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17  Abstract

18 HIV-1 envelope glycoproteins (Env) are critical for infection and are key targets for
19  vaccine development. Env proteins displayed on virions are conformationally diverse,
20  comprising both functional and non-functional forms. These heterogeneous Env
21  populations have important implications for neutralizing and non-neutralizing antibody
22  elicitation and functions. This study aimed to interrogate the antigenic composition of Env
23 onvirions. Using a flow cytometry-based assay we show that only some epitopes including
24 V2i, gpl120-g41 interface, and gp41-MPER are accessible on HIV-1 particles, while V3,
25 V2q, and select CD4bs epitopes are obscured for monoclonal antibody (mAb) binding. To
26  investigate the mechanisms contributing to the masking of these epitopes we first asked
27  whether time-dependent dynamics of Env can affect their exposure. Extending the time of
28  virus-mAD interaction increased the binding of mADbs, epitopes of which were already
29  accessible on virions but not those that are occluded. However, the occluded epitopes
30  became accessible after conformational unmasking was induced by pre-binding of select
31  mAbs, prompting us to test if similar conformational changes are required for these mAbs
32 to exhibit their neutralization capability. We tested HIV-1 neutralization where virus-mAb
33  mix was incubated or not incubated for one-hour prior to adding the target cells. Similar
34  levels of neutralization were observed under both assay conditions, suggesting that
35 interaction between virus and cells sensitizes the virions for neutralization via broadly-
36  neutralizing antibodies (bNAbs). These findings provide insight into how bNAbs may gain
37  access to these occluded epitopes to exert their neutralization effects. Further studies with

38  larger virus and mAb panels are warranted.


https://doi.org/10.1101/2023.01.20.524996
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.20.524996; this version posted January 21, 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

39 Importance

40  The human immunodeficiency virus (HIV-1) envelope (Env) glycoprotein spike mediates
41  viral entry, and is the sole target of neutralizing antibodies. Our data suggest that epitopes
42  of broadly neutralizing antibodies (obNADbs) including the V2q (e.g., PG9, PGT145), CD4bs
43  (e.g.,, VRCO1, 3BNC117) and V3 (2219, 2557) are masked on the REJO, and CMUO6 virus
44  particles. The PG9 and 2219 epitopes became accessible after conformational unmasking
45 was induced by pre-binding of select mAbs. Attempt to understand the masking mechanism
46  led to the revelation that interaction between virus and cells is needed to sensitize the
47  virions for neutralization via bNAbs. These findings provide insight into how bNAbs may

48  gain access to these occluded epitopes to exert their neutralization effects.
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49 1. Introduction

50 The envelope glycoprotein (Env) of Human immunodeficiency virus type-1 (HIV-1)
51 isthe virus attachment protein that interacts with the host-cell receptor CD4 and chemokine
52  receptors CCR5 or CXCR4 to initiate infection (1). Env is the only viral protein on the
53  surface of HIV-1 particles, and is therefore a sole target for HIV-1 broadly neutralizing
54  antibodies (bnAbs) that neutralize the virus and prevent infection of host cells. Env exists
55 as a trimer of gpl20-gp4l heterodimers which remains noncovalently associated in a
56  prefusion “closed” conformation that can dynamically sample alternative conformational
57  states. (2-9). These conformations are extremely important and are involved in the infection
58  process and also in Env’s interaction with host mounted antibodies (Abs) (4, 10-13). The
59  gpl120 subunit comprises five variable (V1-V5) and five conserved (C1-C5) regions, with
60 the V1V2 from each protomers joining at the top to form the trimer apex, a immunogenic
61  structurally conserved region targeted by some of the most potent HIV-1 bNAbs (14-18).
62  The gp41 comprises the fusion machinery, mediating entry of the virus into the target cell
63 by facilitating membrane fusion (19, 20).

64 HIV-1 displays an average of 7-14 Env trimers per particle. However, this number
65 varies among isolates (21). HIV-1 Env is synthesized as a gp160 precursor protein in the
66  endoplasmic reticulum (ER), where signal peptide cleavage, folding, addition of high-
67  mannose glycans and trimerization in association with molecular chaperones takes place
68  (22-25). Once the nascent polypeptide attains its native folding state, the Env egresses from
69 the ER and translocates to the Golgi apparatus (26-33). In the Golgi, gp160 is cleaved by
70  host furin-like proteases to generate a transmembrane gp4l subunit and non-covalently

71  associated surface gp120 subunit. Three gp120-gp41 heterodimers assemble to form the
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72 trimeric functional Env spikes that are then directed to the plasma membrane for
73 incorporation into the virions (30-33). While trimeric Env is expected to be the most
74 abundant form of Env present on virions, non-functional Env such as dimers, monomers,
75  and gp4l stumps may also be present (34-36). These nonfunctional Env forms serve as
76  decoys to divert the immune response away from vulnerable conserved epitopes, and also
77  impart the diversity among the different Env forms on virions. Thus, HIV-1 particles may
78  carry both functional and non-functional Env forms. An additional layer of diversity is
79  afforded by the N-linked glycans that decorate the Env (37). These glycans comprise half
80 of Env’s molecular mass and play a critical role in cloaking the vulnerable Env epitopes.
81  Thus, the population of Env that is encountered by the host immune system is highly
82  heterogeneous.

83 Several monoclonal antibodies (mAbs) have been isolated from HIV-1 infected
84  individuals and also from vaccinees from clinical trials that have helped to identify and
85  map the vulnerable Env epitopes. These mADbs are categorized into distinct types based on
86  their neutralization breadth and potency. The antibodies that potently neutralize multiple
87  HIV-1 strains are referred as bNAbs and are unique in that they target conserved epitopes
88  of the virus, meaning the virus may mutate, but the targeted epitopes will still exist. The
89  weak- or non-neutralizing antibodies (WNAbs, nNADbs) bind to the Env in a manner that is
90 notefficient at blocking virus infection. The bNAbs known to date have been isolated from
91  HIV-1 infected individuals, and elicitation of these kind of mADs via vaccination has not
92  yet been achieved. In contrast, NNAbs or wNAbs including those that target the V1V2 and
93  V3regions, are readily elicited via various Env vaccines as well as during HIV-1 infection

94  (38-47). The HIV-1 antibodies are further categorized based on the distinct Env region that
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95  they target such as V1V2, V3, CD4bs, gp41-MPER, and the gp120-gp41 interface (48).
96  While most mAbs are conformation-dependent some also recognize linear epitopes. For
97  example, the V1V2 mAbs are categorized into three types (V2i, V2p and V2q) based on
98 their binding mode (49, 50). V2i-specific mAbs, (e.g., 697, 830A and 2158) recognize
99  V1V2 when its V2C region is in a B-strand configuration; the epitope region of these V2i
100 mAbs is discontinuous, highly conformational, and overlaps the a4f7 integrin-binding
101  motif (49). The V2p mAbs, (eg., CH58 and CH59) were isolated from RV144 vaccinees
102  and target a linear peptide region on V2; these mAbs recognize V2 when the VV2C strand
103  region is in an a-helix and extended coil conformation (51-53). The epitope region
104  recognized by V2g mAbs (e.g., PG9, PG16, and PGT145) includes two N-linked glycans
105 (N156 and N160) and consists of the V2C in its B-strand configuration (15, 54-56). Another
106  key distinction is whether the mAbs recognize Env in the context of functional trimers for
107 e.g., PG9, PG16, and VRCO1 (34, 57, 58). Binding of antibodies to their target epitopes on
108 Env is essential for exerting the protective role either by virus neutralization or via their
109  Fc-receptor effector functions (59, 60). The Env conformational diversity and the presence
110  of the functional and non-functional Envs on virions can have a profound influence on
111  antibody elicitation and function. However, it is unclear if distribution and accessibility of
112 these various Env epitopes on virions is similar or varies between HIV-1 isolates from
113  different clades or stages of infection.
114 In this study, we aimed to understand the overall antigenic makeup of the Env that
115  is present at the surface of HIV-1 particles. We established a flow cytometry based assay
116  to detect the binding of anti-HIVV-1 mAbs targeting different Env regions and epitopes

117  present on the virus particles. We then used our assay to compare the antigenic presentation
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118  of virus-associated Env using HIV-1 isolates that are from different infectious stages,
119 clades, and neutralization tiers. Using REJO (transmitted-founder (T/F); clade B, tier 2),
120 CMUO6 (acute; clade AE, tier 2) and SF162 (chronic; clade B, tier 1) viruses, we show that
121  the epitopes accessible on virions are largely similar and only select mAbs can bind to the
122 purified virus particles. This binding pattern was different when compared to the binding
123 of the same mADbs to Env expressed on the cell surface. As expected, V3 epitopes were not
124 accessible on virions and binding of V3 mAbs were comparable to the negative control
125 anti-anthrax mAb 3685. Notably, bNAbs that target the quaternary epitopes at the trimer
126  apex —PG9, PG16, and PGT145— were also unable to bind to their V1V2 epitopes on all
127  three virus isolates tested. In order to neutralize HIV-1, it is essential that an antibody bind
128  to its epitope on the virions. A standard neutralization assay requires pre-incubation of the
129  virus and Ab for one hour prior to adding the target cells (61-63). Prolonging the virus-
130  mAb interaction time for up to 75 minutes did not expose the masked VV1V2 or V3 epitopes.
131  However, allosteric alterations induced by pre-binding of select mAbs improved their
132 exposure as measured by the binding of biotinylated PG9 and 2219 mAbs. This led us to
133  investigate if similar conformational changes are induced upon binding of the virions to
134  the host cells, allowing the bNADs to latch onto their epitopes and exert the neutralization
135 effect. Indeed, adding virus-bNAb mixture to the target cells without prior incubation
136  produced similar level of neutralization compared to standard assay conditions where
137  virus-bNADb mixtures are incubated for one hour prior to adding the cells. Here, we report
138  for the first time that bNAbs such as PG9, PGT145, NIH45-46, VRCO1 and 3BNC117 can
139  neutralize tier 2 isolates REJO and CMUO06 without the need for a pre-incubation step.

140  Thus, a virus-mAb pre-incubation step that is followed widely in the field does not appear
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141  to be required for neutralization by these bNADbs. These data suggest that virus interaction
142 with target cells induced changes in Env that exposed the epitopes recognized by these
143 bNAbs, allowing their binding and virus neutralization. These findings are relevant as
144 under physiological conditions, virus, Abs, and cells all are present in the same milieu at
145  the same time. Given that bNAbs are the ideal for providing sterilizing immunity and are
146  the goal of current HIV-1 vaccine efforts these data offer insight on how HIV-1 may
147  occlude these vulnerable epitopes from host immune response. Further studies to precisely

148  clarify the HIV-1 entry and neutralization mechanism are warranted.

149 2. Materials and Methods

150  Cell lines: HEK293T/17 cells were obtained from the American Type Culture Collection
151 (ATCC, Manassas, VA). The following reagent was obtained through the NIH HIV
152  Reagent Program, Division of AIDS, NIAID, NIH: TZM-bl Cells, ARP-8129, contributed
153 by Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme Inc. (64). For all experiments,
154  HEK293T/17 cells (293T) were used to produce infectious HIV-1 viruses and the TZM.bl
155  cell line was used to assay virus infectivity. TZM.bl cell line is derived from HeLa cells
156  and is genetically modified to express high levels of CD4, CCR5 and CXCR4 and contains
157  reporter cassettes of luciferase and B-galactosidase that are each expressed from an HIV-1
158 LTR. The 293T and TZM.bl cell lines were routinely sub-cultured every 3 to 4 days by
159  trypsinization and were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
160  supplemented with 10% heat-inactivated fetal bovine serum (FBS), HEPES pH 7.4 (10
161  mM), L-glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 pg/ml) at 37°C

162  in a humidified atmosphere with 5% CO2.
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163  Plasmids: A full-length transmitted/founder (T/F) infectious molecular clone (IMC) of
164 pREJO.c/2864 (REJO, ARP-11746) was obtained through the NIH HIV Reagent Program,
165 Division of AIDS, NIAID, NIH, contributed by Dr. John Kappes and Dr. Christina
166  Ochsenbauer (65). REJO is a tier 2, clade B, T/F isolate. IMCs of SF162 (chronic; clade
167 B, chronic, tier 1B) and CMUO6 (acute; clade AE, acute, tier 2) were generated by cloning
168  the Env into pNL4.3 backbone to construct pNL-CMUO06 and pNL-SF162, respectively

169  (66).

170  Antibodies: The following antibody reagents used in this study were obtained through the
171  NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: Anti-HIV-1 gp120
172 monoclonal PG9, PG16, PGT145, PGT121, PGT128, from IAVI (67); anti-HIV-1 gp120
173 monoclonal CH59 from Drs. Barton F. Haynes and Hua-Xin Liao (52); anti-HIV-1 gp120
174 monoclonal VRCO1 from Dr. John Mascola (68); anti-HIV-1 gp120 Monoclonal b12 from
175  Dr. Dennis Burton and Carlos Barbas (69); anti-HIV-1 gp120 monoclonal 3BNC117 from
176  Dr. Michel C. Nussenzweig (70); anti-HIV-1 gp120 monoclonal 17b from Dr. James E.
177  Robinson (71); anti-HIV-1 gp41-gp120 monoclonal 35022, from Drs. Jinghe Huang and
178  Mark Connors (72); anti-HIV-1 gp41-gp120 monoclonal PGT151 from Dr. Dennis Burton;
179  anti-HIV-1 gp41 monoclonal 2F5 and 4E10 from Polymun Scientific (73). The V2i and
180 V3 mAbs were obtained from the laboratory of Dr. Susan Zolla-Pazner (74-81). An

181 irrelevant anti-anthrax mAb 3685 (82) was used as a negative control.

182  Virus production and purification: Infectious viruses were generated by transfecting
183  293T cells with pREJO, pNL-SF162 and pNL-CMUOQ6 plasmids using jetPEI transfection
184  reagent (Polyplus, New York, NY) (83). Supernatants were harvested after 48 hours and

185  clarified by centrifugation and 0.45um filtration. Virus infectivity was assessed on TZM.bl
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186  cells as described (83, 84). Briefly, serial two-fold dilutions of virus stock in 10% DMEM
187  were incubated with TZM.bl cells (in duplicates for each dilution) in half-area 96-well
188  plates in the presence of DEAE-dextran (12.5 pg/ml) for 48 hours at 37°C. Virus infectivity
189  was measured by B-galactosidase activity (Promega, Madison, WI). Virus stocks were
190  concentrated (20X) by ultracentrifugation over 20% (w/v) sucrose in 1X phosphate
191  buffered saline (PBS) at 28,000 RPM for 2 hours in an SW-28 swinging bucket rotor
192  (Sorvall, Thermofisher Scientific). Supernatants were decanted and pellets dried briefly
193  before resuspension in PBS. Inactivation of virions was carried out using Aldrithiol-2 (AT-
194  2) (34, 85). Briefly, 125 ul of sucrose-purified virus was incubated with 0.5 mM AT-2 in
195 DMSO for 2hrs at 37°C, followed by centrifugation at 13,000 rpm for 2 hours. The
196  supernatant was discarded, and the pellet re-suspended in 125 ul PBS. Inactivation was
197  confirmed by measuring infectivity in TZM.bl cells and Env content was checked by

198  Western blotting.

199  Western blotting: To quantify and monitor the expression of Env in each virus preparation
200  Western blot analyses were performed. The sucrose-purified virus particles were lysed,
201  resolved by SDS-PAGE on 4-20% tris-glycine gels (Bio-Rad, Hercules, CA), and blotted
202  onto membranes, which were then probed with antibodies. A cocktail of anti-human anti-
203  gpl120 MADbs (anti-V3: 391, 694, 2219, 2558; anti-C2: 841, 1006; anti-C5: 450, 670, 722;
204 1ug/ml each) was used to detect Env. MAb 91-5D (1ug/ml) was used to detect Gag p24.
205 Membranes were developed with Clarity Western ECL Substrate (Bio-Rad, Hercules, CA)
206 and imaged by a ChemiDoc Imaging System (Bio-Rad, Hercules, CA). Purified

207  recombinant gp120 and p24 proteins were also loaded at a known concentration as controls
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208 and quantification standards. Band intensities were quantified using the Image Lab

209  Software Version 5.0 (Bio-Rad, Hercules, CA).

210  Coupling of fluorescent beads to virions: Sucrose-purified, inactivated virions were
211  covalently coupled to carboxylate-modified microspheres (1.0 pum) using a two-step
212 carbodiimide reaction with the xMAP Ab Coupling (AbC) Kit according to manufacturers’
213  instructions (Luminex, Austin, TX). Carboxylated beads were coupled to 125 ul of 20X
214  concentrated virus preparations (~36.4x10° beads per reaction). Briefly, the stock
215  microspheres were vortexed and sonicated to resuspend and disperse the microspheres and
216 12 pl was transferred to tube containing 1200 ul of 1% BSA/1X PBS (per virus). The
217  microspheres were washed twice with 500 ul of activation buffer followed by vortexing
218  and sonication after each step. The microspheres were activated with 250 pL of activation
219  buffer, 50 uL of 50 mg/ml Sulfo-NHS (N-hydroxysulfosuccinimide), 50 uL of 40 mg/mL
220  ethyl dimethylaminopropyl carbodiimide hydrochloride (EDC) and incubated for 20 min
221  at room temperature with end-to-end rotation. The microspheres were washed three times
222  inactivation buffer, then incubated with AT-2 inactivated virus in activation buffer for 2 h
223  at room temperature. We typically used 125 pl volume of 20X concentrated virus that
224 equals to 100-175 ng total. The microspheres were subsequently washed and resuspended

225 in 1.2 mL of 0.1% BSA/PBS and stored at 4°C until ready to use.

226  Virus-associated Env binding assay (VAEBA): The coupled microspheres were
227  dispensed into 96-well plate (10 pl/well) and blocked with 100 ul of 3% BSA for 30 mins
228 at 4°C. Plates were centrifuged at 2000 x g for 10 minutes and the supernatant was
229  discarded. The microspheres were incubated with serially diluted mAbs for 30 min at 37°C

230 followed by addition of anti-human-biotin (1:500 in 0.1% BSA/PBS) and incubated in the
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231  dark for 30 mins. Plates were washed 3 times with PBS and incubated with Streptavidin-
232 PE (1:1000 in 0.1% BSA/PBS) for 30 min followed by resuspension in 200ul of 0.5%
233  paraformaldehyde. Plates were washed 3 times with PBS after each step. Analysis was
234 done with Attune NxT flow cytometer, and >30,000 events were collected in the
235  phycoerythrin (PE)+ gate. Data analysis was carried out using FCS-Express software as
236  follows: FITC positive microspheres were selected from a plot of forward-area vs. FITC
237  (FSC-A/FITC-A) from which doublets were excluded in a forward scatter height vs
238  forward scatter area plot (FSC-H/FSC-A). Geometric mean fluorescent intensity (MFI) of
239  PE+ beads representing anti-Env-stained virus particles coupled to FITC microspheres,
240  were quantified, and multiplied with percentage of PE-positive beads. This number was
241  divided by 100 and reported as binding score (BS). Background BS, as determined from
242  microspheres stained without primary antibodies was subtracted from all Env-mAb pairs.
243  Area under the titration curves were also calculated for select data sets. MAbs were used

244 at concentrations detailed in each figure legend.

245  For time-dependent binding study, the assay was performed as above using biotinylated
246  mAbs that were incubated with the virus-coupled beads for different time (0, 15, 30, 45,
247 60 and 75 min) followed by Streptavidin-PE. Data was acquired by Attune flow cytometer

248  as above.

249  For conformational epitope exposure in response to mADbs, virus coupled microspheres
250  were pre-incubated with titrated mAbs for 30 min at 37°C. Plates were centrifuged and
251  further incubated with biotinylated mAbs (PG9, VRCO1 or 2219) for 30 min at 37°C

252  followed by Streptavidin-PE. Data was acquired by Attune NxT flow cytometer as above.
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253  Cell-associated Env binding assay. An assay to detect antibody binding to cell surface
254  expressed Env was performed as described (66, 86). Briefly, monolayers of 293T cells (4
255  x 10°) seeded in 100-mm tissue culture dishes were transfected with 20 pg of gp160
256  expression plasmid using jetPEI (DNA:jetPEI ratio of 1:3) following manufacturer’s
257  instructions (Polyplus, New York, NY). Transfected cells were incubated for 24 hours at
258 37°C, washed with PBS, detached with trypsin-free cell-dissociation buffer, and
259  resuspended in PBS containing 2% BSA. Cells were stained with Live/dead fixable Aqua
260  stain and distributed into 96-well round-bottom tissue culture plates (5x10%well) for
261 individual staining reactions. Cells were incubated with mAbs at concentrations detailed
262 in figure legends. For detection of mAb binding, biotinylated goat anti-Human 1gG Fc
263  (1:500) followed by streptavidin phycoerythrin (PE) (1:1000) was used. The cells were
264  washed 3X with PBS-B (PBS plus 1%BSA) after each step and all incubation steps were
265  performed on ice for 30 min. Cells were analyzed with a BD Fortessa flow cytometer, and
266 30,000 events were collected in the PE+ gate. Analysis was carried out using FCS-Express
267  software as follows: 293T cells were selected from a plot of forward-area vs. side scatter-
268 area (FSC-A/SSC-A) from which doublets were excluded in a forward scatter height vs
269  forward scatter area plot (FSC-H/FSC-A). Live cells were selected by Aqua-negative
270  gating, and geometric mean fluorescent intensity (MFI) of PE+ cells, representing anti-
271  Env-stained cells, were quantified. Background MFI, as determined from cells stained

272 without primary antibodies was subtracted from all Env-mAb pairs.

273  Neutralization assay. Virus neutralization was measured using a -galactosidase-based
274  assay (Promega) with TZM.bl target cells (62). Serial dilutions of mAbs were added to the

275  virus in half-area 96-well plates (Costar, Corning, NY) and incubated for designated time
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276  periods (0 min and 60 min) at 37°C. TZM.bl cells were then added along with DEAE-
277  dextran (12.5 pg/ml; Sigma). After a 48-hour incubation for each assay condition, at 37°C
278 andina 5% CO?2 incubator, the B-galactosidase activity was measured. Each condition was
279  tested in duplicate. Assay controls included replicate wells of TZM.bl cells alone (cell
280 control) and TZM.bl cells with virus alone (virus control). The highest antibody
281  concentrations tested were based on known neutralization titers and varied per mAb. PG9
282  and 2219 were analyzed in the range of 50 pg/ml to 0.78 pg/ml, PGT145 was analyzed in
283  the range of 5 pg/ml to 0.001 pg/ml, and NIH45-46 was analyzed in the range of 2.5 pg/ml
284  t0 0.004 pug/ml, while 830A and 3685 were tested in the range of 100 pg/ml to 0.006 pg/ml.
285  Percent neutralization was determined on the basis of virus control under the specific assay
286  condition. The virus input corresponded to titrated stocks yielding 150,000 to 200,000

287  relative luminescence units (RLU).

288  Statistical analysis: All statistical analyses were performed with GraphPad Prism 9.4.1
289  (GraphPad, San Diego, CA USA). ANOVA and Mann-Whitney t-tests were performed as

290 appropriate and are mentioned in the figure legends.
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291 Results

292  Detection of REJO Env on HIV-1 particles: Several methods have been developed that
293 allow visualization of binding of HIV-1 particle to Abs in an effort to dissect the antigenic
294  landscape of Env displayed on the virus particles. These assays rely on using fluorescent
295  virus particles or using a two-pronged approach to capture and detect HIV-1 using different
296  Abs (87-89). In this study we developed an assay that can be easily adapted to test any
297  HIV-1 or other viruses without the need to produce fluorescent virus particles. The assay
298  developed is based on (a) coupling the virions to fluorescent microspheres; (b) staining
299  virions immobilized on microspheres with antibodies targeting different epitopes; (c)
300 staining the resulting complex with anti-human biotin and streptavidin-PE; and (d)

301  detecting Env-Ab interaction via flow cytometry (Figure 1A).

302 Initially, we used REJO, a T/F, clade B, tier 2, HIV-1 isolate and select monoclonal
303 antibodies (mAbs) that recognize the conformational CD4bs (NIH45-46) and linear V3
304  (2219) epitopes on Env. A non-HIV-1 mAb 3685 was used as negative control. To optimize
305 the amount of sucrose-pelleted virus required to couple with the microspheres we tested
306  four different amounts (25, 50, 100 and 125 pl corresponding to ~35, 70, 142 and 177 ng
307 total Env, respectively) of 20X concentrated virus preparations. The Env content was
308  measured by Western blot (Supplementary Figure 1) as in (83, 84).

309 At 125 pl of virus, the positive control NIH45-46 binding was significantly enhanced
310  while the negative control 3685 background binding levels were low (Figure 1B). Thus,
311  based on the fold AUC change over the non-HIV-1 mAb 3685 we selected to use 125 pl
312  of 20X concentrated virus preparation, equivalent to 177 ng Env. At this amount, the

313  negative control mAb stained the virions minimally (1.7%) (Figure 1C). The mAb NIH45-
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314 46 bound 84% REJO virions, while only 1.8% particles bound to V3 mAb 2219 (Figure
315 1C). Next, we used the assay to analyze the antigenic makeup of Env on the virus particles
316  using the extended mAb panel (Table 1) that covers most of the major Env domains.

317 The virus bound microspheres were treated with titrated amounts of mAbs and the
318  assay was conducted as outlined in the Methods section. All three V2i mAbs (697, 830A,
319  and 2158) bound to the Env on virions, with mAb 830A exhibiting the strongest binding
320  (Figures 2A-C). In contrast, trimer-preferring V2q bNAbs (PG9, PG16, and PGT145) and
321  peptide recognizing V2p mAbs (CH58 and CH59) were unable to bind to the Env on
322 virions (Figures 2A-C). The V3 specific mAbs 2219 and 2557 also did not show any
323 binding (Figure 2). This aligns well with previous studies showing that the V3 loop that is
324 located beneath VV1V?2 at the apical center of the Env trimer is occluded in closed Env
325  conformations (90, 91). Recognition of CD4bs epitopes by most mAbs, except NIH45-46,
326  was also negligible while PGT151 (gp120-gp41 interface) and gp4l MPER mAb 4E10
327  displayed efficient binding. Higher binding of MPER specific 4E10 mAb may be either
328  due to lipid cross-reactivity, increased exposure of the gp4l base or presence of gp4l
329  stumps (34, 92, 93). Notably, PGT151 binds only to properly formed, cleaved trimers, and
330 its binding was comparable to V2i mAb 830A (94).

331 To compare the relative levels of each epitope exposed on the virus particles we
332  calculated the AUC values from the titration curves. Figure 2B represents the overall
333  presentation of different epitopes on the virions as measured by mAb binding. A similar
334  pattern was also observed when binding scores of mAbs tested at the highest dilution were
335 plotted (Figure 2C). Thus, for subsequent experiments we tested the binding of mAbs to

336  virions at one dilution and present the results as binding scores (BS).
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337  Exposure of Env epitopes on virions is similar regardless of the clade, tier, or infection
338 stage: We next tested two other HIV-1 isolates: CMUO6 (acute; clade AE, tier 2) and
339  SF162 (chronic; clade B, tier 1) using the same panel of mAbs. Binding of mAbs to CMUO06
340  was similar to REJO with most bNAb epitopes being masked (Figure 3A). Overall the
341  binding strength of mAbs to SF162 Env on virions was lower compared to CMUO6 and
342  REJO. This may be due to the differences in the amount of Env as measured by Western
343  blotting (Fig S1). The mAbs 830A, PGT151 and 4E10 bound strongly to their respective
344  epitopes on both CMUOQ6 an SF162 virions. Thus, these three epitopes were consistently
345  accessible on all three viruses tested in this study. The binding of V2i mAb 2158 was
346  greater in SF162 (tier 1) compared to CMUOG6 (tier 2). The V2i mADbs tested in this study
347  were isolated from a HIV-1 clade B-infected patients and reacts better to clade B isolates
348  compared to other HIV-1 from other clades. However, relatively lower binding of 2158
349  was also observed with REJO virus suggesting isolate specific differences in the exposure
350 of epitopes. The CD4bs mAb NIH45-46 binding was low in the case of CMUQ6 and SF162
351  virions versus REJO. In contrast another CD4bs mAb 3BNC117 showed better binding to
352  SF162 than the other two viruses. Negligible binding was seen with the negative control
353  mADb 3685. Similar to REJO, little to no binding was seen with the mAbs targeting the V2q
354  and V3 epitopes (Fig 3, 5).

355

356  Binding profile of mAbs to Env expressed on the cell surface is different than Env on
357 virions: Binding of transiently expressed Env on cells to the various HIV-1 Env-directed
358 antibodies is routinely used to assess and compare the epitopes displayed among different

359  HIV-1isolates. We transfected 293T cells with gp160 expressing plasmids and probed the
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360  Env expressed on the cell surface with the mAbs in Table 1. A different profile was
361  observed when staining of Env on virus particles was compared to Env expressed on
362 transfected cells (Fig. 4). All mAbs tested bound to Env expressed on cells, while this was
363  not the case with HIV-1 particles (Fig. 3 and 5). The V2q, V2p, and V3 mAbs which did
364  not bind to the virions displayed efficient binding to cell surface expressed Env. Thus, Env
365  recognized by V2q is efficiently expressed however the Env incorporation mechanism may
366  impact its level and how it’s displayed on the virion surface. In addition, the Env on
367  producer cells may also be populated by uncleaved Env monomers at the cell surface that
368 are not incorporated into virions (95), which may also account for differences in binding.
369 The CD4bs mAbs also displayed greater binding to cell-surface Env compared with viral
370  particles. Based on PGT151 binding, which binds only to properly formed, cleaved trimers
371  (96), T/F isolate REJO has greater levels of trimeric Env compared to acute CMUO6 and
372  chronic SF162 isolates. Differences were also observed when the recognition of epitopes
373 onvirions vs cell surface were compared to other HIV-1 isolates (Fig. 4 and 5). Thus, the
374  binding profile of mAbs to Env differs based on the location of the Env (cell surface vs
375  virions). Most bNADb and V3 epitopes are masked on the virus-associated Env, while these
376  epitopes are accessible on the Env expressed on transfected cells.

377

378  Prolonging the mAb-virion interaction time does not unmask the occluded epitopes:

379  Binding of antibodies to Env is essential in order for them to neutralize the virus. In a
380 typical standard neutralization assay, virus and mAbs are incubated for 1 hour at 37°C prior
381 toadding the target cells. In our Env binding assay, mAbs were incubated for only 30 min

382  at 37°C, prompting us to test if increasing the mAb-virus interaction time would facilitate
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383  binding, especially for the mAbs (V2q, V3, and CD4bs) that did not appear to bind after
384 30 minutes.

385 Therefore, microspheres coupled with REJO virus were incubated with select V2i
386  (830), V2q (PG9), V3 (2219), CD4bs (NIH45-46), or control mAb (3685) for various
387  periods of time (0 to 75 min). The binding of mAbs to the Env on REJO virus was measured
388 by flow cytometry (Fig. 6). Little binding to REJO Env was observed for all mAbs when
389  noincubation (0 min) was allowed, but a significant linear increase in binding of 830A and
390  NIH45-46 mAbs was detected over time (Fig. 6). The V2g mAb PG9 and V3 mAb 2219
391  showed no increase in binding to REJO Env at any time point, indicating that epitopes of
392  these mAbs remained occluded on the virus even after 75 min incubation (Fig. 6). As
393  expected no binding was detected by the negative control mAb 3685 at any time point.
394

395 Masked Env epitopes can be exposed by pre-binding of other mAbs. Next, we explored
396 the possibility if microsphere-virion coupling method had any adverse effect that may
397  explain the inability to detect any binding to these epitopes. If that stands correct then
398  binding of PG9 or V3 2219 mAb will remain low on virions even under conditions that are
399  known to conformationally unmask these epitopes (97, 98). We tested this idea by pre-
400 treating the virus with select mAbs followed by detecting the binding of V3 (2219) and
401 V2q (PG9) mAbs. We incubated the microsphere-coated virions first with mAbs (eg 697,
402  830A, 2158, 447, or 2219) to induce structural changes in Env. After washing away the
403  unbound mAb, we probed for VV2q epitope exposure using biotinylated PG9 mAb. Non-
404  biotinylated PG9 and non-HIV-1 mAb 3685 were used as controls. As seen in Fig. 7,

405  binding of all three V2i mAbs (697, 830A and 2158) presumably induced an allosteric
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406  effect that exposed the PG9 binding epitopes. This concurs with the published study
407  showing that VV2i 830A and 2158 increases the binding of PG9 mAb on A244 gp120 (98).
408  However, 697 did not induce similar increased binding in case of A244 gp120 (98). In
409  contrast, the V3 mAbs, epitopes of which remain occluded on the functional Env on
410  virions, did not alter PG9 binding and were comparable to the negative control mAb 3685.
411  Since PG9 epitopes are also inaccessible on virions, no binding was seen in this control as
412  well. Thus, PG9 epitopes are available but are masked on the virions. We next evaluated if
413 V3 epitopes can be similarly exposed. The V3 loops are tucked beneath V1V2, thus Abs
414  that induce any movement in the V1V2 loops such that they are displaced from their
415  position should expose the V3 epitopes. We made the use of CD4bs mAbs: NIH45-46 that
416  binds strongly to Env on virions, the non-neutralizing mAb 694 that is known to expose
417 V3 loops, and the V2i mAb 830A (97, 98). Non-biotinylated 2219 and 3685 were used as
418  controls. Binding of 830A and 694 exposed the V3 epitopes allowing the binding of
419  biotinylated 2219 mADb. In contrast, NIH45-46, despite binding well to REJO virions failed
420  to expose the 2219 epitope. The 2219 epitopes are not available on virions in the absence
421  of allosteric alterations; thus no binding was detected. These data suggest that vulnerable
422  epitopes such as those targeted by the bNAb PG9 are conformationally occluded on the
423  Envdisplayed on the virion surface. Also, the coupling method had no observable negative
424 impact on the accessibility of these epitopes.

425  Neutralization of REJO and CMUO06 viruses by bNADs: The findings above suggested
426  that allosteric changes but not time can allow binding of the V2qg mAb PG9. However,
427  given the reported neutralization breadth and potency of PG9, the inability of PG9 to bind

428  to the virus-associated Env was perplexing (67, 68), particularly since it is expected that
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429  the Ab must bind to the target in order to exert its neutralization efficacy. This led us to
430  speculate that perhaps the interaction of virus with the target cells induces similar changes
431  inthe Env that allows the bNADbs such as PG9 to bind to their epitopes. In such a case, the
432  neutralization of HIV-1 with PG9 mAb should be similar in the presence or absence of a
433  virus-mADb pre-incubation step.

434 Indeed, as seen in Fig. 8, bNAbs PG9 and PGT145 were able to neutralize REJO virus
435 with equal efficacy independent of a pre-incubation step. Among the CD4bs mAbs,
436  neutralization by 3BBNC117 and NIH45-46 was also similar at both t =0 and 60 minutes
437  while VRCO1 had a slightly better neutralization at t =60 min (AUC 111) compared to t =0
438  (AUC 85); however, the difference was not statistically significant. These data suggest that
439 interaction of virus with target cells appears to induce localized antigenic changes in virions
440  allowing for bNAbs to latch on to their epitopes. This is the first time, to the best of our
441  knowledge that the V2g and CD4bs mADs tested here are shown to require pre-interaction
442  of virus with target cells to exhibit their neutralization effect. Interestingly, mAbs such as
443  830A and 4E10 show strong binding to their respective epitopes on virions however these
444 mAbs fail to neutralize the REJO virus. One possible explanation for this observation may
445  be that the 830A and 4E10 epitopes that are available for binding on virions are associated
446  with non-functional Env hence binding to these Env epitopes does not impact virus
447  infection. Similar results were observed when neutralization of CMUO06 virus was
448  compared at t =0 vs 60 min. Regardless, these data highlight the importance of gaining a
449  Dbetter understanding of the multiple mechanisms that are utilized by HIV-1 to avoid
450 interaction with host mounted Abs and maintain infectivity.

451
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452 4. Discussion

453 This study focused on investigating the antigenic landscape of HIVV-1 Env on the
454 infectious virus particles that are encountered by the host immune system. We used a flow
455  cytometry-based bead assay to quantitate the relative levels of Env epitopes that are
456  exposed on intact virions. Although bead-based assays have been reported before, our
457  approach varies from previous assays in that it alleviates the requirement of producing
458  fluorescent virus particles (89). In addition, other assays make use of two anti-HIV-1 Abs,
459  one Ab to capture the virus particles and other Ab to detect binding (88). As shown in this
460  study, application of two Abs may skew the results and fail to differentiate between the
461  actual binding and binding due to the conformational changes in Env influenced by the
462  capture Ab. Furthermore, the assay described in this study can be easily translated to study
463  other viruses (e.g., SARS-CoV, Influenza etc.,) and antigens in different formats (eg gp120,
464  gpl40 etc).

465 Our findings show that epitopes targeted by mAbs like 830A (V2i), PGT151 (gp120-
466  gp4l interface) and 4E10 (gp41) are present at relatively higher levels on the surface of
467 REJO, CMUO06 and SF162 viruses, suggesting that elements that regulate Env epitope
468  abundance are likely to be conserved among isolates. In contrast, the V2q and V3 epitopes
469  are inaccessible on the virus and remain so even when longer virion-mAb interaction times
470  are allowed. The V2qg and V3 epitopes become available for binding by mAbs only when
471  conformational changes are inflicted. This is expected for V3 epitopes as V3 loops are
472  suggested to be tucked underneath the V1V2 loops (99) and conformational changes such
473  as movement or displacement of V1V2 can release V3 loop allowing for its recognition by

474 V3 targeting mADbs (6). However, studies have also shown that the VV3 loop can flicker in
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475  and out of its tucked position without disrupting the V1V2 organization at the apex (99,
476  100). Even slight opening of the trimer apex can expose the highly immunogenic V3 loop
477  (101). In such a case we would expect to observe some level of binding to V3 mAbs but,
478 V3 mAbs (2219, 2557) tested here did not show any binding even when the REJO virus
479  and mAb interaction time were extended up to 75 min. The V3 epitopes also remained
480  occluded in SF162 which is highly sensitive to neutralization by these V3 mAbs (80). The
481 SF162 Env is presumed to be in open conformation (102-104) however, based on the
482  sensitivity of SF162 to neutralization by a family of mAbs that recognize an SF162 type-
483  specific quaternary epitope that bridges the V2 and V3 domains (105-108), it has been
484  suggested that this Env exists predominantly in the closed conformation (109); which may
485  explain the masked V3 epitopes on SF162 in our assay. These data suggest that perhaps
486  this tendency of V3 to flip in-and-out may vary among different HIV-1 isolates and was
487  not applicable to the viruses tested here. Inability of V3 mAbs to bind to Env on virions
488  was also surprising particularly for SF162 as SF162 is neutralized very potently by the V3
489  mADbs 2219 and 2557 with a reported 1C50 < 0.39 pg/ml (80). These data suggest that the
490  V2i Abs are not interacting with Env molecules that are required for viral entry and the V3
491  epitopes on functional Env are occluded from binding. Native-like Env trimers are the
492  leading platform for HIV-1 vaccine design and several modifications have been made to
493  reduce the Env metastability and exposure of the VV3-loop (110-112). Understanding how
494 the viruses retain the V3 in a tucked-in position may help these efforts.

495

496 The V2gq mAbs showed no binding to V1V2 at the trimer apex on virions.

497  Neutralization of HIV-1, or any other viral pathogen, minimally requires an initial
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498  encounter with an Ab. The PG9, PG16, and PGT145 mAbs can efficiently neutralize REJO
499  virus (83), thus lack of detectable binding was unexpected, particularly since V3 is shielded
500  only when the native Env trimer is in the closed pre-fusion conformation: a conformation
501 that is required for the binding of V2g mAbs (99, 113).

502 Our previously published study has shown that different mechanisms are involved in
503  occluding the V1V2 and V3 epitopes (50). While V3 epitopes can become accessible after
504  engagement of CD4 receptor as shown with soluble CD4, no substantial impact was
505 observed on V2i epitopes. Again, V2i epitopes such as those targeted by the 830A mAb
506 are abundantly available on the virions however both REJO and CMUOQ6 viruses are
507  resistant to neutralization by 830A mAb when tested under standard 1 hour incubation
508 assay (50, 66, 83) and both viruses become neutralization sensitive if the virus-mAb
509 incubation is allowed to continue to 24 hours prior to adding the target TZM.bl cells (66,
510  83). Thus, prolonged incubation time allows for conformational unmasking or allows Env
511 breathing that may transiently expose the occluded epitopes. We attempted to apply this
512 idea to expose the V2q mAb epitopes on virus particles. However, allosteric changes
513 induced by binding of VV2i mAbs, but not prolonged interaction time with virus, allowed
514  PG9 mAD to bind to VV2q epitopes on REJO virus. As both V2i and V2g mAbs bind V1V2
515  when V2C is in B-strand conformation (49, 114), the mechanism by which the binding of
516  V2i helped expose V2q remains unknown. Likewise, we observed no significant
517  differences in neutralization of REJO virus by the V2q mAbs and CD4bs, when the
518 neutralization assay omitted the commonly adopted one-hour pre-incubation step (62, 115-
519  121). These data suggest that HIV-1 interaction with target cells causes changes that allow

520 for these bNADs to bind to their target epitopes and neutralize virions. The TZM.bl cell
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521 line that is widely used for neutralization assay in HIV-1 field is modified to express human
522  CD4 and CCR5 receptors which allows the cells to be infected by HIV-1 (62). It is possible
523 that CD4 engagement may be influencing epitope exposure and contributing to the
524  observed effect, however we cannot rule out the possibility that there may be other
525  contributors. It is also plausible that CD4 binding may promote or stabilize quaternary
526  conformational changes in Env that may facilitate access of bNAbs to the Env. The
527 increased binding of PG9 is not due to gp120 shedding as 830A and NIH45-46 epitopes
528  are available for binding to the 830 and NIH45-46 mADbs respectively even after 75 min
529  incubation. Thus, the exact mechanism is not known and remains to be explored. Also, we
530 do not understand why the NIH45-46 epitopes are exposed better on REJO but not on
531 CMUO06 and SF162 and if it affords any advantage to REJO, which is a T/F isolate.
532  Nonetheless, these data have implications for antibody neutralization strategies and
533  highlight a previously unknown aspect of how the occluded bNAb epitopes on the virions
534  may be unmasked allowing the mADbs to bind to their epitopes and block infection. Testing
535 a broader mAb and virus panel will establish if all bNAbs and viruses use similar
536  mechanism as those displayed here.

537 HIV-1 displays a low number of Env spikes (~10-14) per virion (122, 123), comprising
538  both functional and non-functional Envs (36, 124). While the number of trimers required
539 for productive infection remains inconclusive (88, 125), it is plausible that 1-2 functional
540 spikes may be sufficient to initiate the infection process (21, 126, 127). In such a case,
541  HIV-1 may have a mechanism that allows the distribution of non-functional Env in such a
542  way that they surround the functional Env, thus protecting this Env form. Only displacing

543  or inducing changes in these surrounding probably non-functional forms allows exposure
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544  of the functional Env. This seems applicable in light of the recent cryo-EM data showing
545  that trimers on virions appear to be randomly distributed with no apparent clustering or
546  predisposition (128). Thus, camouflaging by non-functional Env forms may be a way for
547  HIV-1to shield its functional Env, which is exposed only after conformational unmasking.
548 In summary, we show that only select Env epitopes are exposed on the HIV-1 surface,
549  with V2i epitopes being the most abundant which may provide an explanation as to why
550  Abs against these immunogenic epitopes are more readily elicited during infection (74, 75,
551 78, 79, 129-133). However, V3 Abs are also efficiently elicited during infection and via
552  vaccination. Thus, the reason why the V3 epitopes on virions were not recognized by the
553  mADs tested herein remains unanswered. An indication that different HIV isolates can
554  exhibit similar patterns of mAb binding regardless of the clade or tier suggest that similar
555  mechanisms are at play to maintain the balance between the amount of functional and non-
556  functional Env that gets incorporated into virus particles. We also show that interaction
557  with cells is required for the bNADbs to be able to access their epitopes on virus particles. It
558  will be interesting to know if other viruses for e.g., SARS-COV?2, Influenza etc have
559  similar requirements of interacting with host cells in order for the virus-specific
560 neutralizing Abs to exert their effect, thus alleviating the one hour pre-incubation step or if
561 this is specific for HIV-1 alone. These results may have important implications for HIV-1
562  vaccine design and for understanding the humoral response to HIV infection.
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567  Figure Legends

568  Figure. 1. Virus-binding assay for detection of antibody binding to Env expressed on
569  virions. (A) Schematic of the assay; (B) Optimization of virus amount to be coupled to the
570  microspheres; (C) Representative dot plots and histogram showing the gating strategy for
571  analysis of antibodies binding to virus particle by flow cytometry. The mAbs were tested
572  atfollowing concentrations: NIH45-46 at 5 pg/ml; 2219 and 3685 at 50 pug/ml. 1°, primary;
573  2°secondary.

574  Figure 2. Binding of mAbs to Env on REJO virions. (A) Microspheres coupled to REJO
575  virus were incubated with serially diluted mAbs targeting different Env epitopes. (B) Area
576  under the curve (AUC) was calculated from the mADb titration curves in panel A and plotted.
577  (C) Binding scores (BS) were calculated by multiplying the percent gated PE positive beads
578  with the geometric mean fluorescence intensity (MFI) of each mAb tested at a single
579  dilution. This value was divided by one hundred and is plotted. Virus-coupled
580  microspheres stained with biotin and PE alone were used to set the background BS and are
581  subtracted from all values.

582  Figure 3. Binding of mAbs to Env on virions. Microspheres coupled to (A) CMUQ6 and
583 (B) SF162 viruses were incubated with mAbs targeting different Env epitopes. Binding
584  scores (BS) were calculated by multiplying the percent gated PE positive beads with the
585 geometric mean fluorescence intensity (MFI) of each mADb tested at the single dilution.
586  This value was divided by one hundred and is plotted. Virus coupled microspheres stained
587  with biotin and PE alone were used to set the background BS and subtracted. The mAbs

588  were tested at following concentrations: 697, 830A, 2158, 3685 at 100 pug/ml; 2219, 2557
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589  at 50 pg/ml; PG9, PG16, PGT145, CH59, VRCO1, 3BNC117 at 25 pg/ml; 4E10 at 20
590 pg/ml; PGT151 at 10 pg/ml; NIH45-46 at 5 pg/ml. X, not tested.

591  Figure 4. Binding of mAbs to trimeric Env expressed on cell surface. (A) 293T cells
592  were transiently transfected with plasmid encoding for full length gp160. Cells were
593 analyzed for binding of different mAbs 24-hours post-transfection. Binding scores (BS)
594  were calculated by multiplying the percent gated PE positive cells with geometric mean
595  fluorescence intensity (MFI) of each mAb tested at the single dilution. This value was
596  divided by one hundred and is plotted. Transfected cells stained with biotin and PE alone
597  were used to set the background BS and subtracted. X, not tested. The mAbs were tested
598 at following concentrations: 697, 830A, 2158, 3685 at 100 pg/ml; 2219, 2557 at 50 pg/ml;
599 PGY, PG16, PGT145, PGDM1400, CH59, VRCO1, 3BNC117, b12 at 25 pg/ml; 4E10, 2F5
600 at 20 ug/ml; PGT151 at 10 pg/ml; NIH45-46 at 5 pg/ml. X, not tested.

601  Figure 5. Comparison of binding of mAbs to Env on virions and cell surface. Binding
602 data in figures 2, 3 and 4 was normalized and shown as fold change over negative control
603  mADb 3685. X, not tested.

604  Figure 6. Time-dependent increase of Env binding. Microspheres coupled to REJO
605  virus particles were treated with mAbs at 37°C for various time from 0 to 75 min. Binding
606  was detected as in Figure 2 and binding scores (BS) are shown. The mAbs were tested at
607  following concentrations: 830A, 3685 at 100 pug/ml; 2219 at 50 pg/ml; PG9 at 25 pg/ml;
608  NIH45-46 at 2.5 pg/ml. **** p=<0.0001; **, p= 0.0026 vs t = 0 min by ANOVA.

609  Figure 7. Changes in reactivity of PG9 and 2219 mAbs. Microspheres coupled with

610 REJO virus were incubated with titrated amounts of antibodies followed by biotinylated
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611  V2g mAb PG9 (25 pg/ml) or biotinylated V3 mAb 2219 (50 ug/ml). Binding was detected
612  with streptavidin-PE. **** p< 0.0001 by ANOVA.

613  Figure 8. Neutralization of REJO virus. Virus neutralization was measured after REJO
614  was incubated with serially diluted mAbs for the designated period of time at 37°C prior
615 tothe addition of TZM-bl target cells. Virus infectivity was assessed 48 h later based on -
616  galactosidase activity. (A) Neutralization curves are shown. Means and standard errors
617 calculated from two different experiments (each in duplicate) are shown. Statistical
618  analyses were performed on the neutralization curves reaching >50%. Comparison is made
619  between neutralization curves at T = 0 vs T = 60 minutes. P= ns, not significant by
620  nonparametric Mann-Whitney t-test. (B) Area under the neutralization curves were
621 calculated and plotted as bar graph. Statistical analysis was performed on AUC graph by
622  ANOVA (P =0.99; ns, not significant).

623  Figure 9. Neutralization of CMUOQ6 virus. Virus neutralization was measured after
624  CMUO06 was incubated with serially diluted mAbs for the designated period of time at 37°C
625  prior to the addition of TZM-bl target cells. Virus infectivity was assessed 48 h later based
626 on B-galactosidase activity. (A) Neutralization curves are shown. Means and standard
627  errors calculated from two different experiments (each in duplicate) are shown. Statistical
628  analyses were performed on the neutralization curves reaching >50%. Comparison is made
629  between neutralization curves at T = 0 vs T = 60 minutes. P= ns, not significant by
630 nonparametric Mann-Whitney t-test. (B) Area under the neutralization curves were
631 calculated and plotted as bar graph. Statistical analysis was performed on AUC graph by

632  ANOVA (P =0.99; ns, not significant)
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633  Supplementary Figure 1. Measurement of Env in virus preparations by Western blot.
634  (A) Viruses produced in 293T cells, were concentrated (20X) by sucrose pelleting. 4 pl of
635 each 20X concentrated virus particles were lysed and analyzed by SDS-PAGE (4-20%)
636  and Western blot. An anti-gp120 MAb cocktail (V3: 391/95-D, 694/98-D, 2219, 2558; C2:
637 847-D, 1006-30D; C5: 450-D, 670-D) was used to quantitate the levels of Env associated
638  with virions. REJO gp120 protein loaded at different concentrations was used as standard.
639  The band density of REJO gp120 protein was used to generate the linear curve (B) and to
640 calculate the amount of Env in each virus preparation.
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Table 1. Binding specificity of the monoclonal antibodies (mAbs)
used in the study.

Antibody name Epitope/ binding site Structural preference
697
830A gp120 V1V2 (V2i) Conformational
2158
CH58 .
120 V1Vv2 (V2 Linear
CH50 gp (V2p) i
PG9
PG16 gp120 V1V2 (V2q) Conformational
PGT145
PGDM1400
2219 gpl20 V3 Linear
2557
NIH45-46
VRCO1 gp120 CD4 binding site (CD4BS)
b12 .
Conformational
3BNC117
PGT151 gpl20-gp4l interface
VRC34 gp41 fusion peptide/gp120 glycan
4E10 gp41 MPER Linear
2F5
3685 anti-parvovirus Non-binding
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Figure. 1. Virus-binding assay for detection of antibody binding to Env expressed on virions. (A) Schematic of the assay; (B) Optimization of virus amount to be
coupled to the microspheres; (C) Representative dot plots and histogram showing the gating strategy for analysis of antibodies binding to virus particle by flow cytometry. The
mADbs were tested at following concentrations: NIH45-46 at 5 ug/ml; 2219 and 3685 at 50 pg/ml. 1°, primary; 2° secondary.
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Figure 3. Binding of mAbs to Env on virions. Microspheres
coupled to (A) CMUO6 and (B) SF162 viruses were incubated
with mADbs targeting different Env epitopes. Binding scores (BS)
were calculated by multiplying the percent gated PE positive
beads with the geometric mean fluorescence intensity (MFI) of
each mADb tested at the single dilution. This value was divided
by one hundred and is plotted. Virus coupled microspheres
stained with biotin and PE alone were used to set the
background BS and subtracted. The mAbs were tested at
following concentrations: 697, 830A, 2158, 3685 at 100 ug/mi;
2219, 2557 at 50 yg/ml; PG9, PG16, PGT145, CH59, VRCO01,
3BNC117 at 25 pg/ml; 4E10 at 20 ug/ml; PGT151 at 10 ug/ml;
NIH45-46 at 5 pg/ml. X, not tested.
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Figure 4. Binding of mAbs to trimeric Env expressed on
cell surface. (A) 293T cells were transiently transfected with
plasmid encoding for full length gp160. Cells were analyzed for
binding of different mAbs 24-hours post-transfection. Binding
scores (BS) were calculated by multiplying the percent gated
PE positive cells with geometric mean fluorescence intensity
(MFI) of each mAD tested at the single dilution. This value was
divided by one hundred and is plotted. Transfected cells stained
with biotin and PE alone were used to set the background BS
and subtracted. X, not tested. The mAbs were tested at
following concentrations: 697, 830A, 2158, 3685 at 100 ug/ml;
2219, 2557 at 50 pg/ml; PG9, PG16, PGT145, PGDM1400,
CH59, VRCO01, 3BNC117, b12 at 25 pg/ml; 4E10, 2F5 at 20
Mg/ml; PGT151 at 10 pg/ml; NIH45-46 at 5 ug/ml. X, not tested.
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Figure 5. Comparison of binding of mAbs to Env on virions and cell surface. Binding data in figures 2, 3 and 4 was

normalized and shown as fold change over negative control mAb 3685. X, not tested.
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Figure 6. Time-dependent increase of Env binding. Microspheres
coupled to REJO virus particles were treated with mAbs at 37°C for
various time from O to 75 min. Binding was detected as in Figure 2 and
binding scores (BS) are shown. The mAbs were tested at following
concentrations: 830A, 3685 at 100 ug/ml; 2219 at 50 ug/ml; PG9 at 25
pg/ml; NIH45-46 at 2.5 pg/ml. **** p= <0.0001; **, p= 0.0026 vst =0
min by ANOVA.
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Figure 7. Changes in reactivity of PG9 and 2219 mAbs. Microspheres coupled with REJO virus were
incubated with titrated amounts of antibodies followed by biotinylated V2q mAb PG9 (25 ug/ml) or biotinylated V3
mAb 2219 (50 pg/ml). Binding was detected with streptavidin-PE. **** p< 0.0001 by ANOVA.
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Figure 8. Neutralization of REJO virus. Virus neutralization was measured after REJO was incubated with serially
diluted mAbs for the designated period of time at 37°C prior to the addition of TZM-bl target cells. Virus infectivity was
assessed 48 h later based on (B-galactosidase activity. (A) Neutralization curves are shown. Means and standard errors
calculated from two different experiments (each in duplicate) are shown. Statistical analyses were performed on the
neutralization curves reaching 250%. Comparison is made between neutralization curves at T = 0 vs T = 60 minutes. P=
ns, not significant by nonparametric Mann-Whitney t-test. (B) Area under the neutralization curves were calculated and
plotted as bar graph. Statistical analysis was performed on AUC graph by ANOVA (P = 0.99; ns, not significant).
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Figure 9. Neutralization of CMUOQG6 virus. Virus neutralization was measured after CMUO6 was incubated with serially
diluted mAbs for the designated period of time at 37°C prior to the addition of TZM-bl target cells. Virus infectivity was
assessed 48 h later based on [3-galactosidase activity. (A) Neutralization curves are shown. Means and standard errors
calculated from two different experiments (each in duplicate) are shown. Statistical analyses were performed on the
neutralization curves reaching 250%. Comparison is made between neutralization curves at T = 0 vs T = 60 minutes. P=
ns, not significant by nonparametric Mann-Whitney t-test. (B) Area under the neutralization curves were calculated and
plotted as bar graph. Statistical analysis was performed on AUC graph by ANOVA (P = 0.99; ns, not significant)
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Supplementary Figure 1. Measurement of Env in virus preparations by Western blot. (A) Viruses produced in 293T
cells, were concentrated (20X) by sucrose pelleting. 4 pl of each 20X concentrated virus particles were lysed and
analyzed by SDS-PAGE (4-20%) and Western blot. An anti-gp120 MAb cocktail (V3: 391/95-D, 694/98-D, 2219, 2558;
C2: 847-D, 1006-30D; C5: 450-D, 670-D) was used to quantitate the levels of Env associated with virions. REJO gp120
protein loaded at different concentrations was used as standard. The band density of REJO gp120 protein was used to
generate the linear curve (B) and to calculate the amount of Env in each virus preparation.
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