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On the prereceptor-engaged HIV-1 envelope glycoprotein (Env) spike, epitope access by the membrane-
proximal external region (MPER)-directed broadly neutralizing antibodies 2F5 and 4E10 remains unresolved.
Data on binding to cell surface Env and entry data using primary isolates suggest inaccessibility of the 2F5 and
4E10 epitopes on the viral spike prior to receptor engagement, but trimer gel shift analysis and slow kinetics
of shedding induced by 2F5 and 4E10 indicate otherwise. Therefore, it remains unclear if the epitopes
themselves are formed in their antibody-bound state (or at least sampled) prior to receptor/coreceptor
engagement or if receptor interactions both expose and form the MPER epitopes, presumably in the putative
prefusion transitional intermediate. Here, we performed antibody-virus “washout experiments” using both
lab-adapted and a panel of clade B primary isolates to analyze MPER accessibility. The neutralization activity
of 2F5 and 4E10 against lab-adapted viruses and sensitive and moderately resistant viruses was largely
unaffected by relatively rapid antibody-virus washing, suggesting direct interaction with the “static” spike.
However, for more neutralization-resistant viruses, the 2F5 and 4E10 antibodies could neutralize only under
the “no antibody-virus wash” conditions, implying that the MPER epitopes were not accessible prior to
receptor engagement. Accessibility in the washout conditions could be precisely predicted by the relative
resistance to neutralization in a standard neutralization format. These data are consistent with a model in
which the local MPER antibody epitope conformations may be sampled on the native spike but are occluded

to antibody by local steric or distal quaternary constraints adopted by highly resistant HIV-1 isolates.

The HIV-1 gp160 envelope glycoprotein (Env) precursor is
cleaved by cellular furins to generate the noncovalently asso-
ciated gp120 and gp41 trimeric Env complex. The gp120 sub-
unit binds to the primary receptor, CD4, and, following con-
formational changes, also interacts with the CCRS coreceptor.
The gp41 trans-membrane Env then mediates virus-to-cell
membrane fusion, resulting in the entry of viral genomic in-
formation into the target cell (8, 11, 14, 24, 64-66). The genetic
variability of Env, coupled with the inaccessibility of conserved
epitopes, makes the generation of antibodies capable of neu-
tralizing a broad array of primary isolates (i.e., broadly neu-
tralizing) a substantial challenge. Viral entry into cells can be
blocked in vitro by relatively rare broadly neutralizing antibod-
ies that are elicited during the course of natural infection.
Since viral half-life in vivo is relatively brief (¢, ,,, 30 to 60 min)
(40, 57), HIV-1 neutralizing antibodies need to act rapidly to
inactivate infectious virus. Hence, most in vitro neutralization
assays, which assess the ability of antibody to interfere with
HIV entry, are traditionally performed with approximately 1-h
incubation times of antibody-virus (41, 42, 70).
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Neutralizing antibodies can either efficiently and directly
recognize the prereceptor-engaged native spike on the virus
surface or require receptor engagement to better expose spe-
cific neutralizing determinants. Broadly neutralizing antibodies
capable of directly accessing the static spike often map to the
Env gp120 subunit (5, 26, 36, 62, 63, 67). The gp41-directed
broadly neutralizing antibodies 2F5 and 4E10 are known to
recognize contiguous and continuous epitopes within the gp41
region of Env. In addition, in relatively rare broadly neutral-
izing patient sera, the specificity of the broad neutralizing ac-
tivity can be mapped to the gp41 membrane-proximal external
region (MPER) (21, 37, 52). In these sera, the neutralizing
activity appears similar to the specificity displayed by 4E10 (22,
35, 52), and in one report, the activity could be mapped to the
2F5 epitope region (60). The gp4l-directed neutralizing
MPER-specific antibodies may bind directly to free virus, or
they may neutralize virus during the process of receptor-trig-
gered entry. Current models suggest that MPER access is
achieved after receptor engagement and during formation of
the putative transitional fusion intermediate and that the tran-
sitional intermediate may be required to fully form the MPER
neutralizing epitopes into the structurally defined “antibody-
bound” conformations (10, 16-18, 20). When the 2F5 and
4E10 antibodies can access their epitopes during the HIV entry
process has been incompletely explored previously in the lit-
erature, but the precise timing of accessibility remains unre-
solved (1, 4, 10, 19, 55). In addition, several studies have
demonstrated differences between the Envs of lab-adapted
viruses and primary isolates, suggesting that there could be
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distinct rules of accessibility for each class of virus (13, 29, 33,
43,44, 46, 56, 58, 59, 69). A very recent study reports the ability
of many antibodies to induce shedding of the HIV-1 Env,
including the MPER antibodies described here, but often with
slow kinetics approaching 18 h (50).

Using fluorescence-activated cell sorting (FACS)-based cell
surface staining employing gp120-directed neutralizing and
nonneutralizing antibodies, we demonstrated previously that
there is a direct correlation between efficient recognition of the
cleaved functional spike and the neutralization capacity of a
given antibody (45). In a second study, we demonstrated that
2F5 and 4E10 do not efficiently recognize cleaved, tail-trun-
cated JR-FL oligomers expressed on the surface of transfected
cells, but when the same Env is rendered cleavage defective,
efficient binding is observed. The nonneutralizing cluster I and
cluster II gp41 antibodies do not bind to these highly cleaved
spikes, similar to previous reports for the nonneutralizing
gp120-directed antibodies (9, 45). Incubation of cleaved spikes
with soluble CD4 marginally increased spike recognition by the
2F5 and 4E10 neutralizing antibodies, consistent with previous
studies (15, 53).

In the present study, we sought to explore epitope accessi-
bility of the gp41 neutralizing antibodies, 2F5 and 4E10, either
on the functional spike or during receptor-mediated entry. We
sought to determine if these antibodies bind to the static spike
on the surface of the HIV-1 or require target cell/receptor
engagement to gain access to their MPER binding sites. We
first confirmed that the binding of 2F5 and 4E10 to full-length,
cleaved JR-FL spikes was inefficient, as we have previously
reported for tail-truncated JR-FL spikes (9). To investigate the
kinetics of neutralization mediated by the MPER-directed
neutralizing antibodies, we performed a modified version of an
antibody-virus washout assay using viruses containing envelope
glycoproteins derived from both lab-adapted viruses and pri-
mary isolates. Following specificity and validation of the anti-
body washout assay in the context of viral entry, we confirmed
that neutralizing but not nonneutralizing antibodies directed to
gp120 could directly access their epitopes in the context of
primary isolates. We found that viruses generated with the Env
derived from either lab-adapted viruses or particular primary
isolates displayed direct accessibility of their contiguous 2F5
and 4E10 epitopes, whereas more resistant viruses required
receptor engagement on target cells to provide access to the
2F5 and 4E10 epitopes. We demonstrate that, for the resistant
viruses JRCSF and JR-FL, we were able to render direct access
on the static spike by generating selected point mutations ei-
ther in Env variable regions (V1/V2 or V3) or in the gp4l
region of the viral Env. We confirmed that the mutated viruses
were CD4 dependent and the Env spikes were not in the
receptor-triggered state. Taking these results together, we con-
clude that the inefficient binding of 2F5 and 4E10 to most
primary isolates is due to the inaccessibility of their cognate
epitopes. Based upon direct accessibility in the more sensitive
but CD4-dependent isolates, we propose that inaccessibility is
not likely due to the formation of epitope after receptor en-
gagement but is likely due to steric occlusion resulting from
quaternary Env packing. These data have important implica-
tions for the structure or exposure of discrete epitopes in the
context of the prereceptor-engaged HIV-1 spike, the genera-
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tion of global resistance to HIV neutralizing antibodies, and
the design of HIV-1 vaccine candidates.

MATERIALS AND METHODS

Plasmids. pSG3AEnv containing the luciferase reporter gene and the plasmids
expressing envelopes (molecular clones) of HIV-1 primary isolates JR-FL,
CAANS5342.A2, TRO.11, PVO.4, BAL, ADA, SF162.LS, JRCSF, mutant
JRCSF, mutant JR-FL, and the T-cell-line-adapted HIV and HIVyxp., wWere
obtained from the NIH AIDS Research and Reference Reagent Program (AR-
RRP) except as noted below. The 2F5 epitope containing recombinant chimeric
HIV-2 viral envelope (7312-A-C3, referred to here as HIV2-C3) was kindly
provided by George Shaw (23).

Cell lines and antibodies. TZM-bl cells (CD4* CXCR4* CCR5") were ob-
tained from the NIH ARRRP, and 293T cells were purchased from ATCC. Both
cell lines were maintained in Dulbecco’s modified Eagle medium (DMEM)
containing 10% heat-inactivated fetal calf serum (HIFCS), 20 mM L-glutamine,
100 U 110/ml penicillin, and 100 pg/ml streptomycin. Anti-HIV-1 monoclonal
antibodies (MAbs) were obtained from the following sources: 2G12 (61), 4E10,
and 2F5 (MPER) IgGs were gifts from H. Katinger (Polymun); b12 (CD4
binding site; CD4bs) (6), 7B2 (cluster I), and 22B (cluster II) IgG were gifts from
J. Robinson, Tulane University. The anti-RSV MAb was obtained from Medim-
mune Inc. (MD).

Synthetic peptides. Wild-type (WT) and mutant 2F5 peptide were purchased
from New England Peptide (NEP; Gardner, MA), and two-domain soluble CD4
(sCD4, contributed by Progenics Pharmaceuticals) was obtained from the NIH
ARRRP. T20 peptide was obtained from New England Peptide (Gardner, MA).

Transient transfection of envelope glycoprotein expression plasmids. 293T
cells were transfected following the protocol described before (9, 45). Briefly, 1
day prior to transfection, 10 X 10° 293T cells in DMEM and containing 10%
heat-inactivated fetal calf serum (HIFBS) and 1% penicillin-streptomycin were
seeded in a 150-mm tissue culture dish. The cells were transfected with the
pSVIII expressor plasmids encoding JR-FL cleavage-competent WT Env, along
with cotransfection of the tat expression plasmid, pctat, using Fugene6 (Roche)
at a DNA/Fugene6 ratio of 1:3 and 5 pg total DNA per 1 X 10° cells.

FACS staining of cell surface HIV-1 Env. Fluorescence-activated cell sorting
(FACS) staining was performed as previously described (9, 32, 45). Forty-eight
hours following transfection, the cells were harvested and washed in FACS buffer
(phosphate-buffered saline [PBS], 5% HIFBS, 0.02% azide) and stained with a
panel of monoclonal antibodies that were also used in viral neutralization assays.
The transfected cells were suspended in FACS buffer and were incubated with
the antibodies for 1 h at room temperature (RT). The monoclonal antibody-cell
mixture was washed extensively in FACS buffer, and phycoerythrin (PE)-conju-
gated goat anti-human secondary antibody (Sigma) was added for 1 h at a 1:200
dilution, followed by extensive washing to remove unbound secondary antibody.
The antibody-PE-stained cells were analyzed by FACS on a BD SLRII instru-
ment.

Virus production. Pseudotyped viruses (PSVs) were produced by transient
cotransfection of 293T cells using the HIV-1 env-deleted backbone plasmid,
pSG3AEnv, and the Env-complementation plasmid, pCAGGS-JR-FL (45), at a
ratio of 3:1. A 3:1 ratio of the transfection reagent, Fugene (Roche, Indianapolis,
IN), to DNA was used for transfection. Cell culture supernatants containing
viruses were collected 2 days posttransfection. All other envelope plasmids are in
pcDNA3.1. The 1675V mutant of JR-FL was made by site-directed QuikChange
mutagenesis (Stratagene, Cedar Creek, TX).

Antibody-virus washout experiments. From a starting concentration of 2 mg/
ml, 12.5 ul of 5-fold serially diluted antibodies in PBS were added to 487.5 ul of
DMEM containing 10% HIFCS and 15 pl of either JR-FL or HXBc2 pseudo-
virus such that the final concentrations of antibodies were 50 pwg/ml to 0.08 pg/ml
in a total volume of 500 wl. In the “no inhibitor” control, the same volume of PBS
was added instead of antibody. The reaction mixture was incubated for 30 min at
37°C. The 250-pl reaction mixture was diluted to 10 ml by complete DMEM and
centrifuged at 25,000 rpm in an SW41 swinging rotor for 2 h at 4°C. The virus
pellet was then washed two additional times with 10 ml of PBS. During the
washing steps, the virus-antibody complex was centrifuged at 40,000 rpm in an
SW41 swinging rotor for 20 min at 4°C. After a final wash, 250 ul of DMEM was
added to the washed virus pellet and suspended by gentle shaking at 4°C for 30
min. Next, 100 pl of the suspended virus was used to infect 100 pl of TZM-b cells
(0.2 X 10%ml) in duplicate. From the remaining 250 pl of reaction mixture, an
equal volume of the antibody virus mixture was used as a “no washout” control.
Plates were incubated at 37°C in a CO, incubator for 2 days. After 2 days, the
luciferase assay was done as described previously (41). The data were then
plotted to determine the neutralization mediated by the antibodies under “wash”
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FIG. 1. Antibody binding to cell surface JR-FL Env monitored by
FACS. Mean fluorescence intensity (MFI) values of both neutralizing
(b12, 2G12, 2F5, and 4E10) and nonneutralizing (F105, 7B2, 22B)
antibodies are shown for cleavage-competent JR-FL Env expressed on
293T cells. The data were derived from representative experiments
performed in duplicate. The standard errors between duplicates were
minimal (less than 0.01) and are not shown since the error bars are
obscured by the symbols.

or “no wash” conditions. In the case of peptide inhibitors, the concentrations of
the peptide were 50 pg/ml and 100 pg/ml and served as controls to confirm that
complete washing of neutralizing ligands had occurred.

RESULTS

2F5 and 4E10 bind inefficiently to cleaved, full-length JR-FL
Env spikes. Previously we reported inefficient binding of 2F5/
4E10 to cleaved but tail-truncated JR-FL cell surface Env
spikes. Tail truncation was performed to increase the levels of
Env on the cell surface, which allows a higher signal-to-noise
ratio to better perform the binding analysis. JR-FL Env was
studied previously, and now, because of its highly efficient
cleavage by cellular furins (27, 45). In our previous study (9),
however, we did observe some increased sensitivity of tail-
truncated JR-FL viruses to several neutralizing ligands, in part
consistent with previous reports that Env tail truncation can
impact cell surface Env antigenicity. Here, we examined 2F5
and 4E10 antibody access to full-length JR-FL Env spikes and
again observed very inefficient recognition of cleaved JR-FL
Env spikes by 2F5 and 4E10. These data suggest that the
MPER is not directly accessible to these neutralizing antibod-
ies on cell surface, fully cleaved spikes (Fig. 1).

Neutralization by MPER-directed antibodies under “no
wash” but not “with wash” conditions indicate limited direct
spike access. Previously, we demonstrated that only gp120-
directed broadly neutralizing antibodies efficiently recognize
cleaved JR-FL functional spikes on the cell surface. In con-
trast, the gp41-directed neutralizing antibodies, 2F5 and 4E10,
do not efficiently recognize cleaved JR-FL functional spikes on
the cell surface, implying that they bind to their epitopes after
receptor/coreceptor activation of the spike (9). Therefore, we
sought to assess if the 2F5 and 4E10 antibodies interact directly
with virus spikes to neutralize a range of viruses displaying
differential neutralization sensitivity. When antibody recogni-
tion of the Env spike is examined in the context of inhibiting
viral entry, one then detects interaction of the antibody only
with cleaved, entry-mediating functional spikes. Thus, unlike
directed binding analysis to the functional spike, which re-
quires near-complete precursor cleavage for straightforward
interpretation of the data, the use of entry as an indirect
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readout of antibody-functional spike interaction greatly ex-
pands the repertoire of viral Envs that can be examined (as-
suming that there is sufficient precursor cleavage to permit
viral entry).

To assess at which juncture of the entry process 2F5 and
4E10 access their respective MPER epitopes, we performed
neutralization assays, either using the traditional manner of
preincubating antibody with virus for 30 to 60 min and then
adding the mixture to target cells (“no antibody-virus wash”)
(Fig. 2A) or, following incubation of antibody with virus, per-
forming an “antibody-virus wash” by ultracentrifugation of the
virus in the presence of a large excess of buffer to separate
unbound antibody from the virus pellet (see Materials and
Methods). To validate the antibody-virus washout assay, we
first incubated the known neutralizing peptide ligand, T-20,
with both lab-adapted virus, HXBc2, and the primary isolate,
JR-FL (71). Because this peptide potently inhibits virus entry
by binding to the receptor activated transitional intermediate
that exposes the HR1 coiled-coil region of gp41, but only after
receptor engagement (12, 25, 30, 31, 64), we used this com-
pound to confirm complete washout from the system of a
neutralizing ligand that cannot access its determinant in the
absence of receptor-induced activation. Accordingly, the virus
was incubated either with buffer alone or with the T-20 peptide
at a concentration 200-fold in excess of its 50% inhibitory
concentration (ICsg). If the T-20-virus mixture was subjected
to washing, the T-20 peptide was not able to neutralize either
the HXBc2 or JR-FL viruses, whereas it did so efficiently under
no virus-antibody wash conditions. These results indicated that
we could perform the assay under conditions where there was
complete removal of the inhibitor from the viral entry assay
system for both antibody-sensitive and relatively antibody-re-
sistant viruses with similar results (Fig. 2B). Note also that the
wash method used here did not greatly affect overall viral entry
for either virus. Furthermore, we did not observe any notice-
able change of viral titer when we left the half of the virus-
antibody mixture (no wash) at either RT or 4 or 37°C for the
approximately 4-h time period that it takes to perform the
washout assay.

We next performed the antibody-virus wash assay using the
broadly neutralizing, gp120-directed, CD4 binding site anti-
body b12. As expected, the antibody could neutralize HXBc2
either without (normal neutralization format) or with washing
of the antibody-virus mixture. It was shown previously that b12
interferes with CD4 engagement, so logically it must be able to
access its epitope prior to primary receptor interaction as pre-
viously observed (3, 49, 51). We next assessed the gp41-di-
rected neutralizing antibodies. Interestingly, both 2F5 and
4E10 retained the ability to neutralize HXBc2 following wash-
ing of the antibody-virus mixture (Fig. 3A). These data indicate
that the 2F5 and 4E10 epitopes are readily accessible on the
prereceptor-activated spike of the lab-adapted virus and imply
that the conformation of the epitopes recognized by 2F5 and
4E10 are likely sampled on the lab-adapted Env spike prior to
receptor engagement, allowing avid antibody interaction and
efficient neutralization. We confirmed the specificity of binding
of 2F5 to free HXBc2 virus under our antibody-virus wash
condition by using both the WT and a point-mutated 2F5
epitope peptide that cannot be efficiently recognized by 2F5. In
the antibody-virus wash assay, only the WT 2F5 peptide could
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FIG. 2. Virus entry into TZM-bl cells with and without inhibitory antibodies and with and without ligand-virus washing. (A) Schematics of “no
antibody-virus” wash and “antibody-virus wash” of the antibody-virus mixture in the assay used in this study. (B) Positive- and negative-controls
for the JR-FL virus, with and without washing, are shown as bar graphs. Relative luciferase units (RLU) generated from target cell lysates are
shown on the vertical axis. Left to right: virus with no T-20 added to target cells; virus incubated with T-20 at 100 wg/ml prior to target cell
interaction; virus incubated with T-20 followed by washing prior to target cell interaction; no virus added to target cell (negative control).

block neutralization (and antibody binding to virus); the mu-
tant peptide could not do so under either no antibody-virus
wash (standard entry inhibitor format) or antibody-virus wash
conditions (see Fig. S1 in the supplemental material). These
data suggest that the binding of 2F5 antibody to HXBc2 in the
washout assay is epitope specific.

Next, we sought to assess access of 2F5 and 4E10 to their
epitopes on an HIV-1 primary isolate. We began the analysis
with well-described JR-FL isolate and analyzed MPER epitope
accessibility under our established assay conditions. As ex-
pected, JR-FL was neutralized by b12, a gp120-specific CD4
binding site antibody, either without or with any antibody-virus
wash step over a broad range of concentrations (Fig. 3B). The
potent neutralization exerted by b12 even after the anti-
body-virus washing confirmed high-affinity binding and in-
dicated that b12 could directly access its epitope on the
prereceptor-engaged viral Env spike. There was a slight loss
of bl2 neutralization potency of virus following the wash
steps, but this likely reflects some detectable but limited
dissociation of the antibody from the functional spike during

the hours of the washing process itself, a factor to consider
in further interpretations of the data presented here. As an
additional control, the nonneutralizing CD4bs antibody,
F105, did not neutralize JR-FL under any conditions tested
(data not shown).

Having further validated the system with the well-described
gp120-directed neutralizing antibodies, we next examined 2F5
and 4E10 neutralization kinetics of JR-FL. We confirmed that
both MPER-directed antibodies could neutralize JR-FL under
the standard “no antibody-virus wash” conditions, but, follow-
ing washing of the antibody-virus mixture, the ability of either
antibody to neutralize JR-FL was completely lost (Fig. 3).
These data, although indirect, indicate either that the 2F5 and
4E10 antibodies do not bind to the prereceptor-engaged func-
tional spike of the JR-FL virus or that binding was not rapid or
of high-enough affinity to neutralize under the conditions of
the assay.

To further test the model, we performed similar analyses
with other neutralization-sensitive viruses. We began analysis
with the lab-adapted virus, MN, a primary isolate, ADA, an
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FIG. 3. Neutralization of JR-FL and HXBc2 virus by the anti-
bodies b12, 2F5, and 4E10 with and without washing. Left panels
(b12, 2F5, and 4E10), preincubation with JR-FL virus with or with-
out washing prior to incubation with target cells. Right panels (b12,
2F5, and 4E10), preincubation with HXBc2 virus with or without
washing prior to incubation with target cells. The red curves and the
blue curves indicate “no antibody-virus” wash and “antibody-virus”
wash, respectively.

HIV-2 isolate engineered to contain the WT HIV-1 2F5
epitope sequence, HIV-2 C3 (23), and a clade C primary iso-
late, MW 965.26, which is relatively more sensitive to 4E10. As
before, washing of the antibody-virus mixtures had little impact
on the ability of 2F5 to neutralize the MN virus and ADA
isolate (Fig. 4). Similarly, antibody-virus washing had little
effect on the ability of 2F5 to neutralize the engineered HIV-2
C3 virus (Fig. 4). The antibody 4E10 could not be washed out
from the MW965.26 virus-antibody complex. It is to be noted
that this primary clade C virus is resistant to 2F5 antibody in a
standard neutralization assay.

Antibody accessibility to the MPER on a set of HIV-1 iso-
lates is differential. We next examined a set of primary HIV-1
isolates that displayed a range of neutralization resistance to
both MPER-directed antibodies and to antibodies that target
other regions of Env. Besides JR-CSF and JR-FL, we exam-
ined the neutralization-sensitive isolate, SF162, the moderately
resistant isolates, BalL and ADA, and the more neutralization-
resistant isolates, CAAN, TRO, and PVO.4. Also as part of
this survey, we included another well-described neutralization-
resistant virus, JR-CSF, and three JR-CSF variants that con-
tained point mutations in either the V1/V2 or V3 regions. As
shown in Table 1, the V-loop point mutations rendered JR-
CSF generally more sensitive to a number of antibody speci-
ficities, suggesting that these mutations likely induce a “global,
spike opening” phenotype. One model that derives from the
effects of many point mutations in V1/V2 or V3 is that the
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FIG. 4. Resistance to washing of antibodies 2F5 and 4E10 from the
viruses, MN, ADA, MW965.26, and HIV2-C3 after “antibody-virus”
complex formation. Antibodies 2F5 and 4E10 preincubated with MN
with or without washing prior to incubation with target cells are shown
in the top row. The same antibody-virus wash experimental data are
shown in the middle panels for the primary isolate ADA. The bottom
panels show HIV2-C3 virus with 2F5 and MW965.26 with 4E10 only.

variable loops are interacting with each other in the trimeric
Env to occlude a variety of neutralizing epitopes. Therefore,
we made selected single point mutant changes in either the V3
or V1/V2 regions of the JR-CSF viral Env. Such mutations
should render the virus globally sensitive, consistent with the
global sensitivity observed when the complete V1/V2 region is
deleted in full-length virus (7, 39, 47). Our previous data were
also consistent with the global increase in sensitivity to serum
neutralization by selected V1, V2, and V3 single residue alter-
ations (4, 63). We tested the effect of point mutations at 1309A
and I307A in the V3 region and Y177A and L179A in the
V1/V2 region of JRCSF envelope. WT JR-CSF and the mutant
viruses were neutralized by b12 either without or with an an-
tibody-virus wash step over a broad range of concentrations
(data not shown). The potent neutralization exerted by b12
even after the antibody-virus washing confirmed that it could
directly access its epitope on the prereceptor-engaged viral
Env, likely indicating near irreversible, high-affinity b12
binding.

We next examined 2F5 and 4E10 neutralization kinetics of
the primary isolate, JR-CSF. We confirmed that both antibod-
ies could neutralize JR-CSF under the standard “no antibody-
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TABLE 1. Comparison of the neutralization sensitivities of wild-type and mutant JRCSF virus

Neutralization potency relative to WT JRCSF (%)

gp120 domain Mutation

CD4 b12 VRCO01 VRCO03 b6 F425 X5 2F5
V2 Y177A >10,000 2,416 89 61 >21,008 41,100 >100,000 683
L179A 1,526 19 13 25 >10 5 2 3
V3 1307A >10,000 7,399 119 <1 >120 >2,000 >200 17
1309A >10,000 3,493 82 89 >27,933 6,850 >156,250 1,984

virus wash” conditions, but following washing of the antibody-
virus mixture, the ability of either ligand to neutralize JR-CSF
entry into target cells was completely lost (Fig. 5). These data,
although indirect, again indicate that the 2F5 and 4E10 anti-
bodies either do not bind to the static functional spike of
JR-CSF or that binding was not rapid or durable enough (that

is, not of high-enough affinity) for neutralization under the
conditions of the assay. Interestingly, the Env I309A and
Y177A point mutations rendered JR-CSF partially “antibody-
virus wash” resistant in regard to the 2F5 and 4E10 antibodies,
implying some direct access to these variant spikes (Fig. 5). A
similar effect was observed for two other mutant (I307A and
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FIG. 5. Accessibility of WT JRCSF, V3, and V1/V2 mutant JRCSF for 2F5, 4E10, and T-20 under “no antibody-virus” and “antibody-virus”
wash conditions. (A) Results for the antibodies 2F5, 4E10, and b12 preincubated with either JRCSF or mutant JRCSF virus with or without
washing prior to incubation with the target cells are shown. (A) Left, data for WT JRCSF; middle, V3 mutant JRCSF virus or JRCSF-I309A data;
right, V1/V2 mutant JRCSF virus or JRCSF-Y177A data. The red curves depict “no antibody-virus wash” data sets, and the blue curves depict
“antibody-virus wash” data sets. (B) Percent inhibition mediated by T-20 peptide preincubated with JRCSF-1309A virus with or without washing
prior to incubation with target cells (TZM-bl). The red curves and the blue curves represent “no antibody-virus” and “antibody-virus” wash,
respectively. (C) Percent inhibition of the entry of WT and mutant virus to the target cells in the presence of differing concentrations of the
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L179A) JRCSF viruses (data not shown). The increased acces-
sibility of the 2F5 and 4E10 epitopes was paralleled by in-
creased sensitivity by the CD4bs ligands b12, b6, and sCD4 as
well as the V3-directed antibody F425. These data are consis-
tent with the concept that the variable loop mutations allow a
global opening of the primary isolate spike, affecting loop-
dependent, quaternary packing, which likely evolved by neu-
tralizing antibody selection pressure.

Another alternative explanation for these data is that, be-
sides subtle exposure of neutralizing determinants, the muta-
tions allowed or caused more substantial shifts to CD4 inde-
pendence, as is seen by V1/V2 deletion in the ADA virus
context (34). We confirmed that the mutant viruses did not
acquire CD4 independence by performing the entry assay us-
ing TZM-bl cells in the presence of various concentrations of
entry-inhibiting anti-CD4 antibodies starting at 10 pg/ml
(OKT4a; eBioscience, Inc., San Diego, CA). In the presence of
anti-CD4 antibodies, entry of the mutant viruses into TZM-bl
cells was inhibited to an extent similar to that of WT virus (Fig.
5), indicating that the mutated viruses were CD4 dependent
and they were not in a CD4-like triggered state. As an addi-
tional control to confirm the specificity of the CD4 dependence
assay, a CD4-independent virus, HX8, a kind gift of Robert
Doms (28), was not inhibited in its ability to enter TZM-bl cells
in the presence of the same concentration of the anti-CD4
antibody (not shown). Additionally, to rule out the possibility
that a shift toward the receptor-triggered state of Env was
imbued by virtue of the introduced mutations, we performed
the antibody-virus wash experiments in the presence of the
T-20 peptide as described above. The T-20 peptide, starting at
a concentration of 100 pwg/ml, was completely washed out after
virus incubation and centrifugation phase. However, the T-20
peptide was found to potently inhibit viral entry in the no wash,
standard inhibitory conditions in the presence of target cells.
This observation suggested that the envelopes were not in a
receptor-triggered state, i.e., not in a prehairpin conformation
(Fig. 5). As an additional control, we also tested the binding
ability of both cluster 1 and cluster 2 antibodies to the 1309A
mutant JRCSF. These antibodies could not inhibit the mutant
virus in either the standard “no antibody-virus wash” or the
experimental antibody-virus wash conditions, consistent with
our observation that the mutant was not in a CD4-bound or
cleavage-defective state (data not shown).

We made similar V2 and V3 mutations in JR-FL, but inter-
estingly they did not render JR-FL globally or 2F5/4E10 neu-
tralization sensitive or “wash resistant” as they did in the JR-
CSF context. However, the 1675V substitution in the gp4l
region of JR-FL Env, as previously described by Shen et al.,
(54), did render the mutant virus resistant to antibody-virus
wash of both the 2F5 and 4E10 neutralizing antibodies (see
Fig. S2 in the supplemental material). This mutated JR-FL
also required CD#4 for efficient entry, as it was inhibited in the
presence of anti-CD4 antibodies (Fig. 5).

MPER differential resistance is precisely quantifiable. We
observed a correlation between the neutralization sensitivity of
viruses and the resistance to washing out MPER-directed neu-
tralizing antibodies. There was a clear ICy, cutoff value for
which these antibodies were washed out from free virus. We
found that the more sensitive the virus, the more difficult it was
to wash out (Table 2). These data reinforce a model that
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TABLE 2. Correlation between the sensitivity to neutralization and
the resistance to washing of MPER-directed neutralizing antibodies®

Resistant
IC /ml
Antibody Virus foion(oufvaslg under‘\yash
condition condition
(ICs¢ [pg/mi])
2F5
MN 0.246 Yes (4.45)
HIV2-C3 0.246 Yes (1.28)
HXBc2 0.38 Yes (1.15)
JR-FL-mut41 (I1675V) 0.44 Yes (6.35)
JRCSF-mut V3 (I309A) 0.55 Yes (4.95)
JR-FL-deICT(+) 0.736 Yes (ND)
JRCSF-mut V1/V2 (Y177A) 0.8 Yes (0.8)
ADA 1.18 Yes (2.27)
SF162 1.29 Yes (20.64)
JR-FL 3.21 No (>25)
REJ04541.67 3.59 No (>25)
SC422661.8 4.115 No (>25)
BaL 6.1 No (>25)
CAAN 6.47 No (>25)
JRCSF 8.8 No (>25)
TRO >25 No (>25)
PVO >25 No (>25)
4E10

MW965.26 0.1092 Yes (0.96)
HXBc2 0.24 Yes (1.75)
MN 0.32 Yes (4.5)
JRCSF-mut V1/V2 0.49 Yes (ND)
JRCSF-mutV3 0.75 Yes (4.45)
JR-FL-mut41 1.53 Yes (ND)
ADA 2.39 Yes (5.5)
CAAN 2.66 No (>25)
SF162 4.16 No (>25)
JRCSF 4.53 No (>25)
TRO 4.7 No (>25)
JR-FL 7.475 No (>25)
JR-FL delCT(+) 8.7 No (>25)
BaL ND No (>25)
PVO >25 No (>25)

“ Shading indicates viruses that are not resistant to washing, indicating no
direct 2F5 or 4E10 antibody access.

regions of MPER epitopes in the static spikes of most primary
isolates are inaccessible and occluded by steric barriers not
present in the presumed more-open conformation of lab-
adapted viral envelopes (Fig. 6).

In support of this interpretation, we performed a washout anal-
ysis with the fully wash-resistant JR-FL in the presence of a
subneutralizing concentration of soluble CD4 (sCD4) in an at-
tempt to partially activate the functional spike, potentially pre-
senting a more open conformation where we might observe an
effect on 2F5 accessibility to its epitope on the virus prior to target
cell engagement. The pretreatment of virus with subneutralizing
levels of sCD4 permitted some access of 2F5 to its epitope on
JR-FL prior to interaction with target cells, as there was an in-
creased resistance to washing out of 2F5 from virus in the pres-
ence of sSCD4 (see Fig. S3 in the supplemental material).

DISCUSSION

In this study, we demonstrated that the gp41 MPER 2F5 and
4E10 neutralizing epitopes, as well as the bl2 neutralizing
determinant, were exposed in both the neutralization-sensitive
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FIG. 6. Model depicting MPER neutralizing antibody access to primary isolate and lab-adapted virus functional spikes before and after CD4
engagement. Upper panels: left, the more tightly packed primary isolate spike does not permit access of neutralizing ligands before CD4
engagement (top view); right, the more open architecture of the lab-adapted virus allows direct binding to the functional spike by neutralizing
antibodies, implying that the epitopes are formed prior to CD4 engagement (top view). Lower panels: left, the more tightly packed primary isolate
spike does not allow MPER-directed antibodies to bind before receptor engagement (side view); right, the more open architecture of the primary
isolates after receptor engagement and repositioning of primary isolate Env elements (perhaps variable regions) allow accessibility of neutralizing

ligands to already preformed MPER determinants (side view).

lab-adapted viruses and selected primary HIV-1 isolates by
antibody-virus washout analysis. In contrast, on highly resistant
HIV-1 isolates, the gp41 neutralizing determinants remained
largely occluded until receptor-coreceptor engagement on
CD4"/CCR5™ target cells, even though the b12 neutralizing
determinant was directly accessible. Furthermore, in two vi-
ruses where the 2F5 and 4E10 antibodies could be completely
washed from the virus prior to interaction to target cells, se-
lected point mutants in either the gp120 variable regions or
gp41 rendered these viruses wash resistant relative to 2F5 and
4E10. In addition, these point mutant viruses demonstrated
global sensitivity to antibodies that cannot neutralize the WT
parental isolates. We also determined that on laboratory-
adapted viruses where 2F5/4E10 appear to directly access their
respective epitopes prior to receptor engagement, such access
is not because the viruses are in a CD4-triggered state. Entry
by these viruses is fully dependent on an accessible CD4 CDR2
region on the cell surface of target cells. It has been suggested
that MPER-directed antibodies might bind directly to lab-
adapted viral spikes (2), but to our knowledge this is the first
report that shows direct binding of MPER-directed antibodies

to bona fide virus prior to interaction with target cells. We
confirmed a similar dependence upon CD4 for entry on JR-
CSF and JR-FL variant isolates rendered directly accessible to
2F5 and 4E10 by the selected V loop mutations or previously
reported sensitivity-enhancing mutations in gp41.

One model has been proposed that the HIV-1 MPER epitopes
are not readily accessible to neutralization on primary isolates and
that the MPER antibody epitope conformations may be fully
formed only during the putative fusion transitional intermediate
state (10, 19, 48). In this model, the binding of 2F5 and 4E10 to
Env occurs during receptor-induced formation of the putative
fusion intermediate. Simultaneous exposure and formation of the
MPER neutralizing epitopes may occur in this scenario. Indirect
analysis in a previous study indicated that 2F5/4E10 cannot access
their epitopes on the prereceptor-engaged virus spike (19). How-
ever, JR-FL trimer gel shift assays, which tightly correlate with
neutralizing antibody epitope accessibility on the virus, indicated
that 4E10, and especially 2F5, binds to static HIV-1 primary
isolate spikes (2). Here, we present data that strongly suggest that
MPER exposure to neutralizing antibody requires receptor en-
gagement on relatively resistant tier 2 and tier 3 primary isolates.
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However, on the relatively sensitive tier 1a/1b isolates, the 2F5/
4E10 epitopes are directly accessible to antibody. In fact, the
ability of 2F5 or 4E10 to bind directly to virus, and to be resistant
to washing from free virus, can be quantitated and predicted by
neutralization potency in the absence of the antibody-virus wash
step. Additionally, we demonstrate that if a tier 2 isolate is ren-
dered globally sensitive, then conventionally nonneutralizing an-
tibodies can access their epitopes and neutralize virus.

The data suggest that at least parts of the primary Env spike,
namely, the MPER and the coreceptor binding site, are pre-
formed and that engagement of CD4 predominantly repositions
Env elements, creating a more open structure akin to that of a
lab-adapted isolate. This may also occur in tier 1a/1b viruses. Such
a model would not require a transitional intermediate, CD4-
induced state to form the MPER or the coreceptor binding site
but would suggest that at least these elements of Env are sampled
and CD4 engagement permits access indirectly, most likely by
repositioning variable gp120 Env elements that normally occlude
access. Because V3 is involved in chemokine receptor interaction,
and V1/V2 and V3 are thought to be proximal in the context of
the functional spike (38), it is plausible that they may occlude the
gp120 chemokine receptor binding region. Such a model would
be consistent with effects of CD4, which was suggested to repo-
sition V1/V2 in the context of the monomer (68). If repositioning
of these variable regions simultaneously impacts exposure of the
MPER, then access of 2F5 and 4E10 to their cognate epitopes
may occur indirectly as a consequence of disrupting gp120 loop-
dependent protomer-protomer interaction. Once protomer-
protomer interactions are disrupted, 2F5 and 4E10 may gain
access to the MPER through CD4-induced gaps on either the side
or perhaps even the top of the spike (Fig. 6). Resistance to
antibody washout, or conversely, MPER accessibility, can be
quantified in which the ICs, derived by a modified neutralization
assay predicts precisely whether the antibody can be washed out
from the free virus. There are other possibilities to explain these
data, such as that the MPER antibodies actually do access their
epitopes on the more resistant viruses but do not irreversibly alter
the Env prereceptor-engaged spike and therefore are removed by
washing (Joseph Sodroski, personal communication). In addition,
our analysis presented here was performed with relatively short
incubation times of antibody with virus. Traditionally, in vitro
neutralization assays are performed with short incubation times
(30 to 60 min) in an attempt to mirror in vivo physiologic condi-
tions where virus is inactivated or removed from an infectious
state relatively rapidly (40). Recently, it has been shown that
MPER-directed neutralizing antibodies 2F5 and 4E10 can induce
shedding of gp120 from the virus with slow kinetics, approaching
18 h. One can envision that under some circumstances, such as
the initial portal of entry, HIV may persist for longer intervals and
a process that impacts long-lived virus may be an additional and
important mechanism (50). Such slow inactivation of HIV might
be related to protection when viral inoculum levels are low and a
slow and indolent infection process occurs in mucosal regions
prior to the establishment of the high levels of viremia established
in the gut or lymphoid tissues during acute or even chronic HIV-1
infection.

An intriguing possibility exists regarding selection pres-
sure for viral resistance to 2F5 and 4E10. Based upon the
relatively straightforward principle that antibody selection
pressure will necessitate viral escape (i.e., anti-V3 antibod-
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ies and the resistance of most circulating isolates to such
antibodies) one might assume that the occlusion of the
MPER in the more resistant HIV isolates is driven by direct
selection pressure exerted by 2F5- or 4E10-like antibodies.
Although MPER peptide binding antibodies appear rela-
tively abundant in the patient sera of some cohorts, others
report a frequency of MPER binding antibodies at a repre-
sentation of approximately 30% (20). Sera in which the
broad and potent neutralizing activity can be mapped to the
MPER are even rarer; this type of activity has been reported
in only a few cases. It appears possible that steric occlusion
of the MPER may result from rearrangements in quaternary
packing to provide escape from antibody pressure on the
variable loops or the CD4 binding site.
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