSIP trimers were transiently expressed together with furin from a separate expression 496 

plasmid (ratio 4:1) in HEK293F cells (Invitrogen, catalog number R79009). The SOSIP trimers 497 

were harvested by spinning for 20 min at 4000xg. The supernatant was 0.22 µM steritop- 498 

vacuum-filtered  before purification by gravity-driven chromatography on a PGT145 antibody-499 

conjugated Sepharose column. Env proteins were eluted with 3M Mg2Cl2 pH 7.8, directly into 500 

neutralization buffer (20 mM TrisHCl pH8.0, 75mM NaCl). After purification, Env proteins were 501 

concentrated with Vivaspin 100kD filters (GE healthcare), to a final volumes of <500 µL. 502 

AMC008 SOSIP.v4.2-Avi was biotinylated to allow conjugation for FACS analysis. BirA biotin 503 

protein ligase (Avidity) was used for the biotinylation.  504 

 505 

Antibody production and purification 506 

HEK293F cells (Invitrogen, catalog number R79009) were transfected to produce mAbs 507 

as described previously(16). In short, 62.5 µg of each heavy and light chain Ab DNA were co-508 

transfected transiently in 250 mL HEK293F cells. Cell supernatant was harvested at 5 days by 509 

spinning down for 20 min at 4000xg and subsequent vacuum filtration with a 0.22 µM steritop 510 

filter. Abs were purified from the culture supernatant by gravity-driven chromatography on a 511 

Protein G (Thermo Fisher Scientific) affinity column. After addition of the supernatant, 512 

columns were washed twice with PBS before elution with 9 mL 0.1 M glycine, pH 2.0. Eluted 513 

Abs were collected in 1 mL 1 M Tris-HCl pH 7.8. After elution Abs were concentrated, by the 514 

use of 100kD vivaspin (GE healthcare) filters, to a final volume of <200 µL. 515 

We named the isolated mAbs as described by McCoy et al, 2016(16): in this system 516 

each mAb is numbered according to their rabbit ID followed by a unique alphabetical lineage 517 
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identifier (A, B, C, etc.). Distinct lineage members received an additional number (A1, A2, A3, 518 

etc.).  519 

 520 

Single B cell sorting 521 

Single B cells were selected and sorted as previously described(16). Briefly, biotinylated 522 

AMC008 SOSIP.v4.2-Avi Env proteins were conjugated to Strep-APC and Strep-FITC (both 523 

Thermo Fisher Scientific). Mouse-anti-rabbit IgG Ab conjugated to PE stained IgG on memory 524 

B cells (Southern Biotech). Conjugated Env protein was mixed with PBMCs to allow binding. 525 

We first selected IgG+ cells and within this population sorted single B cells, positive for both 526 

APC and FITC conjugated AMC008.v4.2 Env trimer into a lysis buffer (RNAse inhibitor (20U) 527 

(Thermo Fisher Scientific), 5X First strand superscript III buffer (Invitrogen), 0.1 M DTT 528 

(Invitrogen), and MQ). Sorted cells were immediately frozen at -80°C. 529 

 530 

Single cell Ab RT-PCR, variable region gene amplification and cloning 531 

6 µL RT-PCR reaction mixture (random hex primers (200 ng) (Thermo Fisher Scientific), 532 

dNTP mix (2 mM each) (New England Biolabs), 50U Superscript III RTase, and MQ) was added 533 

directly to the sorted single B cells. The following PCR program was used to convert RNA into 534 

cDNA: 42°C 10 min; 25°C 10 min; 50°C 60 min; 95°C 5 min. RT-PCR plates were used directly 535 

for variable region gene amplification using two subsequent PCR reactions. For both PCR 536 

reactions 13 µL of PCR mix (MQ, 10x PCR reaction buffer, dNTPs (10 mM), 0.25U Hotstar Plus 537 

polymerase (Qiagen), forward primer (25 mM), reverse primer (25 mM)) was added 538 

subsequently to the RT-PCR plate and the PCR1 plate. For PCR1, 2 µL of RT-PCR product was 539 

added to this mix. PCR 1 was run at 95°C for 5 min (50 cycles of: 94°C 30 seconds; 58°C 30 sec; 540 
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72°C 1 min) 72°C 10 min. For the heavy chain amplification, the annealing temperature was 541 

adapted to 48°C. For PCR2, 2 µL of PCR1 product was added to the PCR mix and DNA was 542 

amplified at 95°C for 5 min; (50 cycles: 94°C 30 sec; 55°C 30 sec; 72°C 1 min) 72°C 10 min. A 543 

final PCR3 reaction using 1 µL of PCR2 product was performed in MQ, 5x Phusion PCR buffer, 544 

dNTPs (10 mM), forward primers (25 mM), reverse primers (25 mM), 0.2U Phusion high fidelity 545 

polymerase (New England Biolabs). The following PCR program was run; 98°C 30 sec; (35 546 

cycles: 98°C 5 sec; 68°C 15 sec; 72°C 20 sec); 72°C 5 min.  547 

Heavy and light chain amplified variable regions were cloned into vectors expressing 548 

respectively the heavy or light chain constant region of rabbit Abs by Gibson cloning. In short, 549 

1 µL vector (45 ng) was incubated with 1 µL PCR3 product and 2x Gibson mix (T5 exonuclease 550 

(0.2U) (Epibio), Phusion polymerase (12.5U) (New England Biolabs), Taq DNA ligase (2000U) 551 

(New England Biolabs), gibson reaction buffer (0.5 grams PEG-8000 (Sigma Life Sciences), 1 M 552 

Tris/ HCl pH 7.5, 1 M MgCl2, 1 M DTT, 100 mM dNTPs, 50 mM NAD (New England Biolabs), 553 

MQ)) for 60 min at 50°C. 554 

 555 

Mutant virus construction and production 556 

The infectious molecular clone (IMC) encoding for replication-competent virus with 557 

AMC008 Env has been described before(10). First, the AMC008 env fragment was transferred 558 

to pUC18 by traditional cloning methods using restriction enzymes SalI and BamHI (New 559 

England Biolabs). Mutations were then generated using the Q5 mutagenesis kit (New England 560 

Biolabs). Mutated AMC008 env fragments were cloned back into the original IMC by Gibson 561 

reactions. To produce virus stocks, HEK293T cells (ATCC, CRL-11268)  were transfected with 562 
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the IMCs using lipofectamin2000 (Invitrogen) and supernatants containing viruses were 563 

harvested 3 days later. Supernatants were directly frozen at -80˚C. 564 

 565 

Neutralization assays 566 

Neutralization assays were executed as described previously(8, 15). In short, 1 in 3 567 

dilution series were made of the various mAbs starting at end-concentrations varying from 50 568 

µg/mL to 100 µg/mL. Virus of interest was added to the diluted mAb, and incubated for 1 h at 569 

RT. After incubation the mixture was added to TZM-bl reporter cells (obtained through the 570 

NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH   from Dr. John C. Kappes, and Dr. 571 

Xiaoyun Wu) and incubated for 3 days at 37°C. IC50 values were determined as the 572 

concentration at which infectivity was inhibited by 50%.  573 

For the decay neutralization assays, virus and mAb mixtures were incubated for 1 h, 3 574 

h, 6 h, and 24 h  at 37°C before addition to the TZM-bl reporter cells. 575 

 576 

Negative stain electron microscopy  577 

Complex formation was performed by incubating AMC008 SOSIP.v4.2 trimers with a 6-578 

fold molar excess of fab for 3 h at RT. Complexes were subsequently diluted to 0.03 mg/mL in 579 

1X TBS pH 7.4 to achieve optimal particle density. Copper mesh grids were plasma cleaned for 580 

20s using a mix of Argon and Oxygen gas and samples were stained with 2% uranyl formate 581 

for 50s. For each dataset, a FEI Tecnai Spirit (120 kEV) with a Tietz (4k x 4k) camera was used 582 

in conjunction with the automated data collection software package, Leginon(54).  Data 583 

collection parameters include: a magnification of 56,000x, a defocus of -1.5 μm, a pixel size of 584 

2.05 Å per pixel, and a dose of 25 e−/Å2. Resulting images were stored in Appion(55), particles 585 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
14

 J
un

e 
20

21
 b

y 
19

3.
60

.2
40

.9
9.



27 

 

were picked with DoGPicker(56), stacked with a box size of 192 pixels, and processed using 586 

RELION(57). UCSF Chimera(58) was used for map segmentation and map/model docking.  587 

 588 

Binding and competition ELISAs 589 

Binding ELISA experiments were performed as previously described(2, 4). In short, 590 

ELISA plates were coated overnight with 100 µg Ghalanthus Nivalis Lectin (GNL) in 0.1 M 591 

NaHCO3 pH 8.6 and blocked using casein (Thermo Fisher Scientific) at RT for 1 h after washing 592 

off the GNL with Tris Buffered Saline (TBS). Env trimers were added at 2 µg/mL and incubated 593 

at RT for 2 h. Subsequently, Ab 3-fold serial dilutions were added for 2 h at RT at starting 594 

concentrations ranging from 1 µg/mL up to 10 µg/mL. After washing with TBS a 1:3000 dilution 595 

of goat-anti-human or goat-anti-rabbit Horseradish Peroxidase (HRP) (SeraCare, 1 µg/mL) 596 

conjugated Ab was added and incubated at RT for 1 h. After washing with TBS+0.05% Tween-597 

20, ELISA plates were developed using 1% 3,3’,5,5’-tetranethylbenzidine (Sigma-Aldrich), 598 

0.01% H2O2, 100 mM sodium acetate, and 100 mM citric acid and reactions were stopped 599 

after 3 min using 0.8 M H2SO4.  600 

For HEK293T supernatant ELISAs the same protocol was followed however, 50 µL of 601 

HEK293T supernatant containing unpurified mAb was added instead of purified Abs.  602 

For competition ELISA, His-tagged Env trimers were added at 2 µg/mL to pre-coated 603 

Ni-NTA plates (Qiagen) and left at RT for 2 h. Blocking was achieved in 2% milk in TBS at RT for 604 

1 h. The primary Ab (competitor) was added at excess (10 µg/mL) in 50 µl and incubated for 605 

30 min at RT before the analyte Ab was added at a previously determined EC70 concentration 606 

in 50 µL and left at RT for another 1.5 h. Statistical significance was determined using an one-607 
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way ANOVA multiple comparisons test (Prism) comparing the sample without competitor to 608 

the corresponding sample with competitor present. 609 

 610 

Octet K2 Bio-Layer Interferometry (BLI) kinetics and binding experiments 611 

All assays were conducted on the Octet K2 system (Bioforte). 6 µg/ml of his-tagged 612 

AMC008 SOSIP.v4.2-His Env trimer was captured on NiNTA sensors (Bioforte) for 600s after 613 

baseline determination in PBS with 0.01% Bovine Serum Albumine and 0.002% Tween for 60s. 614 

Association of a serial dilution of rabbit mAbs starting at 15 µg/mL was measured for 600s by 615 

dipping the AMC008 SOSIP.v4.2 trimer loaded sensor into a well containing mAb. 616 

Subsequently dissociation was measured in PBS 0.01% BSA 0.002% Tween buffer for 600s. 617 

Binding kinetics (Kd, ka and kd) were determined using a 1:1 fit model with independent fitting 618 

of Rmax (Octet Data Analysis software, Bioforte). Regeneration of the sensors was achieved 619 

through alternating cycles of 5s in low pH glycine buffer and a neutralization buffer (PBS, 620 

0.01% BSA, 0.002%Tween). After regeneration sensors were used to re-capture Env protein.  621 

 For competition analysis, after association of the competitor mAb to the SOSIP trimer 622 

bound to NiNTA sensors, a second 600s association step was incorporated for the analyte 623 

mAb. % residual binding was calculated as follows; shift in nm at 600s of analyte 624 

binding*100)/nm shift of analyte in the absence of competitor binding. 625 

 626 

Surface plasmon resonance (SPR) 627 

Surface Plasmon Resonance (SPR) experiments were done for kinetic and competition 628 

analysis of rabbit mAbs, as previously described (34). All assays were conducted on Biacore 629 

3000 at 25oC. In all assays HBS-EP (10mM HEPES [pH7.4], 150 mM NaCl, 3 mM EDTA, 0.002% 630 
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P20 surfactant) was used as running buffer (GE Healthcare). Briefly, Anti-his Ab was covalently 631 

immobilized (15,000 RU) in all flow cells of a CM5 sensor chip, by standard amine-coupling. 632 

AMC008 SOSIP.v4.2-His Env trimer was captured on the anti-His-CM5 surface for both and 633 

competition analysis. 634 

Competition assays were carried out with mAbs binding to the CD4bs (VRC01), gp120 635 

V3-glycan (PGT121), and the gp120-gp140 interface (PGT151, 35O22, and ACS202). In the 636 

competition assays, mAbs were sequentially injected in the same cycle: the first Ab was 637 

injected for 200s immediately followed by the second Ab, at a flow rate of 30 µl/min. 638 

Dissociation was followed for 300s during the second injection. In addition, the second mAb 639 

was injected alone in a separate cycle. 640 

The trimer-immobilization levels and mAb concentrations were optimized earlier to 641 

yield maximum self-competition. Rabbit mAbs (05A1, 05A2, 05A3), PGT121, PGT151, and 642 

ASC202 showed 5-15% residual binding at a concentration of 1 µM and trimer density of 500 643 

RU, whereas, VRC01 and 35O22, self-competed (15-20% residual binding) at a concentration 644 

of 1.5 µM and a density of ~250 RU of AMC008 SOSIP.v4.2 trimer. Those mAb concentrations 645 

were used thereafter in the cross-competitions; and for rabbit mAbs and VRC01 or 35O22, the 646 

trimer was captured to a level of 250 RU, whereas the other Abs (PGT121, PGT151, and 647 

ACS202) were done at a trimer capture level of 500 RU. The residual binding was calculated 648 

as (Response difference at 200s for the second Ab)/(Response difference at 200s for the same, 649 

second Ab when injected as a single Ab in a separate cycle)*100 (%). Significance was 650 

determined by an one-way ANOVA multiple comparisons test (prism) comparing the sample 651 

without competitor to the corresponding sample with competitor present. 652 

 653 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
14

 J
un

e 
20

21
 b

y 
19

3.
60

.2
40

.9
9.



30 

 

Full length SOSIP binding experiment 654 

Surface expressed full length AMC008.v4.2 SOSIP Env trimers were obtained by co-655 

transfection of 10 µg gp160 SOSIP expression plasmid(39) and 2.5 µg Furin expression plasmid 656 

into 1.75x106 cells/mL HEK293F cells as described above. 60-65 h post transfection cells were 657 

spun down at 4000xg. 1*105 293F cells were added to each well of serially diluted mAbs and 658 

incubated for 2 h on ice. Cells were washed twice with PBS and subsequently stained in a 659 

volume of 20 µl containing 1:70 alexa-647 (2 mg/mL) conjugated mouse anti-human IgG (for 660 

2G12 and PGT145 controls) (Invitrogen), or 1:70 PE (0.1 mg/mL) conjugated mouse anti-rabbit 661 

IgG (Southern Biotech). Cells were stained for 45 min on ice and covered in foil and 662 

subsequently washed with PBS and re-suspended in 100 µL PBS and analyzed using a FACS 663 

canto II analyzer (BD). Maximum mean fluorescent intensity (MFI) was calculated and plotted 664 

for each of the samples. 665 

  666 
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 888 

Figure legends: 889 

Fig 1: Characteristics of mAbs isolated from AMC008 SOSIP trimer immunized rabbits. (A) 890 

Immunization and sample collection scheme (left) and autologous and heterologous serum 891 

neutralization titers at week 22 (right) for four AMC008 SOSIP trimer immunized rabbits. 892 

Serum neutralization ID50 is shown for each animal. (B) Absolute number of mAbs isolated per 893 

animal. (C) Individual CDR3 lengths and CDR amino acid junction sequence of heavy and light 894 

chains of all isolated mAbs. (D) Individual CDR3 amino acid lengths of the isolated mAbs. (E) 895 

Autologous neutralization ability of the isolated mAbs. Neutralization IC50 values are shown 896 

for each of the four NAbs in the accompanying table.  897 

 898 

Fig 2: Competitive assays of Nabs with bNAbs and non-NAbs to specify an epitope. (A) 899 

Percentage residual binding of NAbs to AMC008 SOSIP trimers in the presence of a competing 900 
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NAb. The % residual binding was calculated as follows: (shift in nm at 600s of 2nd mAb 901 

binding*100)/nm shift of 2nd mAb in the absence of 1st mAb binding. (B) Competition ELISA 902 

and SPR data of all NAbs with human bNAbs. The percentage of residual binding was 903 

calculated as follows, for ELISA: (average OD450 of a triplo in presence of the 2nd 904 

mAb*100)/average OD450 of a triplo in absence of the 1st mAb binding, for SPR: (response 905 

difference at 200s for the second Ab)/(Response difference at 200s for the same, second Ab 906 

when injected as a single Ab in a separate cycle) * 100 (%). Significant results are highlighted 907 

by stars (**=p<0.005 ***=p<0.0001). SPR was only performed for the 05A family of NAbs. (C) 908 

SPR binding curves of AMC008 SOSIP trimer binding competition between NAbs and the bNAb 909 

ACS2020 that shows the influence of assay directionality. Ab binding is recorded in real-time; 910 

the x-axis indicates the time in seconds. The y-axis shows the response (response units, RU), 911 

proportional to the mass bound. The dissociation starts at 0s. The top three graphs show 912 

binding of ACS202 in presence of competitors 05A1-05A3 (dark red, red, and purple lines), 913 

compared to ACS202 binding in absence of these NAbs (blue lines). The lower three graphs 914 

show a reverse assay set-up, showing NAb 05A1-05A3 binding ability in presence of 915 

competitor ACS202 (blue lines) and in the absence of ACS202 (dark red, red, and purple lines). 916 

(D) Competition results of the four rabbit NAbs with the isolated non-NAbs measured by BLI. 917 

% residual binding was calculated as stated for figure 3A.  918 

 919 

Fig 3: Epitope mapping of NAbs to the gp41 subunit of Env. (A) NS-EM 3D reconstructions of 920 

the NAbs fabs in complex with the AMC008 SOSIP trimer. The AMC008 SOSIP trimer structure 921 

is modeled as the ribboned density. The NAbs are shown as white densities. Side and bottom 922 

views are depicted. (B) Alignment of viral sequences tested for neutralization and binding by 923 
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05A1-05A3 and 07A1. AMC008, AMC009 and SHIV162p3 could be neutralized by the NAbs, 924 

whereas the viruses below the line were not neutralized by the NAbs. HXB2 amino acid 925 

numbering is indicated on top and lines indicate the NAb binding sites as predicted by NS-EM 926 

imaging. Red boxes show which amino acid residues were mutated in the predicted binding 927 

sites to specify the epitope; D620N, N624D, and E662A. (C) Model of the glycan shield present 928 

on the AMC008 SOSIP trimer with a strain-specific glycan hole indicated in cyan and yellow 929 

due to the absence of PNGS 230 and 234. Image was created with the glycan shield mapping 930 

tool on the Los Alamos database(59). (D) Neutralization ability of NAbs to multiple viral 931 

variants. Fold decrease in IC50 values is plotted for each of the NAbs and the VRC01 control, 932 

each represented by different colors. The dotted lines indicate a 3-fold threshold compared 933 

to AMC008 WT neutralization IC50 values. (E) Neutralization ability of the NAbs for various 934 

AMC008 mutants. IC50 values are indicated in µg/ml. The bNAb VRC01 is taken along as a 935 

positive control.  936 

 937 

Fig 4: Epitope mapping of the non-neutralizing antibodies 938 

(A) Binding ability of all isolated mAbs to various AMC008 mutants and linear V3 peptide. Fold 939 

change in area under the curve is displayed relative to AMC008.v4.2 binding. Binding to the 940 

V3 peptide is indicated as yes or no.  941 

(B) NAbs 05A1-05A3 (purple and pink) and 07D2 (grey) were complexed with the AMC008 942 

SOSIP Env and analyzed by NS-EM with the AMC008 SOSIP trimer to show differences in their 943 

binding angle.  944 

 945 
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Fig 5: Analysis of neutralizing and non-neutralization antibody characteristics that might 946 

influence neutralization (A) Binding kinetics of NAbs and non-NAb to the autologous AMC008 947 

SOSIP and heterologous AMC016 SOSIP Env trimers. KD, on- (Ka), and off-rate constants (Kd) 948 

are shown. NAbs were tested for binding to AMC008 and AMC016 SOSIP Env trimers. Non-949 

NAbs were only tested for binding to the autologous AMC008 SOSIP trimer. Results were fitted 950 

to a 1:1 kinetics model for analysis. (B) Binding to full length surface expressed AMC008 SOSIP 951 

gp160 Env by mAbs.  Maximum median MFI is plotted for each mAb tested. The left panel 952 

shows the binding and expression controls (2G12 and PGT145 respectively). The middle panel 953 

shows binding of the NAbs to full length AMC008 gp160 Env trimers. The right most panel 954 

shows the binding of a selection of non-NAbs to full length AMC008 gp160 Env trimers. 955 

 956 

Fig 6: NAbs destabilize the trimer as a mechanism of neutralization. (A) Negative Stain-957 

Electron Microscopy images of AMC008 SOSIP trimers incubated overnight with the mAb 958 

05A3. The majority of the images displayed the mAb binding with a stoichiometry of 2 mAbs 959 

per trimer (middle image). mAbs binding the monomeric form of the trimer were also 960 

observed (right image). (B) Pre-incubation neutralization experiment to determine the in vivo 961 

destabilization ability of the isolated Abs. A neutralization assay was performed in which virus 962 

and Ab mix were incubated for different time periods, up to 24 hours. The fold change in IC50 963 

is shown for each of the Abs. The autologous AMC008 virus and heterologous SHIV162p3 964 

viruses were tested. 3BC315 and PGT126 were tested as positive control and negative control 965 

Abs, respectively. Increased neutralization potency is seen for most of the NAbs and 3BC315 966 

but not 06A1 and PGT126 after the 24 hour incubation step. NN = non-neutalizing. 967 

 968 
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length
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05A1 14 14 CARDPADGLNNYYDLW CQSTYGTYISSYGGAF

05A2 14 14 CARDPADGLYNYYDLW CQSTYGTYISSYGGAF

05A3 14 14 CARDPADGLTNYYDLW CQCTYGTYISSYGGAF

05B1 13 12 CARGNSNYYNGFNI* CQQTVRGTNVVISF

05B2 13 14 CAEGIVIIIMDLI#W CQSNVASRDSVYGLGF

05D1 12 12 CARENSNGYVYDIW CQQAYDHSNIDNAF

05G1 19 12 SVETVLMVVGCW*CPQTITLG CQGYYLGTDYDNGF

06A1 17 14 CARDGGYGSAWGMSYFNLW CQSNFYSSSDSVGFAF

07A1 18 14 ARSDIGYDADEYVSYGYTLW CQCTYGNNINSYGGAF

07B1 16 12 CTRDHGENTAYAF#LW CQLIYDWKNVDIPL

07C1 11 13 CAKDGAGDSYNMW CQQGYSYSNVGQNVF

07D1 10 14 CQINYYRSGSIYFFAF CQINYYRSGSIYFFAF
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07F1 15 14 CARGSSRGHYIDFFDHW CQNYYGSSSSTYGNAF

07G1 18 13 CARGVGYDGYGTATWYFDLW CQSYCGDYSSTYVTF

08A1 18 16 CANSPGYSGFSYVNVYFRLW CQSGYYSVSYDRVAF
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Fig 4

Side Bottom

AMC008 v4.2 + 05A1

AMC008 v4.2 + 05A2

AMC008 v4.2 + 05A3

AMC008 v4.2 + 07A1
AMC008 v4.2 + 07D2

Ab ID
AMC008

v4.2

AMC008

gp120
K232T K236T

K232T+  

K236T
N88Q N611Q N616Q N637Q D620N N624D E662A

linear V3

peptide

2G12 1.0 1.0 0.9 0.9 0.9 0.8 0.8 0.9 0.9 0.9 0,8 0,9 No

PGT145 1.0 ND 1.0 1.0 0.9 0.8 0.8 0.9 0.8 1.5 0,9 1,1 ND

05A1 1.0 0.1 0.8 0.7 0.7 0.8 0.8 0.8 0.9 0.7 0,6 0,8 No

05A2 1.0 0.1 0.9 0.9 0.9 0.3 0.8 0.9 0.9 0.9 1,0 1,0 No

05A3 1.0 0.1 0.9 0.9 1.0 0.9 1.0 1.0 0.9 1.0 0,8 0,9 No

05B1 1.0 ND ND ND ND ND ND ND ND 1.0 1,0 1,0 ND

05B2 1.0 0.1 0.9 0.9 0.9 0.9 1.1 1.0 1.7 0.7 0,8 1,1 No

05D1 1.0 0.1 0.9 0.8 1.0 0.8 0.5 0.8 0.8 0.8 0,7 0,9 Yes

05G1 1.0 0.0 0.9 0.9 0.9 0.9 0.8 0.9 0.7 0.6 0,4 0,9 ND

06A1 1.0 0.0 0.8 0.8 0.8 0.9 0.5 0.8 1.0 1.0 0,8 1,0 ND

07A1 1.0 0.0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.1 0,6 1,0 ND

07B1 1.0 1.4 1.0 1.0 1.0 1.0 1.0 1.1 1.0 0.9 1,0 1,2 No

07C1 1.0 0.1 1.0 0.9 1.0 0.9 1.1 1.1 1.1 0.7 0,9 1,1 No

07D1 1.0 ND ND ND ND ND ND ND ND ND ND ND ND

07D2 1.0 0.0 1.0 0.7 0.7 0.7 0.6 1.2 1.2 0.1 0,1 0,1 ND

07E1 1.0 0.1 1.2 0.8 1.0 0.8 1.4 1.7 0.9 0.8 0,4 0,6 ND

07F1 1.0 0.1 1.0 1.0 0.8 0.9 1.0 1.0 0.3 0.9 0,9 0,9 No

07G1 1.0 ND ND ND ND ND ND ND ND ND ND ND ND

08A1 1.0 ND 0.9 1.0 1.0 0.9 0.7 0.9 0.7 1.0 0,8 0,9 ND

V3

Fold change AUC

Strain specific glycan hole gp41 glycans NAb Interaction site

0.4-0.6

0.7-1.0

>1.0

0.1-0.3
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Fig 6
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AMC008 autologous virus

SHIV162p3 heterologous virus

Fold change IC50

Time (h) 05A1 05A2 05A3 07A1 3BC315 PGT126

1 1.0 1.0 1.0 1.0 1.0

3 1.2 1.5 1.5 1.6 1.9

6 1.9 2.3 2.1 2.4 2.4

24 12.4 7.9 10.2 11.4 9.6
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Fold change IC50
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1 1.0 1.0 1.0 1.0 1.0
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Table 1: Heterologous binding ability of the isolated NAbs. (A) ELISA cross-binding ability (EC50 in 

µg/ml) of the isolated AMC008 SOSIP trimer-reactive NAbs to various clade B and non-clade B SOSIP 

Env trimers.  

  Antibody ID Clade Tier 05A1 05A2 05A3 07A1 

Clade B 
SOSIPs 

AMC008  B 1B ++ ++ ++ ++ 

AMC009 B 2 ++ ++ ++ ++  

AMC011 B 2 - - +/- - 

AMC016 B 3 ++ ++ ++ + 

AMC018 B 2 ++ ++ ++ + 

SHIV162p3 B 2 ++ + ++ +/- 

REJO B 2 ++ ++ ++ ++  

non-
clade B 
SOSIPs 

BG505 A 2 - - - - 

ConM M 1A/1B - - - - 

CNE55 CRF01_AE 2 - - - - 

BJOX002000.03.2 CRF07_BC 2 - - - - 

Ce1176_A3 C 2 ++ ++ ++ - 

HIV_25710-2.43 C 2 - - - - 
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Table 2: Neutralization ability (IC50 in µg/ml) of the autologous NAbs to neutralize a panel of 17 

heterologous viruses.   

IC50 (μg/ml) Clade 
Glycan 

hole 05A1 05A2 05A3 07A1 05D1 

AMC008 B 230 + 234 20,5 14 15,1 16,2 >50 

SHIV162p3 B 230 8,8 5,6 18 6,1 0,72 

AMC009 B 230 177 58 170 114 >200 

AMC016 B - >200 >200 >200 >200 >200 

AMC018 B 234 >200 >200 >200 >200 >200 

BaL B 230 + 234 >200 >200 >200 >200 >200 

WITO4160.33 B 234 >200 >200 >200 >200 >200 

CH040 B 230 + 234 >200 >200 >200 >200 >200 

CZA97.012 C 234 >200 >200 >200 >200 >200 

ZM109F C 234 >200 >200 >200 >200 >200 

25710-2.43 C 230 >200 >200 >200 >200 >200 

Ce1176_A3 C - >200 >200 >200 >200 >200 

X2278 B 230 >200 >200 >200 >200 >200 

BJOX002000.03.2 CRF07_BC 230 >200 >200 >200 >200 >200 

Ce703010217_B6 C - >200 >200 >200 >200 >200 

X1632-S2-B10 G 230 >200 >200 >200 >200 >200 

CNE55 CRF01_AE 230 >200 >200 >200 >200 >200 

CH119.10 CRF07_BC 230 >200 >200 >200 >200 >200 
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