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ABSTRACT

The structural and characteristic features of HIV-1 broadly neutralizing antibodies
(bnAbs) from chronically infected pediatric donors are currently unknown. Herein, we
characterized a heavy chain matured HIV-1 bnAb 44m, identified from a pediatric elite-
neutralizer. Interestingly, in comparison to its wild-type AIIMS-P01 bnAb, 44m exhibited
moderately higher level of somatic hypermutations (SHM) of 15.2%. 44m neutralized
79% of HIV-1 heterologous viruses tested, with a geometric mean ICs titer of 0.36 pg/ml.
The cryoEM structure of 44m Fab in complex with fully-cleaved glycosylated native-like
BG505.SOSIP envelope trimer at 4.4 A resolution revealed that 44m targets the V3-glycan
N332-supersite and GDIR motif to neutralize HIV-1 with improved potency and breadth,
plausibly attributed by a matured heavy chain as compared to that of wild-type AIIMS-
P01 bnAb. This study improves our understanding on pediatric HIV-1 bnAbs and
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structural basis of broad HIV-1 neutralization by 44m may be useful blueprint for vaccine

design in future.
INTRODUCTION

Extensive efforts are currently ongoing worldwide to develop a safe and effective vaccine
to human immunodeficiency virus-1 (HIV-1). During HIV-1 infection, neutralizing
antibodies (nAbs) are elicited against the envelope (env) glycoprotein gp16012. Highly
potent broadly neutralizing antibodies (bnAbs) are found to develop and evolve in only
top 1% of HIV-1 infected individuals, classified as elite-neutralizers34. So far, seven
distinct epitopes of HIV-1 bnAbs have been identified to be present on the viral env that
are: V2-apex, V3-glycan N332-supersite, CD4 binding site (CD4bs), silent-face center
(SFC), membrane-proximal external region (MPER), gp120-gp41 interface and fusion
peptide (FP). Presently, the prime goal is to design and develop an HIV-1 vaccine capable
of triggering naive B cells and steer them to evolve into bnAb generating B cells upon

immunization/vaccination>-7.

HIV-1 infected infants have been shown to develop bnAb responses within one year of
age®?; while in infected adults, it takes at least 2 to 3 years post infection for the
development of bnAbs31011 suggesting distinct maturation pathways of the bnAbs
evolving in children®12. The HIV-1 bnAbs isolated from adults have been extensively
characterized, both structurally and functionally; with some of them exhibiting
characteristic features of high somatic-hypermutations (SHM) and long CDR3 regions,
while there is a paucity of such information on the bnAbs generated by HIV-1 infected
children. A number of studies carried out on HIV-1 infected pediatric cohorts have
reported HIV-1 plasma bnAb responses targeted at multiple env epitopes including the
V2-apex, N332-glycan supersite, CD4bs and MPER89.13-17; however isolation of only two
pediatric HIV-1 bnAbs have been reported thus far: BF520.1 by Simonich et al® and
AIIMS-P01 by us!8. Binding of both AIIMS-P01 and BF520.1 are dependent on the N332-
supersite epitope present at the base of the V3-glycan region®18. Both pediatric bnAbs
exhibit limited SHM (~7%); however, there is paucity of information towards
understanding whether an increased SHM can be acquired in bnAbs evolving in HIV-1

infected children and further, if the increased SHM in pediatric bnAbs can lead to increase
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in their potency and breadth of viral neutralization, as observed in bnAbs evolving in HIV-

1 infected adults12.19-28,

Immunogenetic information of HIV-1 bnAbs from adults and children obtained from deep
sequencing or single cell analysis of B cell repertoire (BCR) can further our
understanding of their natural development during the course of infection and
development of blueprints for rational vaccine design and effective vaccination
strategies>®. Furthermore, structural characterization of potent bnAbs, in complex with
native-like trimeric env can provide useful mechanistic insights for broad and potent

neutralization of HIV-1 heterologous viruses.

We previously reported the isolation of a bnAb AIIMS-P01, from an antiretroviral naive
HIV-1 clade-C chronically infected pediatric elite-neutralizer AIIMS_330151618,29,30,
Herein, to delineate the characteristics of an affinity matured lineage member antibody
of the AIIMS-P01 pediatric bnAb, we performed the structural and functional
characterization of a heavy chain matured pediatric HIV-1 AIIMS-PO1 bnAb lineage
monoclonal antibody clone 44m (referred to as 44m). The 44m exhibited moderate level
of SHM (15.2%) and demonstrated near about 80% HIV-1 neutralization breadth with
~2 times improved potency than AIIMS-P01 wild-type (WT) bnAb. CryoEM analysis of
44m in complex with BG505.SOSIP trimer revealed structural insights for broad HIV-1

neutralization.
RESULTS
Identification of a matured AIIMS-P01 lineage antibody

We previously reported the isolation and characterization of a broad and potent anti-HIV-
1 bnAb AIIMS-PO1 from an Indian clade-C infected pediatric elite-neutralizer
AIIMS_33018. To understand the role of affinity matured AIIMS-P01 antibody in HIV-1
neutralization, we performed the deep sequencing of bulk B cell repertoire from total
peripheral blood mononuclear cells (PBMCs) of the AIIMS_330 pediatric elite-neutralizer
(Kumar S et. al. unpublished data). We identified 21 heavy chain sequences that matched
the CDRH3 sequence of AIIMS-P01, with varied and moderate level (30 nt - 47 nt) of
antibody somatic hypermutations (SHM) (Fig. S1). We did not find matched CDRL3 light
chain genes as that of the AIIMS-PO1. As observed by us previously, the heavy chain
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88 dominantly contributed to HIV-1 neutralization breadth!8. Therefore, to understand the
89 effect of higher level of SHM in matured AIIMS-P01 lineage members, herein, we
90 synthesized a matured (15.2% SHM) AIIMS-PO1 bnAb heavy chain gene with >85%
91 similar CDRH3 sequence as of AIIMS-P01, designated as 44m and expressed the mAb by
92 co-transfecting plasmids carrying this heavy chain gene and the WT AIIMS-P01 light

93 chain gene.

94 Matured AIIMS-P01 lineage antibody 44m showed improved breadth and potency
95 than AIIMS-P01

96 We first determined the binding reactivity of the matured 44m monoclonal antibody to

97 heterologous HIV-1 monomeric and trimeric envelope proteins and observed high

98 binding efficiency (Fig. 1a). To further validate the binding data obtained by ELISA,

99 affinity analysis of the 44m with HIV-1 SOSIP trimer was performed using Octet BLI
100 assays. Antibody 44m showed high nanomolar (nM) affinity (KD: 0.56 nM) with
101  BG505.S0SIP.664 T332N (Fig. 1b). The neutralization potential of 44m mAb was tested
102 against heterologous viruses and the global panel of HIV-1 viruses, at concentrations
103 ranging from 10pg/ml to 0.001 pg/ml, using a TZM-bl based neutralization assay3!. The
104 44m bnAb neutralized 77% HIV-1 clade-C viruses and 80% clade-B viruses and
105 demonstrated an overall improvement of breadth of 79% against the heterologous
106 viruses tested, and potency, with a geometric mean ICsy titer of 0.36 pg/ml, as compared
107 to that of AIIMS-PO1. Further, a 58% breadth, with ICs titer of 0.43 ug/ml was observed,
108 on testing this bnAb against the global panel of viruses (Fig. 2). The neutralizing activity
109 data reveal an increase in potency and breadth of the matured version 44m against the
110 heterologous viruses tested and increased SHM in comparison to AIIMS-P01 WT (Fig. 1c,
111 d). These findings encouraged us to perform structural characterization of 44m antibody

112 with the stabilized envelope BG505.SOSIP.664 T332N.
113 44m targets the V3 loop of Env and showed binding dependence on the GDIR Motif

114  Structural insight into mature 44m bnAb binding in the context of BG505.SOSIP a natively
115 glycosylated Env was achieved by Cryo-Electron microscopy. The 44m bnAb Fab and
116 BG505.SOSIP Env trimer were expressed and purified from Expi293F cells which include
117 similar glycoforms as Env trimers expressed in human cells. We solved the structure with

118 aglobal resolution of 4.4 A and local resolution of 3.36 A and 3.74 A (Fig. 3 and S2 - S5).

4
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119 The atomic model fitted in the EM map of BG505 trimer in complex with Fab of the
120 44m bnAb displayed a total of three 44m Fabs, with one Fab bound to each protomer of
121 the Env trimer for effective neutralization (Fig. 3). Cryo-EM structures of BG505.SOSIP
122 Env trimer with 44m bnAb indicated trimeric shapes of HIV trimer, which additionally
123 connected with extra densities, attributed to the corresponding bound Fab moieties (Fig.
124  S2b). Different subdomains, gp120, gp41 and Fab densities were visible in the high-

125 resolution cryo-EM structure of the Env trimer in complex with 44m bnAb (Fig. 3).

126  Structural analysis revealed that the CDRH3 loop of neutralizing antibody 44m stretched
127 deep inside the groove between the N295 and N332 residues, thus reaching the base of
128 the V3loop of gp120 and established a range of chemical bonds with the nearby favorable
129 amino acids (Fig. 4a). The total occupied surface area of 44m is ~750 A2, with extensive
130 participation of the heavy chain. This surface area includes all the CDR regions and FR3
131 region, but the CDRH1 and CDRH3 loop show a predomination contribution. The
132 positioning of the CDR regions of the heavy chain is crucial to establish contact points
133  with the V3 loop of the gp120 (Fig. 4a, b). The key residues on the CDRH3 loop that are
134 interacting with the gp120 region are V106, P107, A 108, R109, and W110, whereas the
135 primary contact points of CDRH1 and CDRH2 loops with the CD4bs are H31, Y52, Y53,
136 T54, D56, and T57 (Fig. 4b). These interactions are mainly stabilized by both hydrogen
137 bonding and van der Waals interactions. Interestingly, the R109 residue of the CDRH3
138 demonstrated a salt bridge interaction with the D325 site of the gp120 region (Fig. 4c).
139 These interacting residues are hidden within the different clefts of the V3 loop of the
140 gp120 region. The surface potential map of the paratope region depicts the interacting

141 residues of CDR regions placed near the polar residues of the V3 loop (Fig. 4d and S6).

142 44m interacts with N332-supersite

143  The antibody-Env protein interaction studies unraveled the possibilities to explore the
144  glycan antibody interactions. The atomic model demonstrated that the interaction sites
145 for 44m bnAbs on gp120 were positioned in an area that is surrounded by three N-glycan
146 patches: the Asn301, Asn332 located near the base of V3, the Asn156 glycan in the V1V2
147 region, and the Asn295 glycan near the bottom of gp120 (Fig. 5a-d). This binding
148 approach created an interlocked system of Vy loop of 44m and V3 loops of gp120, and
149 forming a stable antibody-antigen complex (Fig. 5b). Glycan binding to N301 is forming


https://doi.org/10.1101/2023.01.19.524673
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.19.524673; this version posted January 20, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

150 contacts with polar and charged amino acids of the CDRH2 loop, wherein the T54 and
151 D56 of the CDRH2 region are interacting with the polar side of glycan moieties to mask
152 the binding to host cells (Fig. 5c). The N332 glycan engages in forming the largest
153 interacting area, with most of the CDRH3 region involving different portions of glycan
154 moieties on it. N-Acetyl glucosamine attached to the N332 residue is forming hydrogen
155 bonding with Ser111 and Tyr113 residues of the CDRH3 region (Fig. 5d). The structural
156 analysis showed that the 44m antibody interacts with different glycan moieties attached

157 to asparagine residues at 301 and 332 positions in the V3 region.

158 44m showed distinct glycan binding interactions, with similar pattern of epitope

159 interaction like other V3-glycan bnAbs

160 A comparative structural analysis of the 44m antibody with other available bnAbs (BG18,
161 10-1074, DH270.6 & BF520.1) was performed to understand the exceptionality of this
162 44m antibody (Fig. S6 - S8). Superimposition of the antibodies directed at the V3 loop
163 region of the gp120 protomer showed a common interaction pattern across all the bnAbs
164 within the V3 region. In the BG18 bnAb (6dfg) CDRL3 and CDRH3 loops are interacting
165 with V3 region for stalking of the antibody onto the gp120 (Fig. S8a). In bnAb 10-1074
166 (6udj), the V3 loop of gp120 protomer interacts with CDRH3 and CDRL3 regions (Fig.
167 S8b). DH270.6 (bum6) and BF520.1 (6mn7) have more inter-facial area, which helps in
168 the interaction of residues in CDRL1 and CDRL2 regions. Additionally, the V1 region
169 interacts with the CDRL3 loop (Fig. S8c, d). The V3 loop has stable bonding with the
170 CDRH1 loop for effective neutralization. The presence of an 8 amino acid long elongated
171 face in the CDRH3 region in PGT121 and PGT122 classes of antibodies make these
172 antibodies potent to bind gp120 surface using two functional surfaces (Fig. S8e). These
173 results suggest that the overall binding region of the CDR with both V3 and V1/V2 loops
174 were significantly increased. The superimposition of V3-glycan bnAbs into the gp120
175 trimer depicts the variability in the binding surface area but a common binding pattern

176  on the gp120.

177 44m HIV-1 bnAb showed co-dependence on GDIR motif and N332-supersite

178 Results obtained from structural mapping of 44m showed that this bnAb binds the N156,
179 N295,N301, D325 residue of GDIR motif and N332-supersite env regions (Fig. 3¢ & 4b).

180 Next, we used this structural mapping information to understand the linkage of these
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181 residues in 44m mediated HIV-1 neutralization by performing sequence alignment of
182 these identified contact residues within the envelope regions of the viruses tested. The
183 analysis revealed that the N156 and N301 glycans are relatively conserved whereas
184 mutations atthe N295 residue are present heterogeneously among the 44m resistant and
185 susceptible viruses, suggesting these mutations may not be majorly contributing to the
186 44m mediated viral neutralization (Fig. S9). In contrast, mutations present at D325 and
187 N332 positions were found to be associated with abrogation in neutralization potential
188 of 44m and vice-versa, e.g. HXB2, ZM249 and ZM233 viruses were resistant to
189 neutralization by 44m, due to the absence of GDIR epitope in these viruses. These findings
190 suggest that the neutralization dependence of the pediatric bnAb 44m relies on the D325
191 residue of GDIR motif and N332-spersite, as has also been reported for the adult HIV-1
192 V3 bnAbs PGT121 and 10-1074.

193 DISCUSSION

194 The footprints of HIV-1 broadly neutralizing antibodies (bnAbs) can provide a template
195 for structure-guided vaccine design>¢. Highly potent bnAb based therapeutics,
196 prophylactics and vaccines are attractive strategies to tackle HIV-11. Immunogenetics
197 based information of potent HIV-1 bnAbs derived from deep sequencing or single cell
198 analysis of B cell repertoire (BCR) of infected donors can provide critical insights towards
199 understanding their natural development during the course of infection and reveal the
200 frequency of B cells within the human B cell repertoire, that can elicit potent bnAbs to
201 guide vaccination strategies®2532.33, Further, the structural characterization of potent
202 HIV-1 bnAbs in complex with the viral envelope provides useful mechanistic insights of
203 viral neutralization and information of epitope-paratope interaction for rational vaccine
204 design®. Currently, the leading strategy in innovative HIV-1 next-generation
205 immunotherapeutic and vaccine design is to develop and elicit bnAb responses by
206 steering bnAb expressing B cells>7. To achieve this goal, it is essential to understand the
207  structural mechanism of HIV-1 neutralization and immunogenetics of B cells that elicit
208 potent bnAbs. The evolution of HIV-1 bnAbs from adult donors has been studied
209 extensively253435 but, no information is available on the evolving HIV-1 bnAb lineage in

210 chronically infected children.
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211  Herein, to fill this knowledge gap, we synthesized a heavy chain matured lineage member
212 of AIIMS-P01 bnAb and evaluated its structural features and functionality in terms of viral
213  binding and neutralization activity. We used only heavy chain of AIIMS-P01 matured
214 lineages as we didn’t find matched CDRL3 of the AIIMS-P01 light chain in our deep
215 sequencing data (unpublished), plausibly due to the low depth of sequencing. We
216 combined functional and structural approaches and showed that maturation in the 44m
217 heavy chain, like that reported for the adult bnAbs of the PGT class3#36, was functionally
218 important for HIV-1 Env binding and neutralization. This was demonstrated by the
219 increased heterologous breadth observed when the mature heavy chain was paired with
220 the original light chain of AIIMS-PO1 WT bnAb, suggesting that the recently acquired
221 SHMs can be functionally important for the evolution and neutralization breadth for this
222 bnAb. In addition, the matured bnAb 44m exhibited a change of indel sequence (SNPSR
223  mutated to SDPIR, in comparison to its WT bnAb AIIMS-P01 (Fig. 4e), specifically from
224 non-polar residues to acidic & hydrophobic residues, which plausibly creates an

225 electronegativity that could enhance the contact of antibody loops with the virus.

226  Unlike HIV-1 CD4bs bnAbs, the V3-glycan targeting bnAbs are of high interest because
227 they are common and not restricted by certain germline genes'2. The pediatric bnAb
228 AIIMS-P01 and infant derived BF520.1 are of particular interest because these showed
229 broad HIV-1 neutralization despite limited SHM?®18. The 44m lineage bnAb identified and
230 characterized herein showed improved neutralization potency and breadth plausibly by
231 acquisition of higher number of SHM, that led to an increase in potency twice that of the
232 WT AIIMS-P01 bnAb. The Cryo-EM structural analysis of bnAb 44m, indicated that
233 CDRH1 (H31, Y53 and T57) and CDRH3 (P107, A108 and R109) residues appear to
234 contribute to the 44m paratope by mediating contacts with the conserved V3-glycan
235 N332-supersite, D325 of ‘GDIR’ sequence motif, glycans at position 137, 156, 295, 301
236 and 332. These major determinants of neutralization breadth interacting with residues
237 within the CDRH1 and CDRH3 regions of the 44m, similar to that in the adult bnAbs and
238 distinct from the infant bnAb BF520.1%34. The angle of approach by 44m towards the V3
239 epitope was previously determined to be similar to PGT1213738, although the positioning
240 of 44m was notably different and slightly rotated relative to the PGT121. The crystal
241  structure of PGT121 in complex with gp120 identified the GDIR motif and glycans at
242  positions N332 and N301 as the primary contacts defining the PGT121 epitope3”:38. The
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243  CDRH3 loop, which is highly mutated in PGT121, penetrates the glycan shield in order to
244  contact both the GDIR motif and N332 glycan.

245 The structural model similarly indicates potential CDRH3 contacts with the GDIR motif
246 and N332 glycan. However, structurally defined epitope-paratope interface do not fully
247 capture the functional binding contacts that drive neutralization and escape3’,
248 reinforcing the gravity of functional assays to define the recognition determinants that
249 are important for neutralization activity. Though we observed that 44m interacts with
250 other V3-region glycans including N295 and N301, however, HIV-1 viral sequence
251 alignment revealed that 44m is primarily dependent on N332-glycan supersite and GDIR
252 motifs. Based on the findings of HIV-1 binding, neutralization and structural analysis of
253 the 44m pediatric bnAb, we postulate that a germline targeting vaccine / immunogen
254 could easily elicit AIIMS-P01 / 44m-like responses. In the AIIMS_330 pediatric elite
255 neutralizer, the circulating and coevolving viruses may have led to elicitation of this bnAb
256 lineage (44m), to drive affinity maturation in the AIIMS-P01 bnAb, as has been observed

257 previously for the evolution of V1V2 and V3-glycan plasma bnAbs?>.

258 In summary, the structural and functional characterization of a heavy chain matured
259 pediatric bnAb 44m showed improved HIV-1 neutralization potency and breadth in
260 comparison to its WT bnAb AIIMS-P01. This study for the first time provides an evidence
261 towards contribution of antibody SHM in improved HIV-1 neutralizing efficiency of a
262 pediatric bnAb. Further studies in this direction are required to be conducted to
263 understand the antigenic triggers in chronically infected children that can elicit similar
264 protective bnAbs targeting other HIV-1 bnAb epitopes which in turn can provide simpler

265 blueprint to guide HIV-1 vaccine design.
266 METHODS
267 Ethics statement

268 This study was conducted after obtaining approval from the institutional ethics
269 committee, All India Institute of Medical Sciences (AIIMS), New Delhi, India (IEC/-
270 532/1111.2016 & IEC-72/01.02.2019).

271 Antibody gene synthesis
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272 The antibody heavy chain genes of matured AIIMS-P01 lineage antibody was synthesized
273  after codon-optimization for mammalian expression from Genscript, Inc. USA, and cloned

274  in respective monoclonal antibody expression vector AbVec under Agel and Sall sites*0.
275 Antibody genes sequence analysis

276  The sequencing of the antibody genes was done commercially from Eurofins, India. The

277 sequences were analyzed online through IMGT/V-QUEST

278  (http://www.imgt.org/IMGT vquest/vquest)*1.
279 Expression of monoclonal antibodies

280 All HIV-1 mAbs were expressed in Expi293F cells (Thermo Fisher) as described
281 previously'842 Briefly, 15pug each of heavy chain and light chain expressing IgG1 plasmids
282 were co-transfected using PEI-Max as transfection reagent. Following 4-6 days of
283 incubation, cells were harvested by centrifugation and filtered through 0.22 mm syringe
284 filter (mdi). The supernatant was added to a Protein A column affinity chromatography
285 column (Pierce). The column was then washed with 1xPBS and mAbs were eluted with
286 IgG Elution Buffer (Pierce), immediately neutralized with 1M Tris pH 8.0 buffer and
287 extensively dialyzed against 1xPBS at 4°C. The mAbs were then concentrated using
288 10kDa Amicon Ultra-15 centrifugal filter units (EMD Millipore), filtered through a 0.22

289 mm syringe filter (mdi) and stored at -80°C for further use.
290 Expression and purification of BG505.SOSIP.664 T332N trimeric proteins

291 The BG505.S0SIP.664.C2 T332N gpl140 trimeric proteins with twin-strep-tag was
292 expressed in HEK 293F cells and purified by methods described previously3643. Purity
293 was assessed by blue native polyacrylamide gel electrophoresis (BN-PAGE) and binding
294 reactivity with HIV-1 bnAbs was assessed by ELISA.

295 Binding analysis of mAbs by ELISA

296 Briefly, 96-well ELISA plates (Costar) were coated with 5pg/ml recombinant HIV-1 gp120
297 monomeric proteins overnight at 4°C in 0.1 M NaHCO3 (pH 9.6). Next day, plates were
298 washed thrice with 1xPBS (phosphate buffered saline) and blocked with 15% FBS RPMI
299 and 2% BSA. After 1.5 hours of blocking at 37°C, plates were washed thrice with 1xPBS.

10
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300 Then, serial dilutions of monoclonal antibodies (mAbs) were added and incubated for 1
301 hour at 37°C. Next, alkaline phosphatase (AP) labelled anti-Fc secondary antibody
302 (Southern Biotech) at 1:2,000 was added and plates were incubated at 37°C for 1 hour.
303 Plates were then washed thrice with 1xPBS and AP substrate tablets (Sigma) dissolved
304 in diethanolamine (DAE) was added and incubated for 30 min at room temperature in
305 the dark and readout was taken at 405nm. The BG505.SOSIP.664 gp140 trimeric ELISA

306 was performed as described previously#3.
307 HIV-1 pseudovirus generation

308 The HIV-1 pseudoviruses were produced in HEK 293T cells as described earlier?>18 by
309 co-transfecting the full HIV-1 gp160 envelope plasmid and a pSG3AEnv backbone
310 plasmid. Briefly, 1x105 cells in 2ml complete DMEM (10% fetal bovine serum (FBS) and
311 1% penicillin and streptomycin antibiotics) were seeded per well of a 6 well cell culture
312 plate (Costar) the day prior to co-transfection for HIV-1 pseudovirus generation. For
313 transfection, envelope (1.25ug) to delta envelope plasmid (2.50ug) ratio was 1:2, this
314 complex was made in Opti-MEM (Gibco) with a final volume of 200ul for each well of the
315 6 well plate and incubated for 5 minutes at room temperature. Next, 3ul of PEI-Max
316 transfection reagent (Polysciences) (1mg/ml) was added to this mixture, mixed well and
317 further incubated for 15 min at room temperature. This mixture was then added
318 dropwise to HEK 293T cells supplemented with fresh complete DMEM growth media and
319 incubated at 37°C for 48 hours. Pseudoviruses were then harvested by filtering cell

320 supernatants with 0.45 mm sterile filter (mdi) and stored frozen at -80°C as aliquots.
321 HIV-1 neutralization assays

322 The HIV-1 neutralization assays of monoclonal antibodies (mAbs) were done as
323 described earlier3144, Neutralization was measured as a reduction in luciferase gene
324 expression after a single round of infection of TZM-bl cells (NIH AIDS Reagent Program)
325 with HIV-1 envelope pseudoviruses. The TCIDso of the HIV-1 pseudoviruses was
326 calculated and 200 TCIDs of the virus was used in neutralization assays by incubating
327 with 1:3 serially diluted mAbs starting at 10 pg/ml. After that, freshly trypsinized TZM-
328 Dbl cells in growth medium (complete DMEM with 10% FBS and 1% penicillin and
329 streptomycin antibiotics) containing 50pug/ml DEAE Dextran and 1 mM Indinavir (in case

330 of primary isolates) at 105 cells/well were added and plates were incubated at 37°C for
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331 48hours. Virus controls (cells with HIV-1 virus only) and cell controls (cells without virus
332 and antibody) were included. MuLV was used as a negative control. After the incubation
333 of the plates for 48 hours, luciferase activity was measured using the Bright-Glow
334 Luciferase Assay System (Promega). ICso for antibodies were calculated. Values were
335 derived from a dose-response curve fit with a non-linear function using the GraphPad

336 Prism 9 software (San Diego, CA).
337 Fab Fragment Preparation

338 The Fab fragments were generated from 4 mg of 44m IgG antibody using a Fab
339 Fragmentation Kit (G Biosciences) according to manufacturer’s protocol. Purity and size

340 of Fab fragments were assessed by SDS-PAGE.
341 Octet BLI analysis

342  Octet biolayer interferometry (BLI) was performed using an Octet Red96 instrument
343 (ForteBio, Inc.). A5 pg/ml concentration of each mAb was captured on a protein A sensor
344 and its binding kinetics were tested with serial 2-fold diluted HIV-1 SOSIP trimer protein
345 (100 nM to 6.25 nM). The baseline was obtained by measurements taken for 60 s in BLI
346 buffer (1x PBS and 0.05% Tween-20), and then, the sensors were subjected to association
347 phase immersion for 300 s in wells containing serial dilutions of HIV-1 SOSIP protein.
348 Then, the sensors were immersed in BLI buffer for as long as 600s to measure the
349 dissociation phase. The mean Kon, Koff and apparent KD values of the mAbs binding
350 affinities for HIV-1 SOSIP envelope protein were calculated from all the binding curves
351 based on their global fit to a 1:1 Langmuir binding model using Octet software version

352 12.0.

353 Negative-stain EM

354 To observe the binding pattern of 44m bnAb to BG505 SOSIP trimer and the homogeneity
355 of the complex, we first performed room temperature negative staining TEM. The SEC
356 purified complex of BG505 SOSIP trimer and 44m bnAb (1.2 mg/ml) was diluted by 70
357 times for analysis. The 3.5 pl of sample mixture was put onto a glow discharged carbon
358 coated Cu grids for 30 secs (EM grid, 300 mesh, Electron Microscopy Sciences). After 1.5

359 min of incubation of the sample on the grid, the remained solvent was blotted and three
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360 drops of 1% uranyl acetate (Uranyl Acetate 98%, ACS Reagent, Polysciences, Inc.) was
361 applied on the grid for staining purpose. The excess stain was blotted after each addition
362 and after air dried, the grid was used for data collection with 120 kV Talos L120C electron
363 microscope. Data acquisition was performed using 4k x 4k Ceta camera at the
364 magnification of 73kx and it is calibrated at 3.84A/pixel. The collected images were
365 processed in EMAN 2.145, From these micrographs we picked particles in both manual
366 and automated mode, and its co-ordinates were extracted using e2boxer.py in EMAN 2.1.
367 Followed by, reference free 2D class averages were performed to analyze different views
368 of bnAb bound trimer complex. The cleaned particles after extraction were taken for
369 reference-free 2D class averages using simple_prime2D of SIMPLE 2.1 software*® with a

370 mask diameter of 30 pixels at 3.84 A/pix.

371 Sample preparation for cryoEM

372 R1.2/1.3 300 mesh copper grids (Quantifoil) (Electron Microscopy Sciences) were glow
373 discharged at 20mA for 90 seconds before cryo-freezing. Three microliters of the SEC
374 purified complex of BG505 SOSIP trimer and 44m bnAb (1.2 mg/ml) was applied onto the
375 freshly glow discharged grid, and immediately blotted for 8.5 secs without any blot force
376 just after 10 secs of incubation to remove excess solvent in pre-equilibrated chamber of
377 FEI Vitrobot Mark IV plunger. The sample was plunged into the liquid ethane just after
378 blotting.

379 CryoEM data acquisition

380 Cryo-EM data were collected using 200 kV TalosArctica transmission electron
381 microscope (Thermo Scientific™) equipped with Gatan K2 Summit Direct Electron
382 Detector. Movies were recorded automatically using Latitude-S (DigitalMicrograph - GMS
383 3.5) at nominal magnification of 45,000x at the effective pixel size of 1.17 A (14).
384 Micrographs were acquired in counting mode with a total dose of 60 e/A2, with an
385 exposure time of 8 sec distributed for 20 frames. A total of 3000 movies were acquired

386 for the BG505 SOSIP trimer and 44m bnAbs protein complexes respectively.
387 CryoEM data analysis and model building

388 Single-Particle Analysis (SPA) were performed for the acquired cryo-EM movies using the

389 Relion version 3.1%7. At first, drift and gain corrections of the individual movies were
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390 performed with MotionCorr248and estimated Contrast transfer function (CTF)
391 parameters using CTFFIND 4.1.1349. Subsequently, CTF estimated micrographs were
392 subjected to analyze to eliminate bad micrographs using cisTEM>? and also, to remove
393 poorresolution micrographs with a fit resolution threshold of 7 A. The particles from best
394 micrographs were chosen for automated picking using 2D reference in Relion and
395 extracted with the box sizes of 280 A for the BG505 SOSIP trimer and 44m bnAb
396 complexes. After three rounds of rigorous 2D classification good classes with high-
397 resolution features of the complex were obtained as 1080743 particles. These well-
398 defined particles were selected for 3D classification with C3 symmetry. To achieve high
399 resolution, all particles belonging to the best classes of the complex was accounted for 3D
400 auto-refinement and followed by movie refinement. The sharpening for the 3D auto-
401 refined maps was performed with Relion 3.147 and PHENIX>1. Overviews of cryo-EM data
402 processing is shown in Table S2. Global resolution of Fourier shell correlation (FSC) was
403 estimated at the threshold of 0.143 and the estimation of local resolution were performed

404 with ResMap, using two auto-refined half maps.

405 Automated model building was iteratively done with Phenix Real Space Refinement. Only
406 the Env trimer (PDB ID: 5aco) was docked with cryo-EM maps using UCSF Chimera “Fit
407 in map” tool. To build the model for bnAb, the query sequences of the Fab was submitted
408 to Swiss-Model and the resultant model was also fitted in the EM maps. The structural
409 statistics for Cryo-EM map and atomic model were analyzed using Phenix®1, EMringer>2,
410 Molprobity®>3, and UCSF chimera>4. Cryo-EM map and atomic model were visualized using

411 UCSF ChimeraX>5>.

412 Quantification and statistical analysis
413  All statistical analysis was done with GraphPad Prism software version 9.
414 DATA AVAILABILITY

415 The sequence of the 44m heavy chain variable region has been deposited in GenBank with
416 accession numbers xxx and xxx respectively. The PDB ID for the EM map of 44m Fab in
417 complexed with BG505.SOSIP.664.C2 T332N gp140 trimer reported in this study is EMD:
418 xxx PDB:xxx .Any additional data are available upon reasonable request from the

419 corresponding authors. Source data are provided in this paper.
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Figure 1: Binding Reactivity and Affinity of matured 44m bnAb to heterologous
HIV-1 envelope glycoproteins. (A) Antigen Binding reactivity of the 44m mAb to
heterologous HIV-1 trimeric envelope proteins determined by ELISA. (B) Binding Affinity
of 44m to BG505 envelope trimer determined by Octet BLI. (C) Neutralization breadth
comparison of HIV-1 adult and pediatric bnAbs is shown. (D) Somatic hypermutation
(SHM) analysis of HIV-1 adult and pediatric bnAbs shown as % nucleotide (Nt) mutations
relative to respective germline variable gene sequence. Here, pediatric HIV-1 bnAbs are
highlighted in red color.
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S.No. Virus ID Tier Clade AlIMS_P01
1 |aBr2670Memvea| 18 A >10
2 Q769.ENV H5 18 A >10
3 | 700010058.A4.4375 [ 18 8 25
4 SF162 1A 8
5 CAAN 2 8
6 wITO 2 8
7 TRIO 3 8
8 RHPA 2 8
9 TRO11 2 B
10 AC10 2 8
11 QHO692 2 8
12 5C422661.8 2 B
13 1012.7C21.3257 18 8
14 1059_09.A4.1460 2 B
15 |pRB931_06.Tc3.4930| 18 8
16 6244_13,85.4576 2 8
17 | 6240 08.7A54622 | 2 8
18 63358.p3.4013 2 8
19 THRO 2 8
20 |PRB958_06.181.4305| 2 8
21 5C45.485.2631 2 8
22 | WEAUd15.410.5017 | 2 8
23 REIO 2 B >10 >10
24 zM197 1B | C(African) >10 >10
25 zM214 2| C(African) >10 >10
26 zM233 2 | C(African) 1 -
27 ™53 2 | C(African) >10 >10
28 ZM109 18 | C(African) >10 >10
29 ZM249 2 | c(African) >10 >10
30 QC406 envF3 2 C (African)
31 CAP45 2 | c(African) >10 >10
32 CAP210 2 | C(African) >10 >10
33 Dul56 2 C (African)
34 Du172 2| C(African) 193 118
35 Du422.1 2 C (African) 121
36 MJ412 2 C (African)
37 16055 2| C(indian) >10 >10
Global Panel 38 25710 1 C (Indian) 1.2
. N 39 25711 18| C(Indian)
S.No.| VirusID |Tier| Clade | AIMS_P01 |AlIMS_P01_44 m prv 1 [cinamn
1 CNE55 3 AE >10 >10 41 26191 2 | C(indian) >10 4.75
2 TRO11 2 B 15 115 4 836 1A | C(indian) >10
43 16936 2 | C{indian) 14 555
3 CNES 2| AE >10 >10 44 70606F ND | C(indian) 10 3
4 CH119 2 BC ‘ 45 706072 ND | ¢ (indian) >10 3.8
46 706078 ND [ € (indian) >10
5 25710 | 18 ¢ 12 47 706068 ND | ¢ (indian) 9.95
6 X2278 2 B 5.7 1.41 48 706048 ND | C (indian) 993
7 246F3 3| afc 510 510 49 70607C ND | ¢ (indian) >10 12
50 70406 ND | ¢ (indian) >10 34
8 X1632 2 G >10 >10 51 70408 ND | C(Indian) >10 325
9 CE1176 | 2 C 52 70402 ND | C(Indian) >10 165
53 7093168 ND | ¢ (indian)
10 398F1 2 A 54 UZ12A ND | € (Indian)
11 | CE0217 | 3 C 55 329.14.81 2 | C{indian)
12 |BIOX2000| 2 BC 56 330.16.E6 2| C(indian)
57 MK184 2 &)
58 BK184 2 &)
GMT 0.87 0.43
GMT 0.74 0.36
A Breath 58% 58% Breadth 4650% 7930%

1C50 Color
code (ug/ml

14

5-10

>10

Figure 2: Matured AIIMS-P01 lineage antibody 44m showed broad HIV-1
neutralization with improved potency. (A) Heat map depicting ICso values of the
matured 44m mAb tested against HIV-1 global panel. (B) Heat map depicting IC50 values
of the 44m tested against heterologous panel of HIV-1 viruses, using a TZM-bl based
neutralization assay (n=58).
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CD4bs Y=90°

Figure 3: Cryo-EM reconstruction and model of BG505.SOSIP trimer in complex
with 44m bnAb. (A) Side and top views of Cryo-EM reconstructed map of BG505.SOSIP
trimer in complex with 44m bnAb solved at ~4.44 resolution, with a local resolution in
between 3.36 and 3.74A. Color coding corresponding to segmented EM densities are:
orange red, 44m bnAb; lime green, gp120; pink, gp41. (B) The corresponding atomic
model fitted in the EM map of BG505 trimer in complex with 44m bnAb showing three
44m bnAb binds to each gp120 monomeric subunit for effective neutralization.
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Figure 4: Interaction sites for 44m bnAb to form a complex with BG505 SOSIP
trimer. (A) The CDR regions in the interface of gp120 and 44m bnAb are highlighted
using color coding: magenta, FR3; green, CDRH1, olive green, CDRH2; and, cyan, CDRH3;
dodger blue, CDRL1; deep sky blue, CDRL2; median blue, CDRL3. (B) Salt bridge
interaction in between D325 residue in the V1oop of gp120 monomer and CDRH1 region,
where D325 is shown in dark green and R109 is shown in purple color, and the bond is
shown in red color. (C) Different interacting partners in the epitope region to adapt a
stable conformational state with the CDR regions. (D) Electrostatic potential surface map
of the interacting region of gp120 showing the interacting residues of the paratope facing
towards the charged residues of the epitope. The residues on 44m bnAb is shown in
golden color. (E) Heavy chain sequence alignment of 44m bnAb with other V3-glycan
bnAbs belong to IGHV4-59 gene.
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Figure 5: Glycan interaction sites of BG505.SOSIP trimer in complex with 44m Fab.
(A) Positions and fitting different glycan residues are pointed in the EM map shown. In
the atomic model N301 and N332 glycans are shown in orange color, whereas the Fab
and CDR regions are colored similarly to Figure 2. (B) The gp120 monomer is shown in
gray. Atomic model illustrating various glycan residues interacting with different region
of CDR regions of 44m bnAb, where glycan attached to N156 is coming closer to CDRH1
region. (C) The NAG attached to Asn301 is making contact points with Thr54 and Asp56
in the CDRH2 region (shown in olive drab color). (D) Glycan binding to Asn332 is
interacting with Ser111 and Tyr113 residues of the CDRH3 region (shown in deep blue
color).
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