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SUMMARY 35 Induction of broadly neutralizing antibodies (bNAbs) by HIV-1 envelope glycoprotein 36 (Env) immunogens would be a major advance towards an effective vaccine. A critical 37 step in this process is the activation of naïve B cells expressing germline (gl) antibody 38 precursors that have the potential to evolve into bNAbs. Here, we reengineered the 39 BG505 SOSIP.664 glycoprotein to engage gl-precursors of bNAbs that target either the 40 trimer apex or the CD4 binding site. The resulting BG505 SOSIP.v4.1-GT1 trimer binds 41 multiple bNAb gl-precursors in vitro. Immunization experiments in knock-in mice 42 expressing gl-VRC01 or gl-PGT121 show that this trimer activates B cells in vivo, 43 resulting in the secretion of specific antibodies into the sera. A crystal structure of the 44 germline-targeting trimer at 3.2 Å resolution in complex with neutralizing antibodies 45 35O22 and 9H+109L reveals a native-like conformation and the successful 46 incorporation of design features associated with binding of multiple gl-bNAb 47 precursors.  48 

 49 

  50 
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INTRODUCTION 51  52 An effective HIV vaccine will likely require the elicitation of protective titers of 53 broadly neutralizing antibodies (bNAbs). The envelope glycoprotein (Env) on the 54 virion surface is the only relevant target for bNAbs and, hence, is the main focus for 55 antibody-based vaccine strategies. Approximately 30-50% of infected individuals 56 eventually develop bNAbs (Burton and Mascola, 2015; Hraber et al., 2014; Mascola 57 and Haynes, 2013; van Gils and Sanders, 2013), and passive immunization studies 58 have shown that various bNAbs can protect macaques from experimental challenge 59 (Barouch et al., 2013; Gautam et al., 2016; Hessell et al., 2009; Shingai et al., 2014). 60 However, it has not yet been possible to induce bNAbs by vaccination. Even eliciting 61 neutralizing antibodies (NAbs) with narrow-specificity against neutralization-62 resistant (Tier-2) primary viruses has been challenging, but is nevertheless possible 63 (Escolano et al., 2017; Sanders and Moore, 2017; Sanders et al., 2015). 64 The Env spike on HIV-1 virions is a metastable complex consisting of three 65 gp120 and three gp41 subunits associated through non-covalent interactions. Soluble 66 trimers of the SOSIP design (de Taeye et al., 2016; Sanders and Moore, 2017) that 67 faithfully mimic the native spike have yielded valuable insights into the structural 68 details of how Env functions and the bNAb epitopes it presents (Ward and Wilson, 69 2017). SOSIP trimers have induced strong and consistent autologous Tier 2 NAb 70 responses in rabbits and somewhat weaker responses in macaques (de Taeye et al., 71 2015; Klasse et al., 2016; Sanders et al., 2015). A major goal is now to devise a strategy 72 to broaden these narrow specificity NAb responses into ones resembling bNAbs. To 73 



 4

develop more sophisticated vaccination regimens will require combining our 74 increasing knowledge of Env structure with an understanding of bNAb development. 75 During HIV-1 infection, bNAbs usually emerge over time from an initial, 76 narrowly focused, autologous NAb response to transmitted/founder viruses that are 77 susceptible to gl-bNAbs  binding (Bonsignori et al., 2017). This process requires high 78 levels of somatic mutation (Escolano et al., 2017) mediated by multiple cycles of viral 79 escape from antibody pressure generating new variants that, in turn, drive additional 80 antibody affinity maturation (Doria-Rose et al., 2014; Liao et al., 2013). Can Env 81 immunogens be designed to mimic this process (Haynes et al., 2012; Klein et al., 82 2013a; Medina-Ramirez et al., 2017; Sanders and Moore, 2017)? To do so would 83 require specific targeting and activation of B-cell lineages that could eventually evolve 84 into bNAb-producing clones. One approach involves engineering an immunogen to 85 recognize the germline (gl) forms of bNAbs and thereby prime specific B-cell lineages 86 (Dosenovic et al., 2015; Escolano et al., 2016; Haynes et al., 2012; Jardine et al., 2013; 87 Jardine et al., 2016; Jardine et al., 2015; Klein et al., 2013b; McGuire et al., 2016; Ota et 88 al., 2012; Scharf et al., 2016; Stamatatos et al., 2017; Steichen et al., 2016). Boosting 89 with additional immunogens to guide the affinity maturation pathway may then yield 90 NAbs with the required breadth and potency (Bonsignori et al., 2017; Escolano et al., 91 2017; Stamatatos et al., 2017). The critical priming immunogen should, therefore, 92 activate naïve B cells expressing at least one potential bNAb-precursor, and preferably 93 several. The gl-precursors for several bNAbs have been inferred by sequence analysis, 94 providing templates for guiding immunogen design (Bonsignori et al., 2011; Doria-95 
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Rose et al., 2014; Jardine et al., 2013; Pancera et al., 2010; Scheid et al., 2011; Sliepen 96 et al., 2015). 97 A bNAb epitope cluster of interest is the CD4-binding site (CD4bs). The CD4 98 receptor and several sub-families of bNAbs bind to overlapping epitopes on both 99 gp120 monomers and native-like trimers. However, many antibodies that recognize 100 CD4bs-associated epitopes on the outer domain (OD) of the gp120 monomer cannot 101 do so on the trimer, due to topological constraints imposed by the trimeric 102 architecture. This subset of CD4bs antibodies is non-neutralizing (i.e., non-NAbs) for 103 Tier-2 viruses (Chen et al., 2009). 104 The VRC01-class of bNAbs, which includes VRC01 and 3BNC60, epitomizes 105 both the potential of the CD4bs and the challenges associated with the design of gl-106 targeting immunogens for eliciting such antibodies. The presentation of the epitopes 107 for these potent bNAbs on both gp120 monomer and native trimer is now well 108 understood at the structural level (Kong et al., 2016; Scharf et al., 2016; Wu et al., 109 2011). One key finding is how N-linked glycans in the loop D and V5 regions of gp120 110 impede binding of gl-bNAbs to the CD4bs (Gristick et al., 2016; Kong et al., 2016; 111 McGuire et al., 2013). Thus, whereas the mature VRC01 and 3BNC60 bNAbs bind Env 112 proteins with high affinity, the corresponding gl-bNAbs do not (Klein et al., 2013a; 113 Scheid et al., 2011; Zhou et al., 2010). An unmodified Env immunogen would not, 114 therefore, be likely to trigger the induction of these bNAb lineages. Structure-guided 115 design has successfully produced Env-based proteins with increased affinity for gl-116 bNAbs of the VRC01-class, designated eOD-GT6/8 and 426c.TM4∆V1-V3 (Jardine et 117 al., 2013; Jardine et al., 2016; McGuire et al., 2016; McGuire et al., 2013). These 118 
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immunogens were able to activate antibody responses in knock-in mice engineered to 119 express the gl-precursors of VRC01 or 3BNC60, but did not induce bNAbs (Dosenovic 120 et al., 2015; Jardine et al., 2015; McGuire et al., 2016; Tian et al., 2016). Under the 121 same conditions, native-like BG505 SOSIP.664 trimers did not initiate gl-VRC01 or gl-122 3BNC60 antibody lineages, which is consistent with their non-reactivity with these 123 bNAb precursors in vitro (Dosenovic et al., 2015; Sliepen et al., 2015). However, when 124 the same trimers were tested in knock-in mice transgenic for the mature 3BNC60 125 heavy chain (HC), they selected an appropriate light chain (LC) from the antibody 126 repertoire, which enabled induction of NAbs with some breadth (Dosenovic et al., 127 2015). The above observations underpin our hypothesis that an engineered trimer 128 that has an appropriate affinity for a gl-bNAb could initiate a B-cell lineage that can be 129 guided towards evolution of bNAbs by boosting with one or more rationally chosen 130 Env trimers. 131 Another suitable target for gl-targeting Env immunogen design is the Env 132 trimer apex that is recognized by bNAbs such as CH01, PG9/PG16, 133 PGT145/PGDM1400 and VRC26 (Bonsignori et al., 2011; Doria-Rose et al., 2014; Sok 134 et al., 2014; Walker et al., 2009). The trimer-apex epitopes are attractive vaccine 135 design targets because apex-directed bNAbs derived from several different germline 136 genes emerge comparatively early and frequently during HIV-1 infection. Moreover, 137 although the latter bNAbs require high levels of somatic hypermutation for optimal 138 breadth and potency, the extent of mutation is lower than for VRC01-class antibodies 139 (Doria-Rose et al., 2014; Klein et al., 2013a; Walker et al., 2011; Walker et al., 2009; 140 West et al., 2012). These properties suggest that inducing similar bNAbs in humans by 141 
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vaccination may be easier than inducing bNAbs against other epitopes. As trimer-apex 142 bNAbs recognize gp120-V2 epitopes that are either highly influenced by, or 143 completely dependent on, the quaternary structure of the trimer, a trimer-based 144 immunogen is probably required to initiate these lineages. Some native-like trimers, 145 including BG505 SOSIP.664, can engage trimer-apex gl-bNAbs (Andrabi et al., 2015; 146 Gorman et al., 2016; Sliepen et al., 2015), providing a strong foundation for structure-147 guided design improvements to yield higher affinity immunogens. 148 Here, we describe an engineered trimer variant, BG505 SOSIP.v4.1-GT1 (GT1: 149 germline-targeting trimer version 1), with improved capacity for binding gl-bNAbs 150 that target the trimer-apex and the CD4bs epitopes. 151 

 152 

RESULTS 153 

 154 

Design of the BG505 SOSIP.v4.1-GT1 trimer 155 Our goal was to engineer a variant of the BG505 SOSIP.664 Env trimer with enhanced 156 binding to inferred gl-bNAbs, including those targeting the CD4bs and the V1V2-apex 157 

Table S1). To remove impediments to trimer binding of CD4bs gl-bNAbs, we 158 eliminated potential N-linked glycosylation sites (PNGS) in loop D and V5 via N276D 159 and N462D substitutions, respectively (Jardine et al., 2013; Joyce et al., 2013; Li et al., 160 2011; McGuire et al., 2013; Wu et al., 2011). We also removed two additional PNGS at 161 positions 386 in the mannose patch (via N386D) (Jardine et al., 2013; Li et al., 2011; 162 Sanders et al., 2008) and at 197 in the bridging sheet (via S199A) (Li et al., 2011). 163 
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Finally, we created a favorable contact between loop D and the VRC01 light chain (via  164 T278R), and also  stabilized loop 5 (via G471S) (Jardine et al., 2013). 165 To obtain insights into V1V2-apex epitopes, we measured the ability of gl-166 versions of PG9, PG16 and PGT145 (and, for comparison, the mature bNAbs) to 167 neutralize a panel of 30 viruses, and then analyzed the V2 sequences of the 168 neutralization-sensitive and -resistant subgroups (Table S2). The panel included a 169 BG505.T332N-LAI chimeric infectious molecular clone (IMC) derived from the BG505 170 isolate (data not shown), as well as BL035 and Q23 clade A Env-pseudotyped viruses 171 that have epidemiologic and genetic links to BG505 (Bonsignori et al., 2011; Neilson et 172 al., 1999; Wu et al., 2006) (Table S2). The remaining viruses were 27 clade B clinical 173 isolates obtained 1-12 months after infection from patients enrolled in the 174 Amsterdam Cohort Studies on HIV/AIDS (ACS) that developed moderate to strong 175 neutralization breadth (Euler et al., 2011; Euler et al., 2010; Lynch et al., 2015; van 176 den Kerkhof et al., 2013) (Table S2). The rationale for choosing these 27 viruses was 177 that early Env sequences from patients whose neutralization response broadened 178 over time might be markedly more reactive with gl-bNAbs than Env sequences shaped 179 by the antibody response in chronically infected people  (Doria-Rose et al., 2014; Liao 180 et al., 2013). 181 BG505.T332N-LAI IMC was resistant to all three gl-bNAbs at the maximum 182 concentration tested while BL035 was neutralized (>50% inhibition) by gl-PG9 and 183 gl-PG16, and Q23 was sensitive to all three. Four of the ACS clade B viruses (D16928, 184 D12950, H19829 and H19793) were neutralized by all three gl-bNAbs and six more 185 by two of them (Table S2). We then aligned the Env V2 amino-acid sequences from 186 
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the viruses neutralized by two or three gl-bNAbs to identify possible determinants of 187 gl-bNAb engagement. Relevant sequence changes were then introduced, alone or in 188 combination, into the BG505 sequence to construct new SOSIP trimer variants for 189 assessment of gl-bNAb reactivity (see below). Among these changes was a 7-residue 190 deletion in the gl-bNAb-sensitive Q23 virus compared to the resistant BG505 virus, 191 also from clade A (Tables S3 and S4). We also flagged two BL035 residues (Y173H 192 and S174A) and three Q23 residues (K169R, V181I, and Q183P). (Tables S3 and S4). 193 Several other potential influences on gl-bNAb reactivity were identified when the ACS 194 clade B V2 sequences were analyzed, but only one had a beneficial effect when tested 195 experimentally, specifically the introduction of an NTS sequon (G188N, N189T, 196 E190S) from the D12950 sequence (Table S3 and data not shown). We also noted that 197 a non-BG505 peptide that had nanomolar affinity for gl-PG9 and gl-CH01 had a R178K 198 change relative to the BG505 sequence (Aussedat et al., 2013). 199 Taken together, sequence changes relevant to the trimer-apex and CD4bs 200 epitopes are outlined in Fig. 1A, B. Various changes were introduced, singly or in 201 combination, into D7324- or His-tagged BG505 SOSIP constructs. The designs also 202 incorporated one or both of the A316W and E64K substitutions, which confer 203 additional stability to trimers designated as SOSIP.v4.1 when both substitutions are 204 combined (de Taeye et al., 2015) (Fig. 1A, B; Tables S3-S5). The variant trimers were 205 expressed by transient transfection of HEK293T cells, and the unpurified culture 206 supernatants were used in a D7324 or a Ni-NTA/His-tag capture ELISA, as 207 appropriate, to obtain preliminary estimates of expression levels (2G12 binding), 208 native-like trimer formation (PGT145 binding) and gl-bNAb reactivity (Tables S3 and 209 
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S4). The most promising new constructs were then further purified by PGT145 for 210 more extensive evaluation (Table S5). The final outcome was that the BG505 211 SOSIP.664 construct was modified by 9 substitutions in V2 (K169R, Y173H, S174A, 212 R178K, V181I, Q183P, G188N, N189T, E190S), a 7-residue deletion in V2, 6 sequence 213 changes around the CD4bs (S199A, N276D, T278R, N386D, N462D, T471S), and the 214 E64K and A316W substitutions for stability. The resulting trimers were expressed 215 efficiently and bound several gl-bNAbs targeting both the trimer-apex and the CD4bs 216 (Tables S3, S4)(see below). The construct including all the above 18 modifications is 217 designated BG505 SOSIP.v4.1-GT1, or for convenience, the GT1 trimer. 218 The PGT145-purified GT1 trimer was fully cleaved as assessed by BN-PAGE 219 and reducing and non-reducing SDS-PAGE (Data not shown), and predominantly 220 native-like when visualized by negative-stain electron microscopy (NS-EM) (Fig. 1C). 221 Its midpoint of thermal denaturation (Tm), as assessed by differential scanning 222 calorimetry (DSC), was 67.7°C (Fig. 1D), which is almost identical to that of the BG505 223 SOSIP.664 prototype (Sanders et al., 2013). Finally, the glycan profile of the GT1 224 trimer was dominated by oligomannose glycans, similar to those of the parental 225 SOSIP.664 and SOSIP.v4.1 trimers as well as native trimers on virions, but with a 226 slightly higher ratio of Man8:Man9 (Fig. 1E and Table S6) (Behrens et al., 2016). 227  228 

BG505 SOSIP.v4.1-GT1 trimers bind multiple gl-bNAbs 229 In a capture ELISA, PGT145-purified GT1 trimers bound several trimer-apex gl-bNAbs 230 (gl-PG9, gl-PG16 and gl-CH01) more strongly (2-5 fold) than did the SOSIP.v4.1 231 precursor (Figs. 2A and S1B). Three CD4bs-directed VRC01-class gl-bNAbs (gl-232 
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VRC01, gl-NIH45-46 and gl-PGV19) bound well to the GT1 trimers and two others (gl-233 12A12 and gl-CH31) did so at an intermediate level, which contrasts with their 234 undetectable binding to the unmodified trimers (Figs. 2A and S1B). We observed very 235 weak binding of the CD4bs-directed gl-CH103 to the SOSIP.v4.1 and GT1 trimers on 236 ELISA (Fig. S1B), but only weak binding to GT1 on SPR (Fig. S2). gl-1NC9 or gl-237 3BNC60 binding was unmeasurable. There was no detectable or only minimal binding 238 of the mature, CD4bs-directed non-NAbs b6 and F105 to either trimer (Figs. S1A and 239 

S3). We previously reported that gl-3BC315 (against a conformational epitope on 240 gp41) bound to the unmodified BG505 SOSIP.664 trimer (Sliepen et al., 2015). The 241 epitope for this gl-bNAb was preserved on the GT1 variant (Figs. 2A and S1B). 242 We analyzed antibody binding by surface plasmon resonance (SPR) by using 243 immobilized His-tagged trimers and antibodies (IgG) as the analyte, and by applying a 244 bivalent model to the data (Yasmeen et al., 2014). Both the mature and gl versions of 245 PG16 had higher affinities, i.e. lower Kd1 values, for GT1 trimers than for SOSIP.v4.1; 246 the extent of binding (stoichiometries; Sm values) to GT1 was also greater than to 247 SOSIP.v4.1 trimers for both versions of PG16 (Fig. 2B, Table S7). The higher affinities, 248 i.e. lower Kd1 values, were attributable to both higher on- and lower off-rate constants 249 (kon1 and koff1). Similarly, the mature versions of the CD4bs-specific bNAbs VRC01, 250 3BNC60, and CH103 had greater on-rate constants and extents of binding to GT1 than 251 to SOSIP.v4.1 trimers, although their off-rate constants were too low to be determined 252 (koff1 <10-5 (1/s)). The gl versions of these bNAbs did not bind detectably to SOSIP.v4.1 253 trimers but did bind to GT1, although only gl-VRC01 had an affinity strong enough to 254 be quantified (Fig. S2 and Table S7). Another mature bNAb to the CD4bs, 1NC9, 255 
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likewise had a higher on-rate, kon1, (although also a higher koff1 and lower affinity) and 256 stoichiometry of binding to GT1 than to SOSIP.v4.1 trimers. However, the gl-1NC9 257 version failed to bind to any trimer. The CD4bs non-NAbs b6 and F105 reacted weakly 258 with BG505 SOSIP.664 trimers but did not bind the SOSIP.v4.1 variant detectably, 259 (Fig. S3). We confirmed that b6 and F105 were also non-reactive with the GT1 trimer, 260 which implies that the modifications did not adversely affect the geometry of its 261 CD4bs and associated epitopes. Finally, the mature bNAb PGT121 bound strongly and 262 with comparable affinities to its N332/V3-base epitope on the SOSIP.v4.1 and GT1 263 trimers but its gl version bound to neither trimer (Table S7).  264 Thus, the SPR analyses showed that the modifications that created the GT1 265 trimer enabled or enhanced the binding of gl versions of PG16 and three CD4bs bNAbs 266 (VRC01, CH103, 3BNC60), in particular by improving their on-rate constants and 267 stoichiometries, while also improving the binding of some mature bNAbs. 268  269 

Crystal structure of the BG505 SOSIP.v4.1-GT1 trimer 270 Inserting, deleting or substituting individual residues could have ramifications on the 271 overall protein conformation, including the reorganization or rearrangement of 272 quaternary epitopes such as those found at the Env trimer apex. Here, we sought to 273 investigate, at the atomic level, whether the 17 amino-acid substitutions and 7-residue 274 deletion in the GT1 trimer perturbed its structure compared to its SOSIP.664 275 prototype (Garces et al., 2015; Julien et al., 2013; Pancera et al., 2014). Guided by the 276 3.0-Å crystal structure of the BG505 SOSIP.664-N137A trimer (Garces et al., 2015), we 277 removed the PNGS at position 137 (via N137A) from the GT1 construct for 278 
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crystallization. The resulting trimer was combined with 35O22 Fab to stabilize the 279 gp120-gp41 interface and promote crystal packing (Pancera et al., 2014), and with 280 9H+109L Fab, an N332/V3-base-directed antibody that binds with high affinity when 281 the N137 glycan is absent (Garces et al., 2015)(Note that 9H is a putative heavy-chain 282 precursor of the PGT121 family). We were then able to determine the crystal 283 structure of GT1 at 3.2 Å resolution (Fig. 3A). 284 A structural alignment of the GT1 and prototype SOSIP.664 trimers showed a 285 Cα root-mean-square deviation (RMSD) of 0.28 Å (Table S8), indicating that the gl-286 targeting design changes did not substantially alter the native trimer conformation 287 (Fig. 3A). The structure allowed us to visualize the location of the engineered 288 substitutions (Fig. 3B, 3C), and thus supported the rationale for the design (see 289 below). Of note is the extensive electron density for W316, which was introduced to 290 decrease V3-mobility and increase trimer stability (Fig. 3D) (de Taeye et al., 2015). 291 The side-chain of W316 could adopt more than one rotamer (which is difficult to 292 define at this resolution) and is positioned between the side chains of R308 and Y318, 293 providing a possible explanation for how it stabilizes the V3. Moreover, use of 294 9H+109L allowed comparison of its epitope and mode of binding with 3H+109L, a 295 proposed precursor of 9H in the PGT121 heavy-chain lineage (Fig. S4A) (Garces et al., 296 2015). Both antibodies adopt the same angle of approach, and the glycans in and 297 around their epitopes at positions N332, N301 and N156 have highly conserved 298 conformations in the two structures (Fig. S4A and B); the same is true of the 299 conserved GDIR motif at the base of V3, a key component of the PGT121 and PGT128 300 epitopes (Fig. S4B) (Garces et al., 2014). A slight conformational change in the V1 tip 301 
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(Fig. S4B) might be attributed to the deletion of the N137 glycan, as previously 302 observed (Garces et al., 2015). 303  304 

Models of the BG505 SOSIP.v4.1-GT1 trimer with VRC01-class gl-bNAbs and PG9 305 To understand in atomic detail how the engineered changes increase the affinity of the 306 GT1 trimer for gl-bNAbs, we superimposed the structures of several Env proteins in 307 complex with VRC01-class precursors onto the GT1 trimer structure. We also created 308 an in silico model of the GT1 trimer + PG9 complex utilizing information from the 309 crystal structure of mature PG9 in complex with a scaffolded V1V2 domain from the 310 ZM109 isolate (see below) (McLellan et al., 2011). 311 The superimposition of the eOD-GT6 + gl-VRC01 complex (PDB: 4JPK) (Jardine 312 et al., 2013) onto the GT1 trimer structure confirms how removal of N-linked glycans 313 at N197, N276, and N462 most likely reduce potential clashes with gl-VRC01 (Fig. 4C). 314 This outcome is consistent with the ELISA data (Table S3). The N276D substitution 315 also allows formation of a hydrogen bond (H-bond) with the antibody TyrL91 (Fig. 316 

4B), the T278R change creates an additional contact with SerL28 (Fig. 4B) (Jardine et 317 al., 2013), and G471S appears to have a stabilizing effect on the V5 loop by a 318 facilitating a new intra-gp120 H-bond with Thr455 (Fig. 4B). Superimposing the 319 426c.TM∆1-3 gp120 + gl-NIH45-46 complex (PDB: 5IGX) (Scharf et al., 2013; Scharf et 320 al., 2016) onto the GT1 trimer highlights the extensive overlap between the contact 321 residues of gl-VRC01 and gl-NIH45-46 (Fig. S4C-E).     322 In the 1.8-Å crystal structure of the scaffolded ZM109 V1V2 domain with 323 mature PG9 (PDB: 3U2S), Lys169 (in V2 strand C) forms an H-bond with a sulfated 324 
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tyrosine (Tys) at position 100G in HCDR3 (TysH100G) (McLellan et al., 2011). Our in 325 

silico modeling suggests that Arg169 of the GT1 trimer can also form such an H-bond, 326 but the guanidinium of Arg169 can form stronger electrostatic interactions with the 327 sulfated TysH100G of PG9 (Woods et al., 2007). The V2 contact with TysH100G is 328 important because the presence of the HCDR3 YYD-motif encoded by the germline D3-329 

3*01 gene could help the GT1 trimer to select Abs that contain this motif (Andrabi et 330 al., 2015). Furthermore, Arg169 might also form an additional H-bond with a 331 neighboring (non-sulfated) TyrH100E residue (Fig. 4A). These additional interactions 332 might explain why the GT1 trimer has enhanced affinity for PG9 and gl-PG9. The 333 model also sheds light on the Y173H substitution. In the PG9/ZM109-V1V2 reference 334 complex, Asn173 forms an H-bond with TyrH100K (McLellan et al., 2011). In BG505 335 SOSIP.664, Tyr173 would clash with TyrH100K (data not shown), but the Y173H 336 substitution in the GT1 trimer would eliminate this clash and enable a H-bond to form 337 with TyrH100K (Fig. 4A) in mature PG9, and also with TrpH100K in gl-PG9. 338 In crystal structures of BG505 SOSIP.664, which contain the full-length V2 loop, 339 9 V2 residues starting from Asn185 and including two PNGS (PDB: 4TVP) (Julien et al., 340 2013; Pancera et al., 2014) are unresolved. We hypothesize that this flexible region 341 inhibits interactions with HCDR3 of mature and precursor bNAbs, such as PG9, and 342 therefore the 7 amino-acid deletion in this region of V2 in the GT1 trimer might 343 alleviate that inhibition. 344 

 345 

In vitro and in vivo activation of B cells expressing gl-VRC01 346 
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We next evaluated whether the BG505 SOSIP.664 and GT1 trimers could activate B-347 cell lines expressing the germline version of VRC01. The GT1 trimers did indeed 348 activate gl-VRC01 B cells, whereas the parental SOSIP.664 trimers were ineffective 349 (Fig. 5A). Although both trimers activated B cells expressing the mature VRC01, the 350 GT1 variant was better (Fig. 5A). Thus, the improved gl-VRC01 binding properties of 351 the GT1 trimer translate into superior activation of B cells carrying a gl-VRC01 BCR. 352 To assess whether the above in vitro observation is predictive of what happens 353 when a GT1 trimer encounters a naïve VRC01-class B cell in vivo, we immunized mice 354 expressing the inferred germline IgH gene of VRC01; i.e., glH-VRC01 knock-in mice 355 (Jardine et al., 2015). One group of mice received GT1 trimers and, for comparison, 356 two others were given SOSIP.664 or SOSIP.v4.1 trimers. The outcome of the 357 experiment was determined by measuring binding antibody responses in sera, via a 358 capture ELISA based on His-tagged versions of the immunogen trimers and mutants 359 thereof in which relevant epitopes were inactivated. Binding antibody responses were 360 significantly higher in the mice immunized with GT1 trimers when measured against 361 the GT1 trimer than SOSIP.v4.1 (P=0.003) or the GT1-D368R mutant (P=0.01). Thus, a 362 substantial fraction of the antibody response was against epitopes that are better 363 displayed on the GT1 trimers and that involve residue D368 in the CD4bs (Figs. 5B 364 

[left panel], C and S5A). We also used a mutant trimer SOSIP.v4.1-N276D/T278R/Δ7 365 that included two substitutions in loop D (N276D and T278T) to enhance accessibility 366 of the CD4bs and a 7-residue deletion in V2. These changes are also present in the GT1 367 trimer and allowed moderate binding to gl-VRC01 (Fig. S1C and Table S5). The 368 binding responses in the GT1 trimer-immunized mice were significantly higher when 369 
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measured against this mutant compared to SOSIP.v4.1 (P=0.003), which is further 370 evidence for the elicitation of antibodies that recognize the CD4bs (Figs. 5B [left 371 

panel] and S5A).  372 The antibody responses in mice immunized with the SOSIP.v4.1 or SOSIP.664 373 control trimers were substantially lower than in the GT1 trimer-immunized animals, 374 irrespective of the trimer used in the detection ELISA (Fig. 5B). The reduced response 375 was particularly striking for the SOSIP.664 immunized animals. In these two groups of 376 control animals, the binding antibody responses were not statistically significantly 377 affected by GT1 substitutions (GT1 vs. SOSIP.v4.1), by reduction of VRC01 contacts 378 (GT1 vs. GT1-D368R) or by enhanced exposure of the CD4bs (SOSIP.v4.1 vs. 379 SOSIP.v4.1-N276D/T278R/Δ7) (Fig. 5B [middle and right], and C). The implication 380 is that the antibodies elicited in these mice predominantly recognize epitopes that are 381 not specific for the CD4bs, i.e. irrelevant off-target responses, probably stemming from 382 the remaining B cells that express mouse BCRs (Jardine et al., 2015).  383  384 

In vivo activation of B cells expressing gl-PGT121 385 To determine whether GT1 trimers could trigger gl-antibody responses to epitopes 386 outside the CD4bs, we immunized knock-in mice expressing the predicted germline 387 

IgH gene of the N332/V3-base directed bNAb PGT121; i.e. glH-PGT121 knock-in mice 388 (Escolano et al., 2016). These mice were given either the GT1 trimer or, for 389 comparison, SOSIP.v4.1. The antibody responses among the 11 GT1 trimer-390 immunized mice were very variable, but were significantly higher when measured 391 against the GT1 trimer than against a mutant trimer containing four substitutions that 392 
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knock-out the PGT121 epitope (GT1-N137A/N332A/N301A/H330A; P=0.007). They 393 were also higher when measured against GT1 trimers than SOSIP.v4.1 (P=0.01). The 394 implication is that, in at least some of the mice, the antibody responses to the GT1 395 trimer are targeting the PGT121 epitope (Figs. 5D [left panel], E and S5B). These 396 results are striking in light of the undetectable binding of the GT1 trimer to gl-PGT121 397 in ELISA and SPR assays assays (Fig. S1B, S2 and Table S7), but in agreement with a 398 previous study showing that PGT121 responses could be initiated in vivo with a 399 protein that had no measureable affinity to gl-PGT121 (Escolano et al., 2016; Steichen 400 et al., 2016). The SOSIP.v4.1 control trimer induced a low level of trimer binding 401 antibodies in the glH-PGT121 knock-in mice, but there was no difference in their 402 recognition of the GT1 trimer, the SOSIP.v4.1 trimer or the GT1-403 N137A/N332A/N301A/H330A (Fig. 5D, E) designed to knock out PGT121 binding  404 (S1D). It is, therefore, likely that these antibodies are not specific for the PGT121 405 epitope but are off-target responses. 406 We conclude that the BG505 SOSIP.v4.1-GT1 trimer can activate B cells 407 expressing germline versions of two different bNAbs to two different epitope clusters 408 under in vivo conditions.  409 

 410 

DISCUSSION 411 The concept of targeting gl-antibody precursors is now acknowledged as an important 412 strategy for HIV-1 Env vaccines that are intended to induce bNAbs in humans 413 (Escolano et al., 2017; Medina-Ramirez et al., 2017; Sanders and Moore, 2017; Scheid 414 et al., 2009; Stamatatos et al., 2017; Verkoczy et al., 2017; Xiao et al., 2009b). Thus, 415 
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Env immunogens must be designed to engage and activate naïve B cells expressing 416 germline Abs that have the potential to evolve into a bNAb. Subsequent boosting by a 417 different or modified immunogen may then help drive the somatic hypermutation 418 events required to evolve bNAbs. How then can Env immunogens be designed to 419 target germline versions of bNAbs? Env proteins tend to react poorly with gl-bNAbs as 420 they are based on sequences that have been shaped by the antibody response to HIV-1 421 infection and the particular virus that initiated the response is often not known 422 (Doria-Rose et al., 2014; Haynes et al., 2012; Klein et al., 2013b; Liao et al., 2013; 423 Lynch et al., 2015; Mouquet et al., 2010; Scheid et al., 2009; Xiao et al., 2009a; Xiao et 424 al., 2009b; Zhou et al., 2010). Accordingly, Env proteins must be redesigned to create 425 immunogens that can bind gl-bNAbs with high affinity in vitro and, by extension, 426 activate the analogous naïve B cells in vivo. 427 Our approach was based on modifying native-like recombinant SOSIP trimers 428 based on the BG505 sequence. The BG505 SOSIP.664 trimer and its more stable 429 SOSIP.v4.1 derivative bind multiple bNAbs in vitro and elicit autologous Tier-2 NAbs 430 in animals (de Taeye et al., 2015; Klasse et al., 2016; Sanders et al., 2015). They do not, 431 however, induce bNAb responses. Moreover, although the BG505 SOSIP.664 trimer 432 binds to gl-precursors of the PG9/16, CH01 and 3BC315 bNAbs in vitro, it fails to react 433 with several others including all those tested from the VRC01-class (Sliepen et al., 434 2015). 435 Here, we describe the reengineering of the BG505 SOSIP.664 trimer to increase 436 affinity for gl-precursors of multiple bNAb lineages. The key elements of the design 437 strategy involve removing steric clashes that hinder germline binding, and creating 438 
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favorable new antibody-antigen contacts that promote selection of the appropriate gl-439 bNAb. The high-resolution 3.2 Å structure of the resulting GT1 trimer, particularly 440 when compared to the SOSIP.664 structure, permits a mechanistic dissection of how it 441 engages gl-bNAbs. The GT1 trimer is fully native-like, has biochemical, biophysical and 442 expression properties comparable to its SOSIP.664 and SOSIP.v4.1 precursors and can 443 be purified to structural homogeneity by bNAb affinity chromatography. These 444 characteristics offer a practical path to producing the GT1 trimer as an immunogen for 445 further testing in animals and, perhaps, eventually in humans. 446 On ELISA, the GT1 trimer bound 2-5 fold more strongly to three gl-bNAbs 447 against trimer-apex epitopes (gl-PG9, gl-PG16, gl-CH01) when compared to its 448 precursors. The GT1 trimer also gained the ability to bind strongly to CD4bs gl-bNAbs 449 gl-VRC01, gl-NIH45-46 and gl-PGV19, moderately to gl-12A12 and weakly but 450 detectably to gl-CH31 and gl-CH103 (Figs. 2A, B and S1B). We tested the 451 immunogenicity of the GT1 and control trimers in knock-in mice expressing the gl-452 precursors for two different bNAbs: VRC01 to the CD4bs and PGT121 to the N332/V3-453 base cluster. Antibodies with characteristics consistent with the respective gl-bNAbs 454 were induced in both models in response to the GT1 trimer immunogen, as judged by 455 their ELISA reactivity with the same trimer and mutants with sequence changes 456 affecting the target epitope. In contrast, the SOSIP.v4.1 or SOSIP.664 control trimers 457 did not induce antibodies with these properties (Figs. 5B-E and S5).   458 The GT1 trimer was not designed to activate gl-PGT121 B cells and did not bind 459 to gl-PGT121 in ELISA and SPR experiments. Nevertheless, the GT1 trimer, but not the 460 parental trimer, initiated an epitope-specific response in vivo. Thus, (the lack of) 461 
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binding by SPR does not necessarily predict the outcome of in vivo experiments 462 (Escolano et al., 2016). We do not know how the GT1 trimer activates gl-PGT121 B 463 cells, but the changes made in GT1 might have enhanced access to the PGT121 epitope 464 

in vivo.  465 Of note is that, in SPR analyses, GT1 resembles the unmodified SOSIP.v4.1 466 trimer by binding with high affinity to mature CD4bs bNAbs, such as VRC01, but not 467 reacting with CD4bs antibodies F105 and b6 that are non-NAbs against Tier-2 viruses. 468 The retention of trimerization-induced constraints on the CD4bs epitopes suggests 469 that the GT1 trimer may have the selectivity to induce desired lineages (e.g., for 470 VRC01-like bNAbs) without activating “off-target” lineages (e.g., non-NAbs like F105 471 and b6) in vivo. This property could be highly advantageous because the angle of 472 approach to the trimer of several bNAb lineages analyzed to date appears to be 473 established at the germline stage, with only minor changes during affinity maturation 474 (Fera et al., 2014; Garces et al., 2015; Jardine et al., 2013; Scharf et al., 2016; Zhou et 475 al., 2013). Accordingly, off-target lineages might never yield bNAbs. In summary, the 476 conformational selectivity offered by SOSIP.v4.1-GT1 trimers may help to determine 477 the appropriate selection and development of CD4bs bNAb lineages. 478 Two other germline-targeting Env immunogen designs, the 426c and eOD 479 proteins, have been specifically constructed to induce precursors of the VRC01-family 480 of CD4bs bNAbs (Stamatatos et al., 2017). However, as the CD4bs regions of the 426c 481 and eOD proteins are not constrained by trimerization, they may also present non-482 NAb epitopes. It is not yet known whether the presence of such “off-target” epitopes 483 
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matters from the perspective of inducing VRC01 gl-bNAbs that can then be shaped by 484 boosting with a second immunogen, such an Env trimer. 485 As noted, the GT1 trimer was engineered to bind inferred gl-bNAbs targeting 486 several epitope clusters, not just a single one (Dosenovic et al., 2015; Escolano et al., 487 2016; Jardine et al., 2013; Jardine et al., 2015; Sok et al., 2016; Steichen et al., 2016), 488 and it has the appropriate antigenicity properties in vitro. These design features may 489 broaden the human repertoire of gl-bNAb precursors that can be targeted and 490 increase the probability that at least one family of gl-bNAb B cells will be activated in 491 

vivo. Could the current GT1 trimers be further modified to present more gl-bNAb 492 epitopes, such as those at the gp120-gp41 interface? Could a “universal germline-493 targeting trimer” be created? Or would it be better to design a suite of different 494 trimers that individually target a specific gl-bNAb cluster? These questions can only 495 be addressed experimentally. For example, removing multiple glycans that clash with 496 a variety of gl-bNAbs may have adverse structural consequences and alter glycan 497 processing. Furthermore, improving the targeting of one epitope cluster may also 498 adversely affect a neighboring or even a distant one. 499 While these are encouraging initial indicators of appropriate immunogenicity, 500 the limitations of knock-in mouse models must be recognized. For example, in the 501 knock-in mice, a far higher proportion of B cells express the gl-bNAb receptor than 502 would be the case in humans. Thus, to achieve a similar response in humans, it may be 503 necessary to further increase an Env immunogen’s affinity for the germline antibodies 504 being targeted while preventing potential competition from unwanted binders 505 
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(Escolano et al., 2017; Medina-Ramirez et al., 2017; Sanders and Moore, 2017; 506 Stamatatos et al., 2017).  507 This new germline-targeting trimer is suitable for further evaluation as an 508 immunogen to gauge its abilities to induce gl-bNAb lineages and the specificity with 509 which it does so. In all likelihood, it will need then to be combined with carefully 510 designed boosting immunogens to ensure that a broadly neutralizing antibody 511 response is appropriately shaped and productively matured. 512  513 

MATERIALS AND METHODS  514 

Construction of a BG505.T332N-LAI chimeric molecular clone 515 The molecular clone of LAI was used as the backbone (Peden et al., 1991). This clone 516 contains a unique Sal1 restriction site 434 nucleotides upstream of the env start codon 517 and a unique BamH1 site at the codons specifying amino acids G751 and S752 in LAI 518 gp160 (HxB2). A DNA fragment was synthesized containing the LAI sequences 519 between the Sal1 site and the env start codon, followed by the BG505.T332N env 520 sequences up to the BamH1 site (Genscript, Piscataway, NJ) and cloned into the LAI 521 molecular clone backbone using Sal1 and BamH1. The resulting molecular clone 522 encodes the complete BG505.T332N gp160 sequence, except for the C-terminal 106 523 amino acids of the cytoplasmic tail, which are derived from LAI gp160. The resulting 524 virus was able to infect TZM-bl cells and replicate in PBMCs (Data not shown). 525  526 

Neutralization assays 527 
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The virus neutralization activities of antibodies targeting the trimer apex were 528 assessed using the TZM-bl cell assay as described elsewhere (Sanders et al., 2015). 529 The PG9, PG16 and PGT145 bNAbs were tested at single concentrations of 5 µg/ml 530 (mature versions) and 50 µg/ml (germline versions). All experiments were performed 531 in triplicate. The assay endpoint (percentage neutralization) was calculated relative to 532 the extent of HIV-1 infection measured in the absence of antibody.  533 

 534 

Trimer expression and purification 535 Env proteins were expressed by transient transfection of adherent HEK293T cells 536 (incubated for 48h) or suspension FreeStyleTM 293F cells (Invitrogen) (incubated for 537 6 days), as described previously (Julien et al., 2013; Sanders et al., 2013). Env proteins 538 were purified from culture supernatants by PGT145-affinity chromatography (de 539 Taeye et al., 2015). Trimer cleavage and purity was assessed using SDS-PAGE and BN-540 PAGE analyses (Data not shown) (Sanders et al., 2013). 541 

 542 

Env trimer design and mutagenesis 543 To create the BG505 SOSIP.v4.1-GT1 trimer, 17 individual point substitutions and a 7 544 amino-acid deletion were introduced into the BG505 SOSIP.664 construct (see Fig. 1 545 

A, B) using the Quikchange site-directed mutagenesis kit (Agilent, Stratagene, Santa 546 Clara, CA). Specific epitope knock-out substitutions (D368R for VRC01 and 547 N137A/N332A/N301A/H330A for PGT121), as well as substitutions that removed the 548 N276 glycan and 7 amino acids from V2 (N276D/T278R/Δ7), were introduced using 549 the same method. His-tagged or D7324-tagged versions of the same or similar trimers 550 
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were also produced (de Taeye et al., 2015; Sanders et al., 2013). His- and D7324-551 tagged trimers were used in ELISA, His-tagged trimers in B-cell activation assays, and 552 SPR (see below), whereas NS-EM, DSC, and crystallography studies were performed 553 with non-tagged trimers. The presence or absence of these epitope tags does not 554 influence the structure of the trimer (Sanders et al., 2013). The purities of trimers 555 were assessed using BN- and SDS-PAGE followed by staining with Coomassie blue as 556 described previously (data not shown)(Sanders et al., 2013). The biochemical and 557 biophysical assays for Env trimer characterization have all been published elsewhere 558 (de Taeye et al., 2015). 559  560 

ELISA for trimer antigenicity  561 We adapted an ELISA protocol as previously described (Derking et al., 2015). Briefly, 562 His-tagged trimers, either pure (3.5 μg/ml in TBS buffer) or in unpurified HEK293T 563 cell culture supernatant (His- and D7324-tagged) (supplemental information), were 564 immobilized (100 μl/well) for 2 h on 96-well Ni-NTA ELISA plates (Qiagen) or 96-well 565 ELISA plates coated overnight with D7324 antibody (Aalto Bioreagents, Dublin, 566 Ireland). After washing away excess protein with TBS, the wells were blocked for 30 567 min with Casein/TBS (Thermo Scientific, 37532). Serial dilutions of each antibody 568 were prepared in Casein/TBS at a starting concentration of 1 μg/ml and added to the 569 plate (100 μl/well) (for lower affinity Abs, the starting concentration was 50 μg/ml). 570 The dilution factor for all antibodies was 1:3 except for gl-CH103 which was 1:2. 571 Excess antibody was washed away after 2h and anti-human horseradish peroxidase 572 
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(HRP)-conjugated antibody (diluted in Casein/TBS 1:3000) added for 45 min before 573 binding was quantified. All steps were carried out at room temperature (RT).  574  575 

Analysis of total N-glycan profile by HILIC-UPLC 576 N-linked glycans were enzymatically released by in-gel PNGase F digestion from 577 trimers resolved by non-reducing SDS-PAGE. The released glycans were fluorescently 578 labelled with 2-aminobenzoic acid (2-AA) and analyzed as previously described 579 (Pritchard et al., 2015).  580  581 

B cell activation assays 582 DG75 B cells were transfected by electroporation with a plasmid expressing the 583 mature VRC01 IgG BCR. After 24h, the cells were loaded with Fluo-4 direct Ca2+ 584 indicator dye and then stained with an anti-IgG antibody labeled with BV421 to 585 identify transduced cells. Baseline Fluo-4 fluorescence was measured for 30 s after 586 which the indicated recombinant Env proteins were added to a final concentration of 587 1 µM. Changes in Fluo-4 fluorescence were monitored for an additional 210 s. 588 Ionomycin was then added to a final concentration of 6.5 nM for an additional 60 s of 589 fluorescence monitoring. Maximum Fluo-4 fluorescence (MaxFL) was established by 590 averaging the fluorescence changes recorded during the last 10 s of monitoring. The 591 percent of maximum Fluo-4 fluorescence at each time point, t, was determined using 592 the formula: (Fluorescence at t-MinFL)/(MaxFL-MinFL) x 100. This analysis was 593 performed on both transfected and untransfected cells simultaneously. The 594 background Fluo-4 fluorescence signal from the BCR-negative cells was subtracted 595 
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from that of the BCR-positive population at each time point. The same analysis was 596 performed for DG75 B cells stably transduced to express the gl-VRC01 BCR (McGuire 597 et al., 2016).  598  599 

Differential scanning calorimetry  600 Differential scanning calorimetry (DSC) was used to determine the thermostability of 601 purified trimers, as described previously (de Taeye et al., 2015; Pugach et al., 2015).  602  603 

Surface Plasmon Resonance  604 Surface Plasmon Resonance (SPR) was performed as previously described with 605 immobilized His-tagged trimers and antibodies (IgG) as the analytes; binding 606 parameters were derived by applying a bivalent model (Yasmeen et al., 2014). The 607 bivalent model dissects the initial monovalent from the subsequent bivalent binding, 608 as previously validated by comparing IgG with Fabs and trimers at different densities 609 (Yasmeen et al., 2014). Here we used the standard level of trimer immobilization, RL = 610 500 RU, which falls in the range of trimer densities on virions that have been 611 estimated and typically gives a low degree of bivalency (Klein and Bjorkman, 2010; 612 Yasmeen et al., 2014). Overall, the bivalent component reproducibly represented a 613 minority of the binding events. Here, we converted the units of the bivalent constants 614 

kon2 and Kd2 from (1/RUs)) and (RU) to (1/Ms) and (nM), by taking into account the 615 reaction volume on the SPR chip and the specific signal per mass unit of analyte. These 616 considerations give the formula 1 1/(RUs) ~ 100 . MA 1/(Ms), where MA is the molar 617 mass of the analyte, as described (Karlsson et al., 1995). Although this conversion 618 
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conveniently confers the same dimension to the mono- and bivalent on-rate constants, 619 it should be born in mind that the unoccupied paratopes do not diffuse freely and 620 their local concentrations in relation to the epitope-presenting trimers immobilized to 621 dextran remain unknown. Therefore, the constants for bi- and monovalent binding are 622 not directly comparable in spite of the conversion. Nevertheless, the Kd1 values were 623 lower than the Kd2 values in all cases but one: BG505 SOSIP.664 and mature PG16 624 antibody, for which the two constants were similar (52 vs. 30 nM). A strong bivalent 625 contribution to the binding would manifest itself as substantially lower Kd2 than Kd1 626 values. The low degree of bivalency was also evident from comparisons that do not 627 depend on the above conversion: component analyses of each binding cycle modeled 628 bivalently and a comparison of the T values, indicating significance of the fitted 629 parameter, for the kon1 and kon2 values (the off-rate constants being less amenable to 630 comparison since koff1 was frequently below detection. The T values for kon1 were 631 consistently >10 with a minimum = 63; the T value for kon2 was <10 in ~25% of the 632 cases; the minimum = 3.1. Such weak bivalency is to be expected at a trimer density 633 that is in the range of what occurs on virion surfaces (Klein and Bjorkman, 2010). We 634 therefore conclude that the kinetic and stoichiometric measurements that we 635 obtained for the monovalent paratope-epitope interaction were largely unaffected by 636 the highly limited propensity for bivalent interaction, in line with previous 637 comparisons of Fab with IgG binding and the Langmuir with bivalent modeling 638 (Yasmeen et al., 2014). 639 An advantage of using IgG rather than Fabs, apart from obviating the need for 640 Fab production and purification of all antibodies, is a stronger signal through the 3-641 
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fold greater mass, allowing detection of weak gl-bNAb binding. Furthermore, the use 642 of IgG incorporates unusual allosteric effects transmitted from the Fc portion to the 643 paratope (Crespillo et al., 2014), manifestations of asymmetries in the IgG molecules 644 (Saphire et al., 2002), and reduction in epitope accessibility on immobilized trimers by 645 the bulk of the IgG molecule (Labrijn et al., 2003).  646  647 

Negative-stain electron microscopy 648 Negative-stain electron microscopy (NS-EM) assessed Env trimer morphology 649 following previously described procedures (de Taeye et al., 2015; Pugach et al., 2015; 650 Sanders et al., 2013). 651  652 

Mice and immunizations 653 The glH-PGT121 mice (carrying the Ig V(D)J genes encoding the germline IgH) were 654 produced by gene targeting Albino B6 (B6 (Cg)-Tyrc-2J/J) embryonic stem cells. The 655 amino acid sequence of the heavy chain of gl-PGT121 (Table S1) was previously 656 described (Escolano et al., 2016). The constant regions of IgH as well as the IgL 657 diversity remain of mouse origin. The targeting vectors for IgH contained homologous 658 regions flanking mouse D4-1 and J4. Recombination results in the deletion of the 659 endogenous D4-1 and Js thereby minimizing rearrangement of the locus (Pelanda et 660 al., 1997; Shih et al., 2002). The glH-VRC01 knock-in mice have been described 661 elsewhere (Jardine et al., 2015). 662 Two and three independent experiments were performed using the glH-VRC01 663 and glH-PGT121 mice, respectively. Mice were immunized three times every 2-4 664 
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weeks intraperitoneally (i.p.) with 10µg of protein in Ribi adjuvant (Sigma-Aldrich). 665 Serum samples were collected two weeks after the third immunization. All animal 666 procedures were performed in accordance to protocols approved by The Scripps 667 Research Institute (VRC01 mice) or The Rockefeller University (all other mice) 668 IACUCs. 669  670 

ELISA for anti-trimer antibodies in mouse sera 671 ELISAs to measure serum responses to the BG505 SOSIP variants were adapted from 672 elsewhere (Derking et al., 2015; Dosenovic et al., 2015; Yasmeen et al., 2014). In brief, 673 His-tagged antigen was captured by using Ni-NTA ELISA plates (Qiagen) or, 674 alternatively, with an anti-His6-tag antibody (Abcam). Plates coated overnight with 675 anti-His6-tag antibody were washed six times (PBS with 0.05% Tween 20 [Sigma-676 Aldrich] or TBS) and blocked in blocking buffer (1xPBS with 1% milk) for 1h at RT. 677 Immediately after blocking (n.b., no blocking for Ni-NTA plates), His-tagged GT1, 678 SOSIP.v4.1 or SOSIP.664 trimer (or mutants thereof) were added at 3.5µg/ml in TBS 679 (or 2µg/ml diluted in PBS with 1% fetal bovine serum and 0.2% Tween20 for antigens 680 captured with the anti-His6 antibody) to all the wells and incubated at RT for 1 or 2 h. 681 Plates were then washed and blocked for 1 h at RT. After blocking, serum samples 682 were added in PBS with 1% fetal bovine serum and 0.2% Tween20 (for antigens 683 captured with the anti-His6 antibody) or 2% skim milk in TBS supplemented with 684 20% sheep serum [Biotrading] for the Ni-NTA plates) and incubated for 2 h at 37°C. 685 Sera were added at 1:100 starting dilution. Seven additional three-fold serial dilutions 686 were made. Plates were washed and incubated for 1.5 h at 37°C with an HRP-anti-687 
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mouse IgG antibody (Jackson Laboratories) (in PBS with 0.05% Tween 20 or 2% skim 688 milk in TBS) at a 1:5000 dilution. Plates were developed by addition of the HRP 689 substrate, ABTS (Life Technologies) and absorbance was measured with an ELISA 690 microplate reader (at 405nm in a FluoStar Omega [BMG Labtech] or at 450nm in a 691 Spectrostar nano [BMG Labtech]). 692  693 

Expression and purification of proteins for x-ray crystallographic studies 694 The 9H+109L and 35O22 Fabs were produced by transient transfection of FreeStyleTM 695 293F cells and purified by affinity chromatography using CaptureSelect LC lambda 696 (ThermoFisher Scientific) followed by cation exchange and size exclusion 697 chromatography (SEC) on a Superdex 200 16/60 column (GE Healthcare). The BG505 698 SOSIP.v4.1-GT1-N137A construct was cloned into a phMCV3 vector, expressed in 699 FreeStyleTM 293S cells (incubated for 6 days), and trimers purified by 2G12-affinity 700 chromatography followed by SEC. The purities of trimers and Fabs were assessed 701 using SDS-PAGE followed by staining with Coomassie blue as described previously 702 (Sanders et al., 2013). 703  704 

Crystallization and data collection 705 Multiple combinations of Fabs and BG505 SOSIP.v4.1-GT1 trimers (including the 706 substitution N137A) were assessed for complex formation in crystallization trials. 707 Generally, Fabs and trimers were mixed in a 3.2:1 molar ratio, To increase the 708 homogeneity of trimer:ligand complexes, a deglycosylation procedure was performed 709 as described previously (Garces et al., 2015), followed by further SEC purification. 710 
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To facilitate crystal packing, the GT1 trimer was complexed with Fab 35O22 711 and Fabs from the PGT121 family, including 9H+109L and 3H+109L (Garces et al., 712 2015; Pancera et al., 2014). Samples of SEC-purified ternary complexes were 713 concentrated to ~12 mg/ml and screened against 480 crystallization conditions at 4 714 °C using a robotic Rigaku CrystalMation system. The most successful combination, 715 SOSIP.v4.1-GT1 in complex with Fabs 9H+109L and 35O22, was initially crystallized 716 in JCSG Core II Suite (Qiagen) condition E12 (0.2M sodium chloride, 0.1M sodium 717 acetate, 40% PEG 300, pH 4.5) and, after further optimization, crystals for data 718 collection were grown in 0.2 M sodium chloride, 34% (v/v) PEG 300, and 0.1 M 719 sodium acetate, pH 4.5. Crystals were flash cooled in liquid nitrogen using the well 720 solution as cryoprotectant and data were collected at APS beamline 23-ID-D. Despite 721 the best crystal producing a few strong reflections beyond 3.0 Å resolution, the final 722 dataset was processed with HKL-2000 (Otwinowski and Minor, 1997) to 3.2 Å with an 723 overall Rsym of 0.11 and 100% completeness in space group P63 with unit cell 724 parameters: a =b= 128.0 Å, c = 316.1 Å (Table S8) (Weiss and Hilgenfeld, 1997). 725  726 

Structure determination and refinement 727 The structure was solved by molecular replacement with Phaser (Adams et al., 2010) 728 using the BG505 SOSIP.664 structure in complex with 3H+109L and 35O22 (PDB 729 ID:5CEZ) as the search model. Model building was carried out using Coot (Emsley and 730 Cowtan, 2004) and refinement with phenix.refine (Adams et al., 2010) using reference 731 model restraints calculated from structures of BG505 SOSIP.664 with 3H+109L and 732 35O22 (PDB ID:5CEZ) and 35O22 (PDB ID: 4TOY). The final Rcryst and Rfree values were 733 
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27.2% and 28.5% (Table S8). The Fab residues were numbered according to Kabat 734 (Kabat et al., 1991) and gp120 and gp41 residues using HxB2 numbering. 735 Ramachandran statistics were calculated using MolProbity (Chen et al., 2010).     736  737 

Data processing and statistical analysis 738 The Geneious 9.0.4 and MacVector 14.0.3 programs were used for sequence analysis. 739 Flow cytometry data was processed using FlowJo 10.0.7. GraphPad Prism 6.0f was 740 used for data and statistical analysis by one-way ANOVA and the Tukey multi 741 comparison test. Data were considered statistically significant at *p ≤ 0.05. 742  743 

ACCESSION NUMBERS 744 Env sequence data for isolates H19463, H18969 and H19792 are available at GenBank 745 (www.ncbi.nlm.nih.gov/GenBank), with accession numbers JF910186, EU744055 and 746 JF910175. The coordinates and structure factors of the BG505 SOSIP.v4.1-GT1 trimer 747 crystal structure with Fabs 35O22 and 9H+109L are being deposited in the PDB with 748 accession number XXXX and will be available immediately upon publication. 749 

 750 

Online supplemental material 751 Fig. S1 shows representative ELISA binding curves to multiple BG505 SOSIP trimer 752 variants using a panel of mature bNAbs and gl-bNAbs. Figs. S2 and S3 show SPR 753 analysis of binding of bNAbs, gl-bNAbs and non-NAbs to three versions of BG505 754 SOSIP trimers. Fig. S4 shows structural analysis of bNAb precursor engagement to 755 BG505 SOSIP.v4.1-GT1-N137A. Fig. S5 shows representative ELISA binding curves to 756 
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multiple BG505 SOSIP variants using sera derived from immunization of glH-VRC01 757 and glH-PGT121 knock-in mice. Table S1 lists the heavy and light chain sequences of 758 the gl-bNAbs used in this study. Table S2 shows the analysis of gl-bNAb neutralization 759 sensitivity of a panel of viruses. Tables S3 to S5 shows the relative binding capacity of 760 a panel of three gl-bNAbs and two bNAbs to BG505 SOSIP trimer variants. Table S6 761 shows the percentage of Man5-9GlcNAc2 glycans (M5-M9) in three BG505 SOSIP trimer 762 variants. Table S7 shows the SPR analysis of a panel of mature bNAbs and gl-bNAbs to 763 BG505 SOSIP trimer variants. Table S8 shows the X-ray data collection and refinement 764 statistics.  765  766  767 
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 Figures legends 1197 

Figure 1. Design and biophysical properties of a germline-targeting SOSIP 1198 

trimer. (A) Schematic of the BG505 SOSIP.v.4.1-GT1 construct (also referred to as 1199 GT1 trimer). The constant (C1 to C5) and variable (V1 to V5) regions in gp120 and the 1200 HR1 and HR2 regions in gp41 are indicated. The SOSIP mutations as well as the added 1201 N332 PNGS are shown in red. The E64K and A316W stabilizing mutations introduced 1202 to the SOSIP.664 construct to create SOSIP.v4.1 are indicated in blue. The mutations 1203 then introduced to SOSIP.v4.1 to induce gl-bNAb binding are indicated in green. The 1204 approximate position of a 7 amino-acid deletion is indicated with magenta arrows and 1205 a white dashed line. The glycan composition is adapted from Behrens et al. (2015). (B) 1206 Overview of the 18 changes introduced to BG505 SOSIP.664 to obtain SOSIP.v4.1-GT1. 1207 (C) NS-EM analyses of the GT1 trimer purified by PGT145. The 2D class averages are 1208 shown. Based on loop-movement, compactness and angles between individual 1209 protomers, the trimers are classified as closed native-like, partially open native-like, 1210 or non-native (Pugach et al., 2015). The proportion of each class is indicated. (D) DSC 1211 analysis of the GT1 trimer purified with PGT145. The Tm value is indicated. (E) Glycan 1212 profiles of PGT145-purified trimer variants as determined by HILIC-UPLC. The 1213 percentages of Man5-9GlcNAc2 glycans (M5-M9; shown in green), as a proportion of 1214 the total glycan population, are listed in Table S6.  1215  1216 

 1217 

 1218 
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Figure 2. Antigenicity of the BG505 SOSIP.v4.1-GT1 trimer with a panel of bNAbs 1219 

and gl-bNAbs. (A) Binding of bNAbs and gl-bNAbs to different SOSIP trimers was 1220 assessed by capture ELISA. Half maximal binding concentrations (EC50, in μg/ml) are 1221 shown and ranges in ng/ml are color-coded. (B) Representative binding SPR curves of 1222 the binding of PG16 and VRC01 mature and germline versions to SOSIP.v4.1 and 1223 SOSIP.v4.1-GT1. The sensorgrams show the response (RU) over time (seconds). The 1224 association phase is 300s and the dissociation is followed over 600s. Curves for 1225 concentration ranges (see inset) are shown in color with the modeled fits in black 1226 overlaid with the corresponding dissociation constant (Kd = Kd1 for the monovalent 1227 initial interaction, see Table S7). SPR experiments were performed at least 3 times 1228 independently. 1229 

 1230 

Figure 3. Overall architecture of BG505 SOSIP.v4.1-GT1-N137A at 3.2 Å. (A) Left, 1231 side view of the trimer in complex with 9H+109L and 35O22 Fabs. The three 1232 protomers of the trimer complex are depicted as a surface representation (front left), 1233 spheres (back) and ribbon (front right) the latter with gp41 (in cyan) and gp120 (in 1234 blue). Each Env protomer (blue) is associated with one Fab 9H+109L (brown) and one 1235 Fab 35O22 (yellow). Glycans are shown in red sticks. Right, structural alignment of 1236 one protomer (ribbon) from BG505 SOSIP.v4.1-GT1-N137A at 3.2 Å (gp120 in blue 1237 and gp41 in cyan) superimposed on one protomer of BG505 SOSIP.664-N137A (gray, 1238 PDB 5CEZ). The root mean square deviation is indicated and N-linked glycans are 1239 shown and numbered by their respective Asn residues. (B) Ribbon representation of 1240 one protomer illustrating the mutations introduced to SOSIP.v4.1-GT1 to improve 1241 
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stability and enhance gl-bNAb-binding. (C) Zoomed in 180° views of the apex region. 1242 Mutations are indicated with arrows and the side chains are represented as sticks. 1243 The asterisk indicates the location of the truncated V2 loop after the 7-amino acid 1244 deletion. (D) Detailed view of the V3 showing the A316W substitution with a 2Fo-Fc 1245 electron density map contoured at 1.0σ.  1246 

 1247 

Figure 4. Structural mechanism of germline engagement. (A) Model of the 1248 interaction between PG9 HCDR3 (red) and V1V2 epitope of BG505 SOSIP.v4.1-GT1-1249 N137A (blue). Relevant amino-acid positions are indicated and side chains are shown 1250 as blue sticks for Env and red sticks for HCDR3. Predicted interactions (<4 Å) between 1251 side chains are indicated with black dashed lines. (B) Model of interaction between 1252 the light chain of gl-VRC01 (green) and the loop D of SOSIP.v4.1-GT1-N137A (blue). 1253 Predicted interactions (<4 Å) between side chains are indicated with black dashed 1254 lines. The D462 residue, a substitution made to delete a possible obstructing glycan, is 1255 shown in the background (surface red). An intra-protomer H-bond (<4 Å) between 1256 T455 and S471 is indicated with black dashed lines. (C) Interaction between gl-VRC01 1257 and the CD4bs, modeled in two different views. The positions of three PNGS in BG505 1258 are indicated with spheres and their likely clashes with gl-VRCO1 light chain by red 1259 explosion shapes.  1260 

 1261 

Figure 5. BG505 SOSIP.v4.1-GT1 initiates antibody responses in knock-in mice 1262 

expressing the predicted germlines of VRC01 and PGT121 bNAbs. (A) Calcium 1263 flux in B cells expressing either gl-VRC01 (left) or VRC01 (right) as a B-cell receptor, 1264 
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stimulated with the indicated trimers at a 1 μM final concentration. In this and the 1265 subsequent panels, all of the trimers used as immunogens and ELISA antigens were of 1266 the BG505 genotype. (B) Endpoint antibody binding titers in sera from glH-VRC01 1267 mice immunized thrice with either SOSIP.v4.1-GT1 (left), SOSIP.v4.1 (center) or 1268 SOSIP.664 (right) trimers, measured against the indicated His-tagged BG505 trimer 1269 variants by ELISA. The median titers are indicated by the black line. Statistically 1270 significant differences are indicated by asterisks (*, P≤0.05; **, P≤0.01; Wilcoxon 1271 matched-pairs signed rank test). The ELISA curves can be found in Fig. S5A. (C) 1272 Antibody specificity determinations. For each mouse, the area under the curve (Fig. 1273 S8) for a given gl-VRC01 epitope knock-out trimer (SOSIP.v4.1-D368R or SOSIP.v4.1-1274 GT1-D368R) was subtracted from the area under the curve obtained with the 1275 corresponding unmodified trimer (i.e. SOSIP.v4.1 or SOSIP.v4.1-GT1). The resulting 1276 “area above knock-out (KO)” values are plotted as bars. The ELISA curves used for the 1277 area under the curve analyses can be found in Fig S5A. The method has been 1278 described before . The mean and standard error of the mean (SEM) are indicated. 1279 Statistically significant differences are indicated by asterisks (*, P≤0.05; Wilcoxon 1280 matched-pairs signed rank test). (D) Endpoint antibody binding titers in sera from 1281 glH-PGT121 mice immunized thrice with either SOSIP.v4.1-GT1 (left) or SOSIP.v4.1 1282 (right) trimers, measured against the indicated His-tagged BG505 trimer variants by 1283 ELISA. The median titers are indicated by the black line. Statistically significant 1284 differences are indicated by asterisks (*, P≤0.05; Wilcoxon matched-pairs signed rank 1285 test). The ELISA curves can be found in Fig. S5B. (E) Antibody specificity 1286 determinations. For each mouse, the area under the curve for the PGT121 epitope 1287 
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knock-out trimer (SOSIP.v4.1-GT1-N137A/N332A/N301A/H330A) was subtracted 1288 from the area under the curve obtained with the unmodified trimer (i.e. SOSIP.v4.1-1289 GT1). The resulting “area above knock-out (KO)” values are plotted as bars. The ELISA 1290 curves used for the area under the curve analyses can be found in Fig S5B. The mean 1291 and standard error of the mean (SEM) are indicated. Statistically significant 1292 differences are indicated by asterisks (*, P≤0.05; Wilcoxon matched-pairs signed rank 1293 test). 1294 

 1295 

Figure S1. Related to Figure 2A and 5B-E. Antigenicity of BG505 SOSIP.v4.1 and SOSIP.v4.1-GT1 1296 
trimers and analyses of epitope knock-out trimer mutants by ELISA. The representative ELISA binding 1297 
curves were derived using a panel of (A) mature bNAbs and (B) gl-bNAbs. The dilution factor for all 1298 
antibodies was 1:3 except for gl-CH103 for which the dilution factor used was 1:2. (C) Binding of 2G12 1299 
(left), VRC01 (middle), and gl-VRC01 (right) to the trimer variants used for the analyses in Fig. 5. The 1300 
overlapping 2G12 titration curves indicate that equivalent amounts of the various trimers (3.5ug/mL) were 1301 
captured onto the ELISA wells. Binding of the mature VRC01 bNAb was reduced ~10 fold when the D368R 1302 
substitution was introduced into the SOSIP.v4.1 trimer, but was not affected when the same D368R 1303 
substitution was made in the SOSIP.v4.1-GT1 context. A possible explanation is that the loss of the antibody-1304 
trimer contact caused by the D368R change is compensated by other substitutions in and around the CD4bs of 1305 
the GT1 trimer that are not present in SOSIP.v4.1. The gl-VRCO1 bNAb precursor did not bind the 1306 
SOSIP.v4.1 trimer, but did bind the engineered GT1 variant. However, gl-VRC01 binding was no longer 1307 
detectable when the D368R change was introduced into the GT1 construct. The gl-VRC01 antibody also 1308 
bound the SOSIP.v4.1-N276D/T278R/Δ7 trimer mutant that lacked the N276 glycan and 7 amino acids in V2, 1309 
albeit less well than the GT1 trimer. (B) Binding of 2G12 (left), PGT121 (middle), and gl-PGT121 (right) to 1310 
the SOSIP.v4.1-GT1 trimer and the SOSIP.v4.1-GT1-N137A/N332A/N301A/H330A PGT121 epitope knock-1311 
out mutant. Although the four substitutions cause a partial reduction in 2G12 reactivity, PGT121 binding to 1312 
the GT1 trimer is completely eliminated. The gl-PGT121 precursor does not bind to either the GT1 trimer or 1313 
the quadruple mutant.  1314 
  1315 

 1316 
Figure S2. Related to Figure 2B and Table S7. SPR analysis of binding of a panel of 6 bNAbs and their 1317 
corresponding germline versions to three versions of BG505 SOSIP trimers. The antibodies tested bind to 1318 
a variety of epitopes (apex, CD4bs, N332/V3). The sensorgrams show the response (RU) over time (s). The 1319 
association phase was 300s and dissociation was followed over 900s. Curves for concentration ranges (see 1320 
inset) are shown in color. 1321 
 1322 
 1323 
Figure S3. Related to Figure 2B. Antibody binding to Env trimers. SPR analysis of the binding of gl-1324 
VRC01, b6 and F105 to three versions of BG505 SOSIP trimers. The sensorgrams show the response 1325 
(RU) over time (s). The association phase was 300s and dissociation was followed over 900s. The colored 1326 
curves show the responses obtained at a concentration of 500nM of each antibody. 1327 

Figure S4. Related to Figures 3 and 4. Analysis of the 3H+109L and 9H+109L epitopes on the BG505 1328 
Env trimer and comparison of signature VRC01-class contacts in gl-bNAb Env complexes. (A) 1329 



 59

Superimposition of the crystal structure of Fab 9H+109L-BG505 SOSIP.v4.1-GT1-N137A complex with the 1330 
Fab 3H+109L-BG505 SOSIP.664-N137A complex. The antibodies (putative heavy-chain precursors of the 1331 
PGT121 family) and Env trimer are depicted as colored tubes while the glycans are shown as ball-and-sticks. 1332 
(B) Expanded view of the 3H+109L and 9H+109L epitopes. The V1 region is highlighted by coloring Ala137 1333 
in yellow, and the GDIR motif in the V3 region is in red. Heavy chain (HC) (C) and light chain (LC) (D and 1334 
E) contacts of gl-NIH45-46 with 426c.TM1∆V1-3 (PDB code 5IGX) and gl-VRC01 with eOD-GT6 (PDB 1335 
code 4JPK) superimposed onto the structure of BG505 SOSIP.v4.1-GT1-N137A. Protein backbones are 1336 
shown as Cα traces, key interacting residues are shown in stick representations (red, oxygen; blue, nitrogen), 1337 
and yellow dashed lines indicate putative hydrogen bonds (distance < 4 Å). Antibody: orange, gl-NIH45-46 1338 
HC; magenta, gl-NIH45-46 LC; yellow, gl-VRC01 HC; green, gl-VRC01 LC. gp120: blue, BG505 1339 
SOSIP.v4.1-GT1; light blue, 426c.TM1∆V1-3. Panels A and C are based on similar figures in Scharf et al., 1340 
2016.  1341 

 1342 

Figure S5. Related to Figure 5B-E. Env trimer binding of sera derived from immunization of glH-1343 
VRC01 and glH-PGT121 knock-in mice with different SOSIP trimers. (A) Sera (post-immunization 3) 1344 
from glH-VRC01 knock-in mice immunized with BG505 SOSIP.v4.1-GT1 (left), SOSIP.v4.1 (middle) or 1345 
SOSIP.664 (right) trimers were titrated against the indicated trimers by ELISA. The sera were serially diluted 1346 
in three-fold steps, starting from a 1:100 dilution. (B) Sera (post-immunization 3) from glH-PGT121 knock-in 1347 
mice immunized with BG505 SOSIP.v4.1-GT1 (left and middle) or SOSIP.v4.1 (right) trimers were titrated 1348 
against the indicated trimers by ELISA. The sera were serially diluted in three-fold steps, starting from a 1349 
1:100 dilution. 1350 

 1351 

Figure S5. (continued) 1352 

 1353 

Table S1. Related to Figs. 2, 5A, F (left panel), S3B and S7 and Tables S3-S5. Heavy and light chain 1354 
sequences of the gl-bNAbs used in this study. 1355 
 1356 

Table S2. Related to Figure 1A, B. Neutralization sensitivity of a panel of viruses to the inferred 1357 
germline versions of PG9, PG16 and PGT145. The TZM-bl cell assay was used to determine the percentage 1358 
of neutralization at the maximum concentration of antibody. The ACS viruses are clinical isolates, BL035 and 1359 
Q23 are Env-pseudotyped viruses and BG505 is a molecular clone (see SI Methods). The neutralization 1360 
assays were performed in triplicate. The mean values, with standard deviations, are shown and ranged by 1361 
color as indicated. The V2 sequence column shows the relevant sequences of residues 156 to 196 (HxB2 1362 
numbering system). The BG505 SOSIP.v4.1-GT1 sequence is indicated by the black arrow, the changes are 1363 
highlighted in dark grey boxes/white characters, and the 7 amino-acid deletion is indicated by the gray 1364 
shading over the dashed line. The origins of those changes are indicated by dashed boxes. The R178K change 1365 
that was taken from elsewhere (Aussedat et al., 2013)   is indicated with a shade of gray. 1366 
 1367 

Table S3. Related to Figure 1B. Relative binding of a panel of three gl-bNAbs and two bNAbs to BG505 1368 
SOSIP.664 variants in a D7324-capture ELISA using supernatants from transfected HEK293T cells. 1369 
 1370 

Table S4. Related to Figure 1B. Relative binding of panel of three gl-bNAbs and two bNAbs to BG505 1371 
SOSIP.664 variants in a Ni-NTA/His-tag capture ELISA using supernatants from transfected 1372 
HEK293T cells. 1373 



 60

Table S5. Related to Figure 1B. Relative binding of panel of three gl-bNAbs and two bNAbs to BG505 1374 
SOSIP.664 variants by Ni-NTA/His-tag capture ELISA using affinity chromatography purified 1375 
trimers. 1376 

Table S6. Related to Figure 1E. Percentage of Man5-9GlcNAc2 glycans (M5-M9) as the proportion of the 1377 
total glycan population. 1378 
 1379 

Table S7. Related to Figure 2B. SPR analysis of the mature and germline versions of a panel of bNAbs 1380 
to SOSIP.664 trimer variants. 1381 
 1382 

Table S8. Related to Figs. 3 and 4. X-ray data collection and refinement statistics. 1383 

 1384 

 1385 

 1386  1387 
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Mutation Function Reference 

E64K Stabilization by reduction of CD4-induced epitopes de Taeye et al., 2015 

A316W Stabilization by reduction of V3 loop exposure de Taeye et al., 2015 

K169R Enhancement of electrostatic interaction with TyrH100G of PG9
b
 Figure 4A  

Y173H H-bond with TyrH100K of PG9
 b
 Figure 4A 

S174A Not determined  Table S2 

R178K Not determined Aussedat et al., 2013  

V181I Not determined Table S2 

Q183P Potential V2 stabilization by loss of conformational entropy Table S2 

G188N Not determined Table S2 

N189T Not determined Table S2 

E190S Not determined Table S2 

∆RSNNSNK
a
 Potential V2 stabilization by reduction of flexibility  Table S2/Figure 3C 

S199A Removal of a N-glycan that clashes with the HCDR2 of V1-2*02  Figure 4C  

N276D Removal of a N-glycan that clashes with LCDR3 of VRC01-class antibodies Figure 4C 

T278R Induction of one H-bond with residue S
L28

 of KV3-11*01   Figure 4B 

N386D Removal of a N-glycan with undetermined mechanism Figure 4C 

N462D Removal of a N-glycan that clashes with FR1 of KV3-11*01 Figure 4C 

G471S Induction of an extra H-bond within loop D
c
 Figure 4B 

a
 Deletion of seven amino acids between the residues 185e and 190 of BG505.W6M.ENV.C2 (DQ208458.1) 

(HxB2 numbering) 
b
 in silico modeled interaction. 

c
 G471S induces a minor gl-PGV19 signal increase on ELISA when combined with a double mutation 

N276D.N462D (Tables S3 and S4). 
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Supplemental Tables  

  

Table S1. Related to Figs. 2, 5A, F (left panel), S3B and S7 and Tables S3-S5. Heavy and light chain  
sequences of the gl-bNAbs used in this study.  PG  VH reverted QVQLVESGGGVVQPGRSLRLSCAASGFTFSSYGMHWVRQAPGKGLEWVAVISYDGSNKYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAREAGGPDYRNGYNYYDFWSGYYTYYYMDVWGKGTTVTVSS VL reverted QSALTQPASVSGSPGQSITISCTGTSSDVGGYNYVSWYQQHPGKAPKLMIYEVSNRPSGVSNRFSGSKSGNTASLTISGLQAEDEADYYCSSYTSSSTLVFGGGTKLTVL PG  VH reverted QVQLVESGGGVVQPGRSLRLSCAASGFTFSSYGMHWVRQAPGKGLEWVAVISYDGSNKYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAREAGGPIWHDDVKYYDFNDGYYNYHYMDVWGKGTTVTVSSVL reverted QSALTQPASVSGSPGQSITISCTGTSSDVGGYNYVSWYQQHPGKAPKLMIYEVSNRPSGVSNRFSGSKSGNTASLTISGLQAEDEADYYCSSYTSSSTLIFGGGTKVTVL PG  VH reverted QVQLVQSGAEVKKPGASVKVSCKASGYTFTSYDINWVRQATGQGLEWMGWMNPNSGNTGYAQKFQGRVTMTRNTSISTAYMELSSLRSEDTAVYYCARGSKHRLRDYFLYNEYGPNYEEWGDYLATLDVWGQGTMVTVSS VL reverted DIVMTQSPLSLPVTPGEPASISCRSSQSLLHSNGYNYLDWYLQKPGQSPQLLIYLGSNRASGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCMQALQTPWTFGQGTKVEIK 
CH  VH reverted EVQLVESGGGVVRPGGSLRLSCAASGFTFDDYGMSWVRQAPGKGLEWVSGINWNGGSTGYADSVKGRFTISRDNAKNSLYLQMNSLRAEDTALYYCARGTDYTIDDQGIRYQGSGTFWYFDLWGRGTLVTVSS VL reverted EIVLTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGQAPRLLIYGASSRATGIPDRFSGSGSGTDFTLTISRLEPEDFAVYYCQQYGSSPYTFGQGTKVEIK 
PGT  VH reverted* QVQLQESGPGLVKPSETLSLTCTVSGGSISSYYWSWIRQPPGKGLEWIGYIYYSGSTNYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARTQQGKRIYGVVSFGDYYYYYYMDVWGKGTTVTVSS VL reverted SYVLTQPPSVSVAPGQTARITCGGNNIGSKSVHWYQQKPGQAPVLVVYDDSDRPSGIPERFSGSNSGNTATLTISRVEAGDEADYYCQVWDSSSDHPWVFGGGTKLTVL 

NC  VH reverted QVQLVQSGAEVKKPGASVKVSCKASGYTFTSYYMHWVRQAPGQGLEWMGIINPSGGSTSYAQKFQGRVTMTRDTSTSTVYMELSSLRSEDTAVYYCAREDSDFHDGHGHTLRGMFDYWGQGTLVTVSS VL reverted QSVLTQPPSASGTPGQRVTISCSGSSSNIGSNYVYWYQQLPGTAPKLLIYRNNQRPSGVPDRFSGSKSGTSASLAISGLRSEDEADYYCAAWDDSLSGPVFGGGTKLTVL 
VRC  VH reverted* QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQGLEWMGWINPNSGGTNYAQKFQGRVTMTRDTSISTAYMELSRLRSDDTAVYYCARGKNSDYNWDFQHWGQGTLVTVSS VL reverted EIVLTQSPATLSLSPGERATLSCRASQSVSSYLAWYQQKPGQAPRLLIYDASNRATGIPARFSGSGSGTDFTLTISSLEPEDFAVYYCQQYEFFGQGTKLEIK 

BNC  VH reverted QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQGLEWMGWINPNSGGTNYAQKFQGRVTMTRDTSISTAYMELSRLRSDDTAVYYCARERSDFWDFDLWGRGTLVTVSS VL reverted DIQMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQQKPGKAPKLLIYDASNLETGVPSRFSGSGSGTDFTFTISSLQPEDIATYYCQQYEFIGPGTKVDIK 
NIH -  VH reverted QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQGLEWMGWINPNSGGTNYAQKFQGRVTMTRDTSISTAYMELSRLRSDDTAVYYCARGKYCTARDYYNWDFQHWGQGTLVTVSS VL reverted EIVLTQSPATLSLSPGERATLSCRASQSVSSYLAWYQQKPGQAPRLLIYDASNRATGIPARFSGSGSGTDFTLTISSLEPEDFAVYYCQQYEFFGQGTKLEIK A  VH reverted QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQGLEWMGWINPNSGGTNYAQKFQGRVTMTRDTSISTAYMELSRLRSDDTAVYYCARDGSGDDTSWHFDPWGQGTLVTVSS VL reverted DIQMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQQKPGKAPKLLIYDASNLETGVPSRFSGSGSGTDFTFTISSLQPEDIATYYCAVLEFFGPGTKVEIKRTVAAPSV 
PGV  VH reverted QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQGLEWMGWINPNSGGTNYAQKFQGRVTMTRDTSISTAYMELSRLRSDDTAVYYCARMGAAREWDFQYWGQGTRVLVSS VL reverted ESALTQPASVSGSPGQSITISCTGTSSDVGGYNYVSWYQQHPGKAPKLMIYEVSNRPSGVSNRFSGSKSGNTASLTISGLQAEDEADYYCSSYEFFGGGTKLTVLGQ 
CH  VH reverted QVQLQESGPGLVKPSETLSLTCTVSGGSISSYYWSWIRQPPGKGLEWIGYIYYSGSTNYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCASLPRGQLVNAYFDYWGQGTLVTVSS VL reverted SYELTQPPSVSVSPGQTASITCSGDKLGDKYACWYQQKPGQSPVLVIYQDSKRPSGIPERFSGSNSGNTATLTISGTQAMDEADYYCQAWDSFSTFVFGTGTKVTVL 

BC  VH reverted QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQGLEWMGWINPNSGGTNYAQKFQGRVTMTRDTSISTAYMELSRLRSDDTAVYYCARPMRPVSHGIDYSGLFVFQFWGQGTMVTVSS VL reverted TGSVTQSALTQPASVSGSPGQSITISCTGTSSDVGSYNLVSWYQQHPGKAPKLMIYEVSKRPSGVSNRFSGSKSGNTASLTISGLQAEDEADYYCCSYANYDKLIFGGGTKLTVLSQPKAAPSVTLFPPS * The same sequences are used in the knock-in mice as in the binding studies  .  Sliepen et al.,   .  Pancera et al.,   .  Bonsignori et al.,   .  Escolano et al.,   .   Jardine et al.,   .  Dosenovic et al.,   .  Scharf et al.,   .  Liao et al.,           



 

 

Table S2. Related to Figure 1A, B. Neutralization sensitivity of a panel of viruses to the inferred germline versions of PG9, PG16 and PGT145. The TZM-bl cell assay  
was used to determine the percentage of neutralization at the maximum concentration of antibody. The ACS viruses are clinical isolates, BL035 and Q23 are Env-pseudotyped  
viruses and BG505 is a molecular clone (see SI Methods). The neutralization assays were performed in triplicate. The mean values, with standard deviations, are shown and  
ranged by color as indicated. The V2 sequence column shows the relevant sequences of residues 156 to 196 (HxB2 numbering system). The BG505 SOSIP.v4.1-GT1  
sequence is indicated by the black arrow, the changes are highlighted in dark grey boxes/white characters, and the 7 amino-acid deletion is indicated by the gray shading over  
the dashed line. The origins of those changes are indicated by dashed boxes. The R178K change that was taken from elsewhere (Aussedat et al., 2013)   is indicated with a  
shade of gray.  
  
(table attached)  
  



 

 

Table S3. Related to Figure 1B. Relative binding of a panel of three gl-bNAbs and two bNAbs to BG505  
SOSIP.664 variants in a D7324-capture ELISA using supernatants from transfected HEK293T cells.  
  

Modifications introduced to BG505 SOSIP.664 Germline4 Mature 

Stability2 V1V2-apex gl-bNAb  
Enhancement 

CD4bs gl-bNAb  
enhancement PG

9 

V
R

C
01

 

PG
V

19
 

2G
12

 

PG
T1

45
 

- - - - - - +++++ +++++

A316W - - - - - +++++ +++++

A316W E64K - - - - - +++++ +++++

A316W ΔRSNNSNK3 - + - - +++++ +++++

A316W ΔRSNNSNK3 N462D + - - +++++ +++++

A316W ΔRSNNSNK3 N276D + - +/- +++++ +++++

A316W ΔRSNNSNK3 N276D N462D + - + +++++ +++++

A316W E64K ΔRSNNSNK3 N276D N462D + - + +++++ +++++

A316W E64K ΔRSNNSNK3 N276D N462D G471S + - ++ +++++ +++++

A316W E64K ΔRSNNSNK3 N276D N462D N386D + - ++ +++++ +++++

A316W E64K ΔRSNNSNK3 N276D N462D T278R + + +++ +++++ +++++

A316W E64K ΔRSNNSNK3 N276D N462D T278R N386D G471S + ++ ++++ +++++ +++++

A316W E64K ΔRSNNSNK3 K169R Y173H S174A R178K V181I Q183P N276D N462D T278R N386D G471S S199A ++ +++ ++++ +++++ +++++

A316W E64K ΔRSNNSNK3 K169R Y173H S174A R178K V181I Q183P N276D N462D T278R N386D G471S S199A ++ +++ ++++ +++++ +++++

A316W E64K ΔRSNNSNK3 K169R Y173H S174A R178K V181I Q183P G188N 
N189T 190S N276D N462D T278R N386D G471S S199A ++++ ++++ ++++ +++++ +++++

1. Unpurified HEK293T cell culture supernatant.  
2. See de Taeye et al. (2015).  
3. Seven amino-acid deletion between residues 185e and 190 (HxB2 numbering).  
4. See Table S1.  
  
  

  

  

  

  

Table S4. Related to Figure 1B. Relative binding of panel of three gl-bNAbs and two bNAbs to BG505  
SOSIP.664 variants in a Ni-NTA/His-tag capture ELISA using supernatants from transfected HEK293T  
cells.  

Modifications introduced to BG505 SOSIP.664 Germline4 Mature 

Stability2 V1V2-apex gl-bNAb  
Enhancement 

CD4bs gl-bNAb  
enhancement PG

9 

V
R

C
01

 

PG
V

19
 

2G
12

 

PG
T1

45
 

- - - - - - +++++ +++++

A316W - - - - - +++++ +++++

A316W E64K - - - - - +++++ +++++

A316W E64K ΔRSNNSNK3 N276D N462D + - + +++++ +++++

A316W E64K ΔRSNNSNK3 N276D N462D G471S + - ++ +++++ +++++

A316W E64K ΔRSNNSNK3 N276D N462D N386D + - ++ +++++ +++++

A316W E64K ΔRSNNSNK3 N276D N462D T278R + ++ +++ +++++ +++++

A316W E64K ΔRSNNSNK3 K169R Y173H S174A R178K V181I Q183P G188N 
N189T 190S N276D N462D T278R N386D G471S S199A +++ ++++ ++++ +++++ +++++

1. Unpurified HEK293T cell culture supernatant.  
2. See de Taeye et al. (2015).  
3. Seven amino-acid deletion between residues 185e and 190 (HxB2 numbering).  
4. See Table S1.  
  



 

 

Table S5. Related to Figure 1B. Relative binding of panel of three gl-bNAbs and two bNAbs to BG505  
SOSIP.664 variants by Ni-NTA/His-tag capture ELISA using affinity chromatography purified trimers.  

Modifications introduced to BG505 SOSIP.664 Mermline4 Mature 

Stability2 V1V2-apex gl-bNAb  
Enhancement 

CD4bs gl-bNAb  
enhancement PG

9 

V
R

C
01

 

PG
V

19
 

2G
12

 

PG
T1

45
 

   ++ - - +++++ ++++ 

A316W - - ++ - - +++++ +++++

A316W E64K - - +++ - - +++++ +++++

A316W E64K ΔRSNNSNK1 N276D N462D +++ - ND +++++ +++++

A316W E64K ΔRSNNSNK1 N276D N462D G471S +++ + ND ++++ ++++ 

A316W E64K ΔRSNNSNK1 N276D N462D N386D +++ + ND ++++ ++++ 

A316W E64K ΔRSNNSNK1 N276D T278R +++ +++ +++++ +++++ +++++

A316W E64K ΔRSNNSNK1 N276D T278R N462D +++ ++++ +++++ +++++ +++++

A316W E64K ΔRSNNSNK1 K169R Y173H S174A R178K V181I Q183P G188N 
N189T 190S N276D N462D T278R N386D G471S S199A +++++ +++++ +++++ +++++ +++++

ND. Not determined.  
1. Trimers purified with affinity chromatography using a PGT145 column.  
2. See de Taeye et al. (2015).  
3. Seven amino-acid deletion between residues 185e and 190 (HxB2 numbering).  
4. See Table S1.  
  
  
  
  
  
  
  
Table S6. Related to Figure 1E. Percentage of Man5-9GlcNAc2 glycans (M5-M9) as the proportion of the  
total glycan population.  

% 
Molecule M5 M6 M7 M8 M9 Sum 

BG505 SOSIPv.4.1-GT1    7 5 9 22 17 59 
BG505 SOSIP.v4.1            8 5 7 21 23 64 
BG505 SOSIP.664             8 5 8 19 25 66 
  
  
  
  
  
  
  
  
  
  
  
  
  



 

 

Table S7. Related to Figure 2B. SPR analysis of the mature and germline versions of a panel of bNAbs to SOSIP.664 trimer variants.  
  
  
(table attached) 



 

 

Table S8. Related to Figs. 3 and 4. X-ray data collection and refinement statistics.  

  
aNumbers in parentheses refer to  
the highest resolution shell.  
  
b
Rsym = ΣhklΣi | Ihkl,i - <Ihkl> | /  

ΣhklΣiIhkl,I, where Ihkl,i is the scaled  
intensity of the ith measurement of  
reflection h, k, l, <Ihkl> is the  
average intensity for that  
reflection, and n is the redundancy  
(Weiss and Hilgenfeld, 1997). .   
  
c
Rpim is a redundancy-independent  

measure of the quality of intensity  
measurements. Rpim = Σhkl (1/(n- 
1))1/2 Σi | Ihkl,i - <Ihkl> | / Σhkl Σi Ihkl,I,  
where Ihkl,i is the scaled intensity  
of the i

th measurement of  
reflection h, k, l, < Ihkl > is the  
average intensity for that  
reflection, and n is the  
redundancy.  
  
dCC1/2  = Pearson Correlation  
Coefficient between two random  
half datasets.  
  
e
Rcryst = Σhkl | Fo - Fc | / Σhkl | Fo | x  

100  
  
f
Rfree was calculated as for Rcryst,  
but on a test set comprising 5% of  
the data excluded from  
refinement.  
  
gCalculated using MolProbity  
(Chen et al., 2010).  
  

  

Data collection BG505 SOSIP.v4.1-GT1-N137A + 
9H+109L + 35O22  

Beamline APS 23-ID-D 
Wavelength (Å) 1.033 
Space group P63 
Unit cell (Å) a = b=128.0, c=316.1 

 
Resolution (Å) 50.0-3.2 

(3.26-3.20) a 
Observations 610,919 
Unique reflections 47,220 (2,375) a 
Redundancy 12.9 (13.1) a 
Completeness (%) 100 (100) a 
<I/σI> 11.0 (1.0) a

 
Rsym

b 0.11 (1.00) a 
Rpim

c 0.08 (0.77) a

CC 1/2
d 0.89 (0.52) 

Refinement statistics  
Resolution (Å) 49.4-3.2 
Reflections (work) 44,674 
Reflections (test) 2,409 
Rcryst (%)e 27.2c (42.7) a 
Rfree (%)f 28.5d (45.5) a 
Average B-value (Å2)  
All proteins 
gp120 
gp41 
9H+109L (VH/VL) 

9H+109L (CL/CH1) 

35O22 (VH/VL) 
35O22 (CL/CH1) 

Glycans 

126 
106 
115 
122 
207 
122 
207 
99 

Wilson B-value (Å2) 97 
RMSD from ideal geometry 
Bond length (Å) 0.005 
Bond angles (°) 0.974 
Ramachandran statistics (%)g 
Favored 96.3 
Outliers 0.1 
PDB ID XXXX 
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