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ABSTRACT The monoclonal antibodies (MAbs) NCI05 and NCI09, isolated from a vacci-
nated macaque that was protected from multiple simian immunodeficiency virus (SIV) chal-
lenges, both target an overlapping, conformationally dynamic epitope in SIV envelope vari-
able region 2 (V2). Here, we show that NCI05 recognizes a CH59-like coil/helical epitope,
whereas NCI09 recognizes a b-hairpin linear epitope. In vitro, NCI05 and, to a lesser extent,
NCI09 mediate the killing of SIV-infected cells in a CD4-dependent manner. Compared to
NCI05, NCI09 mediates higher titers of antibody-dependent cellular cytotoxicity (ADCC) to
gp120-coated cells, as well as higher levels of trogocytosis, a monocyte function that con-
tributes to immune evasion. We also found that passive administration of NCI05 or NCI09
to macaques did not affect the risk of SIVmac251 acquisition compared to controls, demon-
strating that these anti-V2 antibodies alone are not protective. However, NCI05 but not
NCI09 mucosal levels strongly correlated with delayed SIVmac251 acquisition, and functional
and structural data suggest that NCI05 targets a transient state of the viral spike apex that
is partially opened, compared to its prefusion-closed conformation.

IMPORTANCE Studies suggest that the protection against SIV/simian-human immuno-
deficiency virus (SHIV) acquisition afforded by the SIV/HIV V1 deletion-containing enve-
lope immunogens, delivered by the DNA/ALVAC vaccine platform, requires multiple
innate and adaptive host responses. Anti-inflammatory macrophages and tolerogenic
dendritic cells (DC-10), together with CD141 efferocytes, are consistently found to cor-
relate with a vaccine-induced decrease in the risk of SIV/SHIV acquisition. Similarly, V2-
specific antibody responses mediating ADCC, Th1 and Th2 cells expressing no or low
levels of CCR5, and envelope-specific NKp441 cells producing interleukin 17 (IL-17)
also are reproducible correlates of decreased risk of virus acquisition. We focused on
the function and the antiviral potential of two monoclonal antibodies (NCI05 and
NCI09) isolated from vaccinated animals that differ in antiviral function in vitro and
recognize V2 in a linear (NCI09) or coil/helical (NCI05) conformation. We demonstrate
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that NCI05, but not NCI09, delays SIVmac251 acquisition, highlighting the complexity of
antibody responses to V2.

KEYWORDS CH59, NCI05, NCI09, V2, monoclonal antibodies, simian immunodeficiency
virus, trogocytosis

The prime-boost vaccine regimen based on ALVAC-HIV and gp120 formulated in
alum afforded a significant but modest 31.2% decrease in the risk of clinical human

immunodeficiency virus (HIV) acquisition 3.5 years following immunization, with an
estimated 60.5% decrease in risk in the first 6 months (1, 2). The primary correlate of
reduced risk in the RV144 phase III trial that produced these results was the level of
IgG binding to the variable region 1 (V1)/V2 variable loops of gp120 scaffolded on
gp70 (3). Strikingly, neutralizing antibody responses did not correlate with a reduced
risk of HIV acquisition, suggesting a nonneutralizing effector function of V1/V2 IgG (3).
In vaccinees with low IgA levels, antibody-dependent cellular cytotoxicity (ADCC) was
a secondary correlate of reduced risk of HIV acquisition (3). COMPASS analysis further
revealed that polyfunctional CD41 T cells expressing tumor necrosis factor alpha (TNF-
a), gamma interferon (IFN-g ), interleukin 4 (IL-4), IL-2, and/or CD40L also correlated
with a reduced risk of infection (4). Peptide array binding analyses of RV144 plasma
identified V2 CRF01_AE as the only linear epitope significantly associated with a
reduced risk of infection independent of IgA and neutralizing antibody responses (5).
Furthermore, 31 of 32 vaccinees in RV144 exhibited antibody responses to the cyclic
V2 peptide spanning the HXB2 HIV clone gp120 amino acid positions 169 to 184 (6).
Positions K169 and I181 were identified as sites of virus selection in HIV variant trans-
mission to RV144 vaccinees who became infected (7).

V1 and V2 together form a disulfide-bonded, folded domain positioned at the apex
of the trimeric envelope glycoprotein spike, which has been visualized in complex with
neutralizing antibodies as a flexible 5-stranded b-sandwich or b-barrel structure (8).
V1/V2 provides integrity to the closed trimer structure while occluding the coreceptor
binding site in V3 and upon CD4 binding undergoes a large 40-Å displacement (9).
Positions 169 and 181 in V2 are respectively part of the cryptic RDK and LDI/V binding
motifs for the gut-homing host a4b7 integrin receptor (10, 11). Like the mucosal
addressin ligand of a4b7, MAdCAM, V2 has nanomolar affinity for a4b7 in the presence
of divalent cations and can be inhibited by monoclonal antibodies and mimetics tar-
geting a4b7 (12). Simian immunodeficiency virus (SIV) and HIV preferentially home to
the gastrointestinal (GI) tract during acute infection, presumably due to the preponder-
ance of activated CD41 T cells, and these viruses disrupt the integrity of the gastroin-
testinal tract lining, leading to microbial translocation and chronic immune activation
(13). The conserved high affinity of V2 for a4b7, the damage to gut-associated lymph-
oid tissue (GALT) early in infection, and the evidence of a4b7 incorporation into virions
suggests the hypothesis that the gut-homing activity of HIV and SIV is an important
step for the establishment of virus infection (10–14).

Further insight into the role of anti-V2 binding, nonneutralizing antibodies has
been provided by the recent demonstration that V2 binding to a4b7 on CD41 T cells
costimulates CD41 cells and, by upregulating CCR5 expression, facilitates HIV/SIV infec-
tion (11, 15). Interestingly, one of these studies demonstrated that not all antibodies to
V2 are able to inhibit V2 costimulation (15). Nonneutralizing monoclonal antibodies
(MAbs) obtained from volunteers in the RV144 phase III trial or from macaques vacci-
nated with ALVAC-SIV gp120/alum that recognize the HIV or SIV V2 in an a-helical con-
formation inhibit a4b7 engagement or V2 costimulation of CD41 T cells and decrease
HIV/SIV replication in vitro (14). In contrast, antibodies recognizing V2 in the b-strand
conformation do not.

The vaccine efficacy of the RV144 trial was recapitulated and confirmed in two inde-
pendent macaque studies using ALVAC-based vaccine modalities with SIV immuno-
gens, with anti-V2 IgG levels associated with a decreased risk of acquisition following
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intrarectal exposure to SIVmac251 (16, 17). Additional macaque studies with optimized vac-
cine regimens, wherein the prime was replaced with DNA and/or the V1 envelope region
was deleted to avoid the elicitation of anti-V1 interfering antibodies, demonstrated that
antibodies recognizing the V2 in an a-helical (but not the b-barrel) conformation bind to
virions and mediate ADCC, associated with a decreased risk of virus acquisition (18). In the
same studies, anti-V2 polyclonal responses to SIV peptide probes encompassing positions
169 and 181 of V2 were also associated with a transient decrease in virus burden in plasma
and mucosal tissues in vaccinated animals that became infected. These results point to V2
being a region of virus vulnerability, likely because of its exposure on the apex of virions
and on the surfaces of SIV-infected cells. However, it is noteworthy that in all of these vac-
cine studies, the decreased risk of SIVmac251 acquisition was associated not only with V2-
specific antibodies and V2-specific ADCC but also with the frequency of CD141 monocytes
and Th1/Th2 cells in blood and NKp441 IL-171 cells in the mucosa (16–20; M. Bissa).

NCI05 and NCI09 are MAbs that recognize specific conformations of the cryptic a4b7

binding site of SIVmac251 V2 but are unable to neutralize the challenge virus (18). We tested
the effects of NCI05 and NCI09 on SIVmac251 acquisition and found that, compared to
untreated controls, both MAbs were unable to decrease the risk of viral acquisition when
delivered in vivo by passive transfer in the absence of other innate and cellular vaccine-eli-
cited immune responses. However, our investigation did reveal that these MAbs, which
target differing V2 conformations, also differ in their ability to mediate immune evasion in
vitro and the timing of virus acquisition in vivo.

RESULTS
Distinct V2 structures recognized by NCI05 and NCI09.We obtained two V2-spe-

cific MAbs, NCI05 and NCI09, from a vaccinated macaque that resisted 22 low-dose
intrarectal challenges of SIVmac251 for over a year. These MAbs recognize native gp120
on SIVmac251 -infected cells and monomeric gp120/gp140 from SIVmac251 and SIVsmE660,
and they bind to virions (18). NCI05 binds to native and denatured SIVmac251 gp120,
and its binding is abolished by deglycosylation (Fig. 1A). The binding affinities (KD)
measured by surface plasmon resonance (SPR) with deglycosylated SIVM766 gp120 were
5.6 nM and 0.122 nM for NCI05 and NCI09, respectively (Fig. 1B). NCI05 recognizes the
cyclic V2 of SIVSME543 better than NCI09, but it does not bind the linear SIVmac251 V2 pep-
tide (Fig. 1C), suggesting that NCI05 recognizes a conformational epitope. NCI05 and
NCI09 both recognize elements in the V2b region, which harbors a cryptic/allosteric
a4b7 binding motif (10, 18). Crystallography revealed that NCI09 recognizes a linear
SIVmac251 V2158–173 peptide in a b-hairpin conformation (18).

Scanning mutagenesis of a SIVE543 V2167–180 peptide (DKKIEYNETWYSRD) showed
that binding to NCI05 was highly dependent on W176 and weakly dependent on K168,
N173, and Y177 (Fig. 1D). We therefore designed an extended peptide encompassing
V2 residues 164 to 180, but with an R166S mutation to knock out binding of NCI09; the
resulting peptide (peptide 150) bound NCI05 at ,10 ng/mL, suggesting that the epi-
tope of NCI05 lies inside this region of V2, independent of the glycosylation state of
N173, which is part of an NxT glycosylation motif. Thus, we were able to design pep-
tides 150 (also referred to as V2c; amino acid sequence, L164KSDKKIEYNETWYSRD180)
and 115 (G163LKRDKTKEYN173) and confirm that they bind specifically to NCI05 and
NCI09, respectively (Fig. 1E and F).

To elucidate the mode of binding of NCI05 to the V2 peptide 150, we determined a
crystal structure at 2.35 Å of Fab NCI05 in complex with peptide 150 (Fig. 2A; also, see
Table S1 in the supplemental material). Well-defined electron density (Fig. S1A)
allowed placement of residues 164 to 179 of peptide 150 and all of the complementar-
ity determinant regions (CDRs) of NCI05. CDRs H2, H3, and L3 of NCI05 form a three-
way groove with the junction at the interface of these three CDRs. Peptide 150 binds
to NCI05 in a U-shaped coil conformation with its N terminus lying in the groove
between CDRs H2 and L3. The peptide turns into the groove between CDRs H2 and H3
at residues K168 and K169 and rotates out of the groove at N173 to pack in a helical
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conformation alongside the upright CDR H3 (Fig. 2A, middle). The interface buries
;850 Å2 of epitope surface and ;810 Å2 of paratope surface (Table S2).

Electrostatic potential analysis indicated that the groove between CDR H2 and CDR
L3 is highly negatively charged due to the clustering of CDR L3 D95B (Kabat numbering
of antibody residues), CDR H2 D61, and CDR E64 in this region, providing a suitable

FIG 1 Anti-V2 MAb epitopes, binding, neutralization, and kinetics. (A) Binding of NCI05 to deglycosylated SIVmac251 gp120, denatured SIVmac251 gp120, and
native SIVmac251 gp120 measured by ELISA. (B) Surface plasmon resonance measuring NCI05 and NCI09 binding to deglycosylated SIVmac251-M766 gp120
ligand. (C) Binding of NCI05 to SIVsmE543 gp120, SIVmac251 cyclic V2 (cV2), and SIVmac251 linear V2 peptide measured by ELISA. (D) SIVE543 V2 amino acid
sequence with colored lettering showing amino acids which augment (red) or decrease (orange) NCI05 binding. (E and F) ELISA showing binding of ITS12,
NCI05, and NCI09 to (E) linear peptide 115 and (F) coil/helical peptide 150.
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FIG 2 NCI05 binds to the coil/helical conformation of V2. (A) Crystal structure of NCI05 in complex with V2 peptide V2c at 2.35 Å resolution. (Left) the
refined structure of antibody and V2 peptide complex with NCI05 heavy chain (orange), light chain (gray), and V2 peptide (green). CDRs are colored as

(Continued on next page)

Antibodies to V2 Affect SIV Acquisition Journal of Virology

April 2023 Volume 97 Issue 4 10.1128/jvi.01864-22 5

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01864-22


binding surface for the positively charged peptide 150 N-terminal residues K165, K168,
and K169 (Fig. 2A, right), where a salt bridge is formed between K168 and CDR L3 D95B
(Fig. 2B and C; Table S2). A positively charged surface is also observed in the groove
between CDRs H2 and H3 where peptide 150 E181 interacts (Fig. 2A, right).

Most residues in the 17-residue peptide 150, except the N-terminal L164, E174-
T175, and C-terminal S178-R179-D180, contact NCI05 in the structure. Twenty-one
hydrogen bonds are formed between the peptide antigen and NCI05 (Fig. 2B; Table
S2). K168 at the turn of the bound peptide is one of the key binding residues, which
provides 190 Å2 binding surface and forms hydrogen bonds to both heavy-chain CDR
H3 Y100K and light-chain CDR L3 N95A in addition to the salt bridge to D95B, consistent
with the observed reduction in binding when mutated to alanine (Fig. 2B and C; Table
S2). E183 of peptide 150 inserts into the positively charged pocket between the CDR
H2 and H3 and makes three main and side chain hydrogen bonds to CDR H3 S52 and
S56. W176 and Y177 at the C terminus of peptide 150 interact with the upright CHR H3
strand by providing 170 Å2 binding surface and form 2 hydrogen bonds with W100F,
with W-W interactions generally interpreted as strong binding hot spots. Observed
refined structure of electron density in the crystal structure clearly defined a N-linked
glycan site at N100J of NCI05 CDR H3 in which the fucose moiety interacts with K169 of
peptide 150 (Fig. S1A). Overall, peptide 150 interacts with NCI05 through electrostatic
complementarity and extensive hydrogen bonds in an extended random coil confor-
mation for the central binding region, but with a strong aromatic group hot spot
between W176-Y177 and the CDR H3.

The V2 peptide recognized by NCI05 resembles that recognized by NCI09 at resi-
dues 168 to 172 in the center of V2c but differs in both the N and C termini (Fig. S1B).
The C terminus of the NCI05-bound peptide 150 makes a turn at N173 to contact
NCI05 CDR H3, mainly through aromatic residues W176 and Y177 in a helical conforma-
tion (Fig. 2B). The superposition of V2 bound by NCI05 and NCI09 over their commonly
recognized peptide region (residues 168 to 172) indicated that the antibodies had dif-
ferent approaching angles to the peptide but recognized the same face on the V2 loop
(Fig. S1C). Comparison of diverse anti-HIV and -SIV antibody-bound conformations of
this V2 region reveals the conformational dynamics of this V2 segment and suggests
that the NCI09-targeted epitope is a b-hairpin outlier among the diverse antibody tar-
gets, which mostly exhibit coil/helical conformations. However, the conformation
bound by NCI09 is more similar to the unbound prefusion conformation (Fig. S1B and
D). The superposition of the central V2c amino acids (residues 169 to 171) that resem-
ble the prefusion conformation in both the NCI09- and NCI05-bound conformations
(18, 21) (Fig. S1B) suggests that NCI05 and NCI09 binding are incompatible with the
prefusion, apex-stabilized closed state (Fig. S1E).

The backbone conformation adopted by V2164–180 bound to NCI05 is noticeably
dissimilar from the segment’s b-strand conformation observed in the prefusion
conformation of the SIV viral spike, in which the V1/V2 domain spike apex is stabi-
lized by the neutralizing antibody PGT145 (PDB 8DVD) (Fig. S1B) (21). It is notewor-
thy that the strands turn at different locations and the side chain of K168 also
points to opposite sides of the V2 loop (18, 21) (Fig. S1B), suggesting that the NCI05
and NCI09 binding were incompatible with the prefusion closed state (Fig. S1E).
Previous studies have revealed that CD4 binding to prefusion Env can induce a par-
tially open state that has the potential to flip the V1/V2 into an open conformation
for binding to antibodies like NCI05 (Fig. S1F). At present, however, this concept
remains speculative.

FIG 2 Legend (Continued)
follows: H1, magenta; H2, olive; H3, orange; L1, light blue; L2, navy blue; and L3, purple. (Center) Two 90° rotations of the surface representation show
that the V2c peptide binds to the groove formed by CDRs H2, H3, and L3. (Right) The electrostatic potential surface is shown in the same views, with
the V2c peptide in sticks representation. (B) Detailed interactions between NCI05 and the V2c peptide. The peptide and NCI05 paratope residues are
shown in sticks representation, with other regions of NCI05 shown as cartoon. Hydrogen bonds and salt bridges between the interacting atoms are
indicated with gray dashed lines. (C) Sequence and paratope of NCI05. Heavy- and light-chain paratope residues are highlighted in green. NCI05
residues were numbered according to Kabat nomenclature.
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Notably, the backbone of the a-helical turn in the NCI05-recognized conformation is
identical in location and structure to that recognized by the human anti-V2 antibody
CH59. The remainder of V2 bound to both antibodies were random coils, resulting in an
overall very similar conformation between CH59-bound HIV-V2 and NCI05-bound SIV V2
(Fig. S1G). NCI09-bound V2 is also nearly completely dissimilar to those bound by NCI05,
CH59, and CH58, which all have some or substantial local similarity to each other in terms
of both backbone V2 conformation and V2 contacts with the antibodies (Fig. S1H).

Functional activity of the V2-specific MAbs NCI05 and NCI09 in vitro. NCI05 and
NCI09 do not neutralize tier 2 SIVmac251 (18). When NCI05 and NCI09 are expressed in
CHO cells, they equally inhibit SIVgp120 binding to the a4b7 integrin cells (Fig. 3A).
However, expression of NCI05 in 293 cells results in a loss of inhibitory activity, likely
related to the differential glycosylation of this antibody in the two cell types (Fig. 3A).
We therefore tested the effects of NCI05 and NCI09 on V2-mediated costimulation of T
cells, since both HIV and SIV V2 bind to a4b7 and deliver costimulatory signals to CD41

T cells, which, in the case of HIV, can be blocked by MAb CH58 recognizing V2 in an
a-helix conformation (15). Interestingly, NCI09 decreased the percentage of activated
and proliferating CD251 Ki671 CD41 T cells following costimulation with CD28,
whereas NCI05 did not (Fig. 3B; Fig. S2). Comparison of the ADCC mediated by the two
antibodies demonstrated no difference at low antibody doses, but at high doses,
NCI09 killing was higher than that of NCI05 (Fig. 3C). NCI09 also mediated a higher
level of trogocytosis measured with both wild-type and V1 deletion-containing gp120
(Fig. 3D) and higher antibody-dependent cellular phagocytosis (ADCP) (Fig. 3E).

Next, we tested NCI05 and NCI09 for Env binding and ADCC against cells infected
with the infectious molecular clones SIVmac239, SIVsmE660-FL14, and SIVmac251-M766r and with
uncloned SIVmac251 swarm in the presence and absence of soluble CD4 (sCD4). A broadly
neutralizing antibody to HIV-1 (PGT145) that was previously shown to cross-react with a
conserved proteoglycan epitope at the V2 apex of SIV Env and to mediate ADCC against
SIV-infected cells was included as a positive control (22), and an irrelevant dengue-virus
specific antibody dengue virus type 3 virus (DEN3) was included as a negative control.
As expected, PGT145 stained Env and mediated efficient ADCC against cells infected
with all four SIV strains (Fig. 3F and G). We observed a low level of Env staining for NCI05
on the surfaces of SIVsmE660-FL14-infected cells that was increased by the addition of sCD4
(Fig. S3A and B). Accordingly, this antibody mediates measurable ADCC only in the pres-
ence of sCD4 (Fig. 3H; Fig. S3C). NCI09 weakly bound to the SIVmac251 swarm used in our
challenge experiments (Fig. S3D and E) and had a detectable, low level of ADCC against
SIVsmE660-FL14-infected cells in the presence of sCD4 (Fig. 3I; Fig. S3F). An antibody to den-
gue virus type 3 used as a control demonstrated neither envelope cell surface staining
nor ADCC (Fig. S3G and S4A). Thus, the V2 epitopes for NCI05 and NCI09 are exposed on
the surfaces of cells infected with SIVsmE660-FL14 upon CD4 engagement but not on cells
infected with SIVmac239, SIVmac251-M766r, or SIVmac251.

Systemic and mucosal distribution of NCI05 and NCI09 antibodies in vivo. The
functional differences between NCI05 and NCI09 provided the opportunity to compare
their antiviral activities in the SIVmac251 macaque model. We treated two groups of 9 maca-
ques each with NCI05 or NCI09 at a dose of 20 mg/kg of body weight, beginning at 4 days
prior to the first SIVmac251 challenge to allow for tissue distribution of the MAbs (Fig. 4A).
Administration was continued during challenge exposure to SIVmac251 every 3 weeks for a
total of four doses of antibody in each group (Fig. 4A). Plasma levels of NCI05 and NCI09
measured by ELISA were similarly sustained over time in both animal groups (Fig. 4B and
C). As expected, the sera from animals administered NCI05 specifically recognized the coil/
helical peptide 150, and plasma from animals treated with NCI09 recognized peptide 115
(Fig. 4D and E). The levels of NCI05 and NCI09 in rectal secretions were equivalent over
time in the two groups (Fig. 4F and G), as the geometric mean of NCI05 and NCI09 (in
nanograms per milliliter; measured by enzyme-linked immunosorbent assay [ELISA] reac-
tivity to gp120) did not differ significantly between the groups (Fig. 4H). In both groups,
the concentration (in nanograms per milliliter) of NCI05 and NCI09 correlated directly with
the total IgG level (Fig. 4I and J).
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FIG 3 Gp120/gp140 binding, neutralization, inhibition of gp120-a4b7 binding, inhibition of gp120 T-cell costimulation, ADCC, ADCP, and
trogocytosis by MAbs NCI05 and NCI09. (A) Binding of SIVmac251-M766 gp120 to a4b7-expressing RPMI8866 cells in the presence of vedolizumab

(Continued on next page)
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Equivalent NK and monocyte functions prior to administration of NCI05 and
NCI09. We performed ADCC assays with NCI05 or NCI09 on target cells coated with
SIVmac251-M766 gp120DV1D protein, an immunogen with a predominant V2 a-helix confor-
mation (18), together with NKG2A1 effector cells purified from macaques in the two
groups prior to antibody administration. This study was designed to exclude possible
natural differences in NK effector function in the animals. We found no differences in
ADCC activity with the peripheral blood mononuclear cells (PBMCs) of the animals to
be inoculated with NCI05 or NCI09 using the matching antibody (Fig. 4K). Next, we
tested the plasma collected at 1 week following antibody infusion to measure ADCC,
using the standard assay with human PBMCs as effectors and target cells coated with
the SIVmac251-M766 gp120DV1 protein. We observed equivalent ADCC killing activity
between the two groups (Fig. 4L). To further probe natural immunity in each group,
we measured CD141 cell-mediated efferocytosis prior to antibody treatment, since
vaccine-induced epigenetic changes in CD141 cells and efferocytosis were found to
correlate with a decreased risk of virus acquisition in vaccinated macaques (Bissa et al.,
submitted). We observed no difference in the ability of CD141 cells from macaques of
either group to engulf apoptotic neutrophils (Fig. 4M). Collectively, these data docu-
ment that prior to MAb treatment, the animal groups shared equivalent NK effector ac-
tivity and CD141-cell-mediated efferocytosis.

Mucosal antibody levels, serum ADCC, and efferocytosis correlate with delayed
virus acquisition in NCI05-treated animals.We exposed untreated or animals passively
administered MAbs to SIVmac251 and assessed the per-exposure risk of virus acquisition
compared to that of untreated controls. All 18 antibody-treated animals and 4 concurrent
naive controls were exposed intrarectally to SIVmac251 on a weekly basis for a total of
11 weeks. As per study design, virological data from an additional 18 historical controls
exposed to the identical virus stock in the same way in the same animal facility were used
in the data analyses. We observed no difference in the per-challenge risk of SIVmac251 acqui-
sition in control animals compared to that in animals treated with NCI05 or NCI09 (Fig. 5A
and B). Similarly, no differences were observed in plasma virus levels in the acute or
chronic phase of infection among the three groups (Fig. 5C to F), and mucosal viral DNA
at 2 weeks postinfection did not differ among the three groups (Fig. 5G).

Next, we assessed whether NCI05 or NCI09 administration delayed the time to virus
acquisition within each MAb-treated group. Strikingly, mucosal levels of NCI05 strongly
correlated with a decreased risk of SIVmac251 acquisition (R = 0.932; P = 0.0006), and
there was a similar trend for ADCC mediated by their plasma (R = 0.647; P = 0.066) (Fig.
5H and I, respectively). In addition, in the NCI05 group, the percentage of CD141 cells
mediating efferocytosis also correlated with delayed virus acquisition (Fig. 5J). Notably,
ADCC did not correlate with time of acquisition in animals treated with NCI09 (Fig.
S4C). The geometric mean of NCI09 in plasma prior to infection measured with peptide
115 correlated with faster virus acquisition (Fig. 5K), while the geometric mean of
NCI05 in plasma measured with peptide 150 did not correlate with virus acquisition
(Fig. S4B). Strikingly, however, ADCC measured from purified NKG2A1 cells (depleted
of monocytes) prior to in vivo administration of NCI09 and with the addition of NCI09
in vitro correlated significantly with delayed virus acquisition (R = 0.76; P = 0.022) (Fig.
5L). This finding suggests that the ability of NCI09 to mediate a higher level of trogocy-
tosis, a response mediated by monocytes, may have interfered with ADCC in vivo.

FIG 3 Legend (Continued)
(positive control) and NCI MAbs produced in either 293 or CHO cells. (B) Inhibition of gp120-induced T-cell activation by ITS12 (negative
control), ITS03 (positive control), NCI05, and NCI09. (C) Titration curves of normalized ADCC by NCI05 and NCI09 with DV1 gp120-coated
CEM.NKR-CCR5 target cells. (D) Trogocytosis by CD141 monocytes incubated with DV1 and wild-type gp120-coated CEM.NKR-CCR5 target
cells labeled with PKH26 in the presence of NCI05 and NCI09. (E) ADCP by THP-1 cells measured in the presence of DV1 and wild-type
gp120-coated CEM.NKR-CCR5 target cells and titrations of NCI05 and NCI09 antibodies. (F) Binding of PGT145 to V2 of various SIV-infected
cells in the absence of soluble CD4. (G) ADCC mediated by KHYG-1 NK cells recognizing PG145 bound to V2 of various SIV-infected CEM.NKR-
CCR5-sLTR-Luc cells in the absence of soluble CD4. (H and I) ADCC mediated by (H) NCI05 and (I) NCI09 against various SIV-infected
CEM.NKR-CCR5-sLTR-Luc cells in the presence of sCD4.
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FIG 4 Mucosal and plasma NCI05 and NCI09 levels in passively immunized animals. (A) Study design of passive immunization (NCI05 in red, NCI09
in blue) and 1:250 intrarectal SIVmac251 challenges (black arrows). (B and C) Concentrations of (B) NCI05 and (C) NCI09 measured in the plasma by

(Continued on next page)
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DISCUSSION

In humans, antibodies to the HIV envelope variable region 2 (V2) were associated
with decreased risk of HIV acquisition in the RV144 HIV vaccine trial using the prime-
boost ALVAC-HIV/gp120/alum regimen (3). Similarly, in macaques, SIV-based vaccines
elicited anti-V2 antibodies that together with CD141 monocytes, mucosal NKp441

cells, and Th1 and Th2 cells correlated with a decreased risk of SIVmac251 acquisition
(16–20; Bissa et al., submitted). A few studies using different technical approaches have
directly assessed the innate ability of nonneutralizing antibodies to confer protection
against SIV and simian-human immunodeficiency virus (SHIV) infection. Two early pas-
sive immunization studies with polyclonal anti-SIV antibodies in neonatal macaques
reported 100% and 0% protection against oral SIVmac251 challenge, respectively (23, 24).
Another study showed that passive immunization with nonneutralizing polyclonal IgG
from an elite HIV controller with high ADCC functionality failed to protect macaques
against intrarectal SHIV challenge (25). However, none of the studies reported a map-
ping of the fragment of antigen (Fab) specificities for polyclonal antibody preparations
used in the passive immunizations. Two studies have demonstrated protection against
single and mixed SHIV challenges in macaques following passive immunization with
neutralizing anti-V2 monoclonal antibodies cloned from HIV-infected individuals (26,
27). In one study, macaques were passively immunized with a narrow-breadth neutral-
izing V2i MAb, 830A, cloned from a patient chronically infected with subtype B virus,
which maintained ADCC functionality (28). The IgG1 of MAb 830A correlated with
reduced levels of viral DNA in PBMCs isolated from inguinal, iliosacral, and axillary
lymph nodes and of viral RNA in plasma following intrarectal SHIV challenge in maca-
ques (28). However, no significant decrease in the risk of SHIV acquisition was reported
(28). In another macaque study, systems serology was used to partition vaccinated ani-
mals into quartiles based on a protective, nonneutralizing, antibody quality signature,
demonstrating that animals in the top quartiles were protected against SIVmac251 acqui-
sition (29). Furthermore, in a separate cohort of vaccinated animals, passive transfer of
purified polyclonal IgG purified from the top two quartiles of antibody quality was suf-
ficient to significantly protect a low percentage of naive animals from intrarectal
SIVmac251 challenge (29).

The key insights of our work reported here are, first, that SIV V2 can elicit antibodies
that can either accelerate or delay viral transmission depending on the V2 structural
conformation that they recognize and, second, that even antibodies to the same seg-
ment of V2 do not necessarily have the same functionality. Individual MAbs differ in
their ability to inhibit T-cell activation, kill SIV-infected cells, and mediate trogocytosis,
a monocyte-mediated mechanism in which antigens are nibbled from the surfaces of
infected cells, thus aiding pathogen evasion of host responses (30).

The V2-specific MAbs NCI05 and NCI09 tested in the current study target overlap-
ping peptides within the SIV V2 TGLKRDKTKEYNETWYSTD (the underlining of RDK indi-
cates the cryptic a4b7 binding site) amino acid stretch, which encompasses both the
canonical and cryptic a4b7 binding sites (10–12, 18). Both NCI05 and NCI09 are unable
to neutralize the tier 2 SIVmac251 virus stock used in our challenge experiments (18).
Structural analysis indicated that NCI09 targets a b-hairpin epitope within the N-termi-
nal half of this segment, while NCI05 targets a coil/helical conformation occupying
two-thirds of the C terminus of this V2 segment, with the coil/helical and b-hairpin epi-
topes overlapping. NCI05 mediates ADCC but has low neutralizing activity versus tier

FIG 4 Legend (Continued)
DV1 gp120 ELISA during the SIVmac251 challenge phase. Colored arrows below the x axis indicate the times of passive immunization 4 days prior to
each challenge. (D and E) ELISA detection of V2 MAb binding in the plasma of animals 1 week after the first passive immunization with NCI05 and
NCI09 to (D) peptide 150 (biotin-GGG-LKSDKKIEYNETWYSRD) and (E) peptide 115 (biotin-GGG-GLKRDKTKEYN), respectively. (F and G) Mucosal
concentrations of (F) NCI05 and (G) NCI09 measured by DV1 gp120 ELISA during the SIVmac251 challenge phase. (H) Geometric means of V2 MAbs
measured in the rectal mucosa of the NCI05 and NCI09 groups. (I and J) Spearman rank correlation between the geometric mean of total mucosal
IgG and mucosal (I) NCI05 and (J) NCI09. (K) Percent ADCC killing in plasma from passively immunized macaques mediated by macaque NKG2A1

NK effectors from the NCI05 and NCI09 groups. (L) Percent ADCC killing in plasma from passively immunized macaques mediated by human PBMC
effectors. (M) Efferocytosis by CD141 efferocytes in PBMCs collected prior to passive immunization from the NCI05 and NCI09 groups.
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FIG 5 Virus acquisition curves, viral load, and NCI05-specific and NCI09-specific ADCC correlations with time of virus acquisition. (A and B) Kaplan-
Meier curves showing SIV acquisition rates in animals passively immunized with (A) NCI05 and (B) NCI09 and controls (black lines). (C to E) SIV viremia
in individual animals following infection in (C) NCI05, (D) NCI09, and (E) control groups. (F) Geometric mean of SIV viremia in control, NCI05, and
NCI09 groups. (G) SIV DNA measured in the rectal mucosa at 2 weeks postinfection in control, NCI05, and NCI09 groups. (H) Spearman rank
correlation between the geometric mean of NCI05 measured in the rectal mucosa by DV1 gp120 ELISA and the time of SIV acquisition. (I) Normalized
percentage of ADCC mediated by human PBMC effectors incubated with NCI05 plasma obtained 1 week after infection (J) Spearman rank correlation
between the percent efferocytosis by CD141 cells in macaque pre-PBMCs after 12 h and the time of SIV acquisition. (K) Spearman rank correlation
between the geometric mean of NCI09 measured in plasma prior to infection by peptide 115 ELISA and the time of SIV acquisition. (L) Normalized
percentage of ADCC mediated by macaque NKG2A+ NK effectors obtained prior to passive immunization and incubated with NCI09 plasma obtained
1 week after infection.
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1 SIVs and no neutralizing activity versus tier 2 virus. The ability of NCI05 to inhibit V2
binding to the a4b7 binding site is glycosylation dependent, and its ability to kill
infected cells is triggered by CD4. These observations suggest that the N173 glycosyla-
ted form of V2c can also bind NCI05 (N173 points toward the solvent and the NCI05
CDR1/2 in the structure) and that the spike-open conformation triggered by CD4 bind-
ing favors the NCI05-bound conformation of V2 (Fig. S1F). We report here that CD4-
induced conformations in V2 exposed on the trimeric envelope are susceptible to
ADCC by NCI05 and much less so to that by NCI09. It is unclear, however, why NCI05
mediated ADCC in SIVsmE660-FL14-infected cells in the presence of sCD4 but not in cells
infected by the SIVmac251 challenge virus. The robustness of the ADCC assay is high-
lighted by the high ADCC activity mediated by the positive control, PGT145, against
cells infected with all of the SIV isolates tested. However, SIVsmE660-FL14 is the most anti-
body-sensitive infectious molecular clone of SIV tested in this assay, whereas the
SIVmac251 challenge virus is the most genetically diverse swarm. Therefore, it should not
be surprising that SIVsmE660-FL14 is more sensitive to NCI05 in the presence of sCD4. In
HIV-1, coreceptor binding site (CoRBS) antibodies are also needed to stabilize CD4i
conformation changes and facilitate the critical binding and ADCC of MAb A32 (31).

Treatment of macaques with NCI05 before SIVmac251 challenge exposure did not
decrease the per-challenge risk of virus acquisition compared to that in untreated ani-
mals. A possible limitation of the passive immunization study with NCI05 is its low level
of distribution from the subscapular injection site to the rectal mucosa, where antibod-
ies targeting the V2 coil/helical conformation could have a prophylactic effect at suffi-
ciently high concentrations. The ;120-kDa molecular weight of IgG1 probably affects
the entry of MAbs to V2 into blood capillaries, which are easily permeable to molecules
of ,16 kDa (32), suggesting that in our study, IgG1 may have disseminated through
the interstitial fluid to the central lymphatic ducts and then into the circulatory system
and mucosal surfaces. Plasma concentrations of NCI05 and NCI09 were 3 orders of
magnitude higher than in the rectal secretions, which demonstrates significant loss of
IgG as these molecules traversed to the mucosal tissue. Thus, it is possible that the risk
of SIV acquisition could be more effectively decreased with the modification of the
dose, frequency, and route of NCI05 administration, as suggested by the findings that
plasma-mediated ADCC activity and NCI05 levels in the mucosa correlated with
delayed virus acquisition. This effect was unique to NCI05-treated macaques; the
immune correlates of delayed acquisition were not recapitulated in animals treated
with NCI09. The current data point to V2 in a coil/helical conformation distinct from
that seen in complex with neutralizing antibodies as a key element in virus vulnerabil-
ity. V1 deletion and the addition of a glycine-proline-glycine motif were previously
shown to result in no vaccine efficacy, whereas deletion of V1 alone favors a putative
a-helical structure of V2 and improves vaccine efficacy (18). The current work charac-
terizes in detail the V2 structure recognized by NCI05 as a non-beta-strand structure
exhibiting random coil and a-helical segments. Notably, the structure is substantially
similar to that of the human antibody CH59, isolated from an RV144 vaccinee, which
was similar to NCI05’s isolation from a protected macaque (33). This parallel suggests
that macaque MAbs can be found and evaluated with SIVmac251 challenge in vivo to
model the immunology of the corresponding MAb in protecting humans against HIV.
Whether a macaque MAb can be found that parallels CH58, with its greater viral cross-
reactivity and purely helical epitope, remains to be ascertained.

The current work does not address how the functional differences between NCI05
and NCI09 in vitro, such as trogocytosis and inhibition of T-cell costimulation (15), con-
tribute mechanistically to their seemingly opposite effects on virus acquisition in vivo,
underscoring the need for further studies to dissect how binding antibodies that pro-
tect against SIV acquisition may be a viable alternative to neutralizing antibodies. The
finding that NCI09 seemingly accelerates virus acquisition was somewhat unexpected,
given that this antibody inhibits T-cell activation in vitro. However, our data demon-
strating that the absence of monocytes in the ADCC assay using purified NKG2A was
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key to establishing a correlation of the NKG2A ADCC level and time of virus acquisition
and suggested the hypothesis that the ability of NCI09 to mediate ADCC may be coun-
teracted by its efficient induction of trogocytosis. A limitation of this study, however, is
that we could not assess whether passive administration of NCI05 or NCI09 mitigated
the level of T-cell activation during the challenge exposure phase.

In conclusion, our work here demonstrates that antibodies such as NCI05, recogniz-
ing the V2 coil/helical conformation, are not alone sufficient to protect against
SIVmac251 acquisition. This result is not surprising, given that the vaccine approach we
used (16–20; Bissa et al., submitted) reproducibly engages multiple arms of the
immune system to decrease the risk of virus acquisition, antibodies to V2 being only
one of them. Systemic and mucosal immunity synergize with anti-V2 antibodies media-
ting ADCC, such as Th1 and Th2 cells expressing low levels of CCR5 and a4b7, enve-
lope-specific mucosal memory NKp441 cells producing IL-17, CD141 cells mediating
efferocytosis, and tolerogenic dendritic cells (DC-10), all immune responses working in
concert to eliminate virus seeding and/or dissemination (16–20; Bissa et al., submitted).
Like effective antiretroviral therapy, which targets different steps in the virus life cycle,
the simultaneous engagement of different arms of immunity appears to be necessary
to consistently prevent SIV/HIV infection in the absence of neutralizing antibodies.

MATERIALS ANDMETHODS
Animals and study design. Colony-bred rhesus macaques (Macaca mulatta) were obtained from

Covance Research Products (Alice, TX, USA) or the NIAID colony (Morgan Island, SC, USA). Animals were
housed and cared for according to the standards of the Association and Accreditation of Laboratory
Animal Care International.

NCI05 and NCI09 monoclonal antibodies were cloned in an IgG1 vector from a vaccinated animal,
P770, which resisted SIV acquisition after 22 challenges and expressed in CHO cells as described previ-
ously (16, 18). Animals were injected via the subscapular route with phosphate-buffered saline (PBS) or
20 mg/kg of monoclonal antibody. Animals were randomized to three groups: 4 concurrent controls
treated with PBS, 9 animals treated with 20 mg/kg NCI05, and 9 animals treated with 20 mg/kg NCI09.
Four days after the first passive immunization, the animals were challenged intrarectally with 120 50%
tissue culture infective doses (TCID50) of SIVmac251 on a weekly basis and continued to receive passive
immunizations every 3 weeks to maintain antibody levels. Animals were monitored for SIV infection by
digital droplet PCR (Advanced Bioscience Laboratories, Rockville, MD, USA). The acquisition rate for the
control group was combined with that for 18 historical controls which were challenged with the same
stock of SIVmac251 within 1 year of the study.

DV1 gp120 ELISA of plasma and rectal secretions. (i) Plasma. High-affinity Immulon 2 HB plates
were coated overnight with 100 ng of SIVmac251-M766 gp120DV1 at 4°C. Wells were washed once with PBS,
blocked with 2% milk (Bio-Rad) in PBS for 1 h at room temperature, and washed three times with PBS
plus 0.05% Tween 20. NCI05 and NCI09 standard curves and plasma from passively immunized animals
were prepared in PBS using 1:2 dilutions. Fifty microliters of samples and standards was applied to each
well and incubated overnight at 4°C on a rotating platform. Wells were washed five times with PBS plus
0.05% Tween 20, and 50 mL of 1:10,000 anti-monkey IgG conjugated to horseradish peroxidase (HRP;
Abcam) was dispensed into the wells and incubated for 1 h with shaking at room temperature. Wells
were washed five times with PBS plus 0.05% Tween 20. Wells were incubated with 50 mL of ELISA TMB
(3,39,5,59-tetramethylbenzidine) substrate (Thermo Fisher Scientific) for 10 min and neutralized with TMB
stop solution (KPL), and absorbance at 450 nm was measured with a Victor X4 plate reader (Perkin
Elmer).

(ii) Rectal secretions. Weck-cel sponges containing rectal secretions were obtained weekly begin-
ning at 2 days after the first passive immunization. Swabs were physically inspected for blood, and all
samples containing blood were discarded. Swabs were thawed on ice, transferred to a prechilled
Ultrafree column containing a 5.0-mm polyvinylidene difluoride (PVDF) membrane, incubated with 300
mL of ice-cold extraction buffer containing 0.25% bovine serum albumin (BSA) (Sigma), protease inhibi-
tor (Sigma), and 1� PBS (Invitrogen) for 10 min on ice, and centrifuged at 16,000 � g for 5 min at 4°C.
The incubation and centrifugation steps were repeated for a total of two washes with a final centrifuga-
tion of 16,000 � g for 20 min at 4°C. The solution was then applied to an Amicon Ultra 30-kDa 0.5-mL
centrifugal filter (Millipore) and concentrated to 400 mL by centrifuging at 14,000 � g. Samples were fro-
zen at 280°C prior to ELISA. High-affinity Immulon 2 HB plates were coated overnight with 100 ng of
SIVmac251-M766 gp120DV1 at 4°C. Wells were washed once with PBS, blocked with 2% BSA (KPL) in PBS for
2 h, and washed three times with PBS plus 0.05% Tween 20. Standard curves for NCI05 and NCI09 were
prepared in using 1:2 dilutions in PBS ranging from 50 ng/mL to 0.95 ng/mL. Negative rectal swab con-
trols from control animals were diluted 1:10 in 1% BSA to establish background signal and rectal sam-
ples from passively immunized animals were diluted 1:2 and 1:10 in 1% BSA. Fifty microliters of samples
and standards was applied to each well and incubated overnight at 4°C on a rotating platform. Wells
were washed five times with PBS plus 0.05% Tween 20, and 50 mL of 1:10,000 anti-monkey IgG conju-
gated to HRP (Abcam) was dispensed into the wells and incubated for 1 h with shaking at room
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temperature. Wells were washed five times with PBS plus 0.05% Tween 20. Wells were incubated with
50 mL of 1-Step Ultra TMB ELISA (Thermo Fisher Scientific) for 10 min and neutralized with TMB stop so-
lution (KPL), and absorbance at 450 nm was measured with a Victor X4 plate reader (Perkin Elmer).

V2 peptide ELISA. (i) NCI05 and NCI09 reactivity to V2 peptides 115 and 150. Briefly, streptavi-
din-coated plates were incubated for 3 h at room temperature (RT) in wash buffer (Tris-buffered saline
[TBS], 0.1% BSA, 0.05% Tween 20) with the biotinylated peptides (0.1 mg/mL), followed by overnight
incubation at 4°C with NCI05, NCI09, and ITS12 in serial dilutions. Plates were then incubated for 2 h at
RT with goat anti-monkey IgG conjugated with alkaline phosphatase at 0.5 mg/mL. Plates were incu-
bated with alkaline phosphatase substrate in developing buffer (PBS, 1 M diethanolamine (DEA), 0.24 M
MgCl2�6H2O [pH 9.8]), and the optical density at 405 nm (OD405) was read.

(ii) Macaque plasma reactivity with V2 peptides 115 and 150. Streptavidin plates (Thermo Fisher
Scientific) were coated with 100 ng/well of biotinylated peptides 115 and 150 with shaking for 2 h at
room temperature. Plates were washed three times with 1� TBS–0.1% BSA–0.05% Tween 20 wash
buffer. Plasma samples obtained weekly beginning prior to passive immunization and weekly beginning
4 days after the first passive immunization were serially diluted in wash buffer and added to the wells
along with NCI05 and NCI09 standard curves. Peptide-coated plates were incubated with plasma for 30
min with shaking at room temperature and washed three times with wash buffer. Plates were incubated
with goat anti-monkey IgG conjugated to HRP (Abcam) diluted 1:10,000 in wash buffer for 30 min at
room temperature and washed three times with wash buffer. Plates were incubated with 1-Step Ultra
TMB ELISA substrate solution, neutralized with TMB stop solution (KPL), and read at 450 nm.

Surface Env staining. CEM.NKR-CCR5-sLTR-Luc cells (2 � 106 cells) were infected with replication-
competent SIVsmE660-FL14 (600 ng p27), SIVmac251-M766r (1,500 ng p27), and uncloned SIVmac251 (80 ng p27) or
with vesicular stomatitis virus G protein (VSV G)-transcomplemented, vif deletion-containing SIVmac239

(40 ng) in the presence of 40 mg/mL Polybrene and centrifuged for 1.5 h at 1,200 � g. Antibody binding
to Env was assessed by staining 4 to 6 days postinfection. Cells were treated with a Live/Dead NEAR IR
viability dye (Invitrogen), washed in PBS containing 1% fetal bovine serum (FBS; staining buffer), and
stained at room-temperature for 30 min with 5 mg/mL of Env-specific antibody or with a dengue virus-
specific antibody (DEN3) as a negative control. For soluble CD4 (sCD4) experiments, cells were stained
on ice for 30 min with anti-SIV Env (5 mg/mL) antibody and sCD4-183 (10 mg/mL; NIH AIDS Reagent
Program). Cells were then washed and stained on ice with AF647-conjugated goat anti-human F(ab9)2
(Jackson Immunoresearch), followed by phycoerythrin (PE)-Cy7-conjugated anti-CD4 (clone OKT4;
Biolegend). For intracellular SIV p27 Gag staining, cells were fixed in PBS with 2% paraformaldehyde,
washed in staining buffer, and stained with AF488-conjugated anti-SIV Gag antibody (clone 552F12) in
Perm/Fix Medium B (Invitrogen). Cells were washed, fixed in PBS with 2% paraformaldehyde, and ana-
lyzed on a BD FACSymphony flow cytometer. Antibody binding was assessed by Env staining on the sur-
face of SIV-infected (CD4lowGag

1) cells.
ADCC assay against SIV-infected cells. ADCC was measured as described previously described (34,

35). CEM.NKR-CCR5-sLTR-Luc cells were infected with replication-competent SIVsmE660-FL14 (600 ng p27),
SIVmac251-M766r (1,500 ng p27) and uncloned SIVmac251 (80 ng p27) or with VSV G-transcomplemented, vif dele-
tion-containing SIVmac239 (40 ng) in the presence of 40mg/mL Polybrene and centrifuged for 1.5 h at 1,200 �
g. After 4 to 6 days of infection, the CEM.NKR-CCR5-sLTR-Luc cells were incubated for 8 h with an NK cell line
(KHYG-1 cells) transduced with rhesus macaque CD16 at a 10:1 effector-to-target (E/T) ratio in the presence
of antibodies. CD161 KHYG-1 cells (105 cells/well) were incubated with CEM.NKR-CCR5-sLTR-Luc cells (104

cells/well) in triplicate wells of 96-well plates (0.2 mL/well). The assay was performed with or without sCD4-
183 (10mg/mL; NIH AIDS Reagent Program). ADCC was determined from the dose-dependent loss of lucifer-
ase activity. ADCC responses were calculated as the remaining luciferase activity (percent relative light units
[RLU]) by dividing the difference in RLU between SIV-infected cells in the presence of antibody and unin-
fected cells without antibody (experimental 2 background) by the difference in RLU between SIV-infected
cells and uninfected cells in the absence of antibody (maximal2 background) and multiplying by 100.

ADCC assay with human PBMCs as effector and gp120-coated target cells. ADCC activity using
plasma of infected animals was assessed as previously described using EGFP-CEM.NKR-CCR5-SNAP cells,
which constitutively express enhanced green fluorescent protein (EGFP), as targets (36). Briefly, one mil-
lion target cells were incubated with 50 mg of DV1 gp120 protein for 2 h at 37°C. The coated target cells
were washed and labeled with SNAP-Surface Alexa Fluor 647 (New England Biolabs) as recommended
by the manufacturer for 30 min at RT. Plasma samples, heat inactivated at 56°C for 30 min, were serially
diluted (seven 10-fold dilutions starting at 1:10), and 100 mL was added to wells of a 96-well V-bottom
plate (Millipore Sigma). Target cells (5,000; 50 mL) and human PBMCs (250,000; 50 mL) as effectors were
added to each well to give an E/T ratio of 50:1. The plate was incubated at 37°C for 2 h followed by two
PBS washes. The cells were resuspended in 200 mL of a 2% PBS–paraformaldehyde solution and
acquired on an LSRII flow cytometer equipped with a high-throughput system (BD Biosciences). Specific
killing was measured by loss of GFP from the SNAP-Surface Alexa Fluor 647-positive target cells. Target
and effector cells cultured in the presence of R10 medium were used as background. NCI05 and NCI09
monoclonal antibodies were used as a positive control. Normalized percent killing was calculated as (killing in
the presence of plasma2 background)/(killing in the presence of positive control2 background) � 100. The
ADCC endpoint titer is defined as the reciprocal dilution at which the percent ADCC killing was greater than
the mean percent killing of the background wells containing medium, target cells, and effector cells, plus
three standard deviations.

Antibody-dependent cellular cytotoxicity assay using macaque NKG2A+ cells and gp120-
coated cells. NKG2A1 cells were isolated from cryopreserved PBMCs (10 � 106 cells) collected at base-
line by using PE-conjugated CD159a antibody (no. IM3291U; Beckman Coulter) and anti-PE MicroBeads
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(Miltenyi Biotec). Briefly, CD141 cells were removed, and the CD142 PBMCs were washed with 3 mL
buffer and centrifuged at 2,000 rpm for 7 min. Pellets were resuspended in 100 mL buffer and 15 mL PE-
conjugated CD159a antibody and incubated at 4°C for 15 min. At the end of the incubation, cells were
washed with 3 mL buffer and incubated with 20 mL anti-PE microbeads and 80 mL buffer at 4°C for
15 min. Next, cells were washed with 3 mL buffer and resuspended in 500 mL of buffer. Positive selection
was performed using an AutoMACSpro instrument (Miltenyi Biotec) following the Possel program. At
the end of the separation, cells were counted and used for the assay. ADCC activity using NK effector
cells from the animals was assessed using EGFP-CEM.NKR-CCR5-SNAP cells, which constitutively express
EGFP, as targets. Briefly, one million target cells were incubated with 50 mg of DV1 GP120 protein for 2 h
at 37°C. The coated target cells were washed and labeled with SNAP-Surface Alexa Fluor 647 (New
England Biolabs) as recommended by the manufacturer for 30 min at RT. One hundred microliters of
NCI05 or NCI09 antibodies was added at a 5-mg/mL concentration for the NCI05 or NCI09 passively
immunized group into the wells of a 96-well V-bottom plate (Millipore Sigma). Target cells (5,000; 50 mL)
and macaque NK cells (10,000; 50 mL) as effectors were added to each well to give an E/T ratio of 2:1.
The plate was incubated at 37°C for 2 h followed by two PBS washes. The cells were resuspended in
200 mL of a 2% PBS–paraformaldehyde solution and acquired on a Symphony instrument equipped
with a high-throughput system (BD Biosciences). Specific killing was measured by loss of GFP from the
SNAP-Surface Alexa Fluor 647-positive target cells. Target and effector cells cultured in the presence of
R10 medium were used as background. NCI05 and NCI09 monoclonal antibodies were used as a positive
control. Normalized percent killing was calculated as (killing in the presence of plasma 2 background)/
(killing in the presence of positive control2 background) � 100.

Efferocytosis assay. The frequency of CD141 efferocytes in PBMCs was assessed with an efferocyto-
sis assay kit (number 601770; Cayman Chemical Company). CD141 cells were used as effectors, and apo-
ptotic neutrophils as target cells. Ex vivo CD141 monocyte cells rather than differentiated macrophages
were used in the assay due to low cell availability. One animal in the NCI05 group was not tested due to
lack of available PBMCs.

(i) Effector cells. CD141 cells were isolated from cryopreserved PBMCs (10 � 106 cells) collected at
baseline by using nonhuman primate CD14 MicroBeads (number 130-091-097; Miltenyi Biotec) and fol-
lowing the manufacturer’s instructions. Briefly, 10 � 106 PBMCs were thawed and incubated with 20 mL
microbeads and 80 mL buffer at 4°C for 15 min. At the end of the incubation, cells were washed with
3 mL buffer and resuspended in 500 mL of buffer. Positive selection was performed using the
AutoMACSpro instrument (Miltenyi Biotec) following the Possel program. At the end of the separation,
cells were counted and stained with CytoTell Blue provided in the kit and following the manufacturer’s
instructions. Briefly, cells were resuspended in buffer (107 cells/mL), an equal volume of buffer contain-
ing 2� CytoTell Blue (stock diluted 1:200 in buffer) was added, incubated at 37°C for 30 min, and washed
three times with R10, resuspended in R10, and used for the efferocytosis assay.

(ii) Target cells. Two unrelated macaques were used as source of neutrophils as target cells.
Neutrophils were isolated as previously described (37). Briefly, following isolation of PBMCs by Ficoll-
Paque (GE Healthcare), an equal volume of a solution of 20% dextran in water was added to cellular
pellets, gently mixed, incubated for 1 min followed by the addition of approximately 3 volumes of
PBS, mixed again, and incubated in the dark for 50 to 60 min. At the end of incubation, the clear
layers at the top of the tubes containing neutrophils were collected, washed with PBS, and centri-
fuged at 2,000 rpm for 10 min. Cells were treated with ACK lysing buffer (Quality Biological) for 5 min
at 37°C, washed with R10, and counted. Neutrophils were stained with carboxyfluorescein succini-
midyl ester (CFSE) provided in the kit and following the manufacturer’s instructions. Briefly, neutro-
phils were resuspended in buffer (107 cells/mL), and an equal volume of buffer containing 2� CFSE
(stock diluted 1:200 in buffer) was added to cells, incubated at 37°C for 30 min, and washed three
times with R10. The apoptosis of neutrophils was induced by treatment with the staurosporine apo-
ptosis inducer provided in the kit. Briefly, isolated cells were resuspended in R10 containing stauro-
sporine (stock diluted 1:1,000) and incubated at 37°C for 3 h. At the end of incubation, cells were
washed twice with R10 and used for the efferocytosis assay. Apoptotic neutrophils from 2 animals
were mixed before the coculture and used for the subsequent step.

Effector and apoptotic target cells were cultured alone (as controls) or cocultured at a ratio of one
effector CD141 cell to three target apoptotic neutrophils. Cells were incubated in an incubator at 37°C
for 12 h.

(iii) CD14+ cells. At the end of the coculture, cells were washed with PBS, fixed with 1% paraformal-
dehyde in PBS, and acquired with a flow cytometer. Flow cytometry acquisitions were performed on a
FACSymphony A5 instrument and examined using FACSDiva software (BD Biosciences) by acquiring all
stained cells. Data were further analyzed using FlowJo v10.1 (TreeStar). The frequency of CD141 effero-
cytes was determined as the frequency of positive cells for CytoTell Blue and CFSE on the single-cell
gate (gating strategy: forward scatter [FSC]/side scatter [SSC]/single cells/CytoTell Blue1/CFSE1).

a4b7 binding assay. The binding of a4b7 expressed by the RPMI8866 cell line to SIVmac766 gp120 in
the absence or presence of SIV V2 MAbs was assessed by an adhesion assay (37). This assay was modi-
fied by culturing RPMI8866 cells in medium containing 1 mM retinoic acid (RA) for at least 7 days prior to
use in adhesion assays. Inclusion of RA increases adhesion to gp120. Briefly, triplicate wells of a 96-well
flat-bottom polypropylene plate (Greiner Bio-One) were coated overnight at 4°C with 2.0 mg of peptide-
N-glycosidase (PNGase)-treated SIV gp120 diluted in 50 mM bicarbonate buffer, pH 9.6. The solution
from the plates was discarded, and the plates were then blocked with blocking buffer (25 mM Tris,
2.7 mM potassium chloride, 150 mM sodium chloride, 0.5% BSA, 4 mM manganese chloride [pH 7.2]) for
1 h at 37°C. The solution was discarded, and plates were manually washed 4 times with blocking buffer.
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After blocking and washing, plates were incubated with 20 to 100 mg/mL of the designated anti-V2
MAbs in sample buffer (25 mM Tris, 2.7 mM KCl, 150 mM NaCl, 4 mM manganese chloride, 1% FBS [pH
7.2]) for 1 h at 37°C. RPMI8866 cells in a volume of 50 mL/well were preincubated for 40 min at 37°C with
sample buffer in the absence or presence of 10 mg/mL of 2B4 (a4 MAb). Plates were then incubated with
50 mL/well of 2 � 105 RPMI8866 cells at 37°C (5% CO2) for 1 h and washed 5 times with PBS, followed by
the addition of 100 mL of RPMI 1640 containing 1% FBS, 1% penicillin-streptomycin-glutamine and
25 mM HEPES with 10 mL/well of alamarBlue dye. Fluorescence (excitation, 560 nm, and emission,
590 nm) was measured immediately after the addition of the alamarBlue dye for 8 h.

T-cell costimulation assay. CD41 T-cell activation assays were carried out as previously described
(15). Briefly, 96-well flat-bottom cell culture-treated plates were precoated 2 h at 4°C with 50 ng of anti-
CD3 (clone OKT3; eBioscience) and followed by 200 ng of neutravidin in a total volume of 100 mL
HEPES-buffered saline (HBS) overnight at 4°C. On stimulation day, neutravidin plates were coated with
biotinylated SIVmac251-M766 gp120 at 37°C for 1 h. Antibodies to gp120 were added to coated plates for 1 h at
37°C before 200,000 freshly isolated CD41 T cells in 100 mL complete RPMI (10% FBS) were added. In certain
wells, retinoic acid (Sigma-Aldrich) was also added at a concentration of 10 nM. For activation assays, cells
were stained for the activation markers CD25 and Ki67 on day 4. Flow cytometry analysis was carried out with
FlowJo software.

On day 4 poststimulation, CD41 T cells were harvested and stained for flow-cytometric analysis. Cells
were stained with Live/Dead Aqua (Invitrogen). The following antibodies were used and purchased from BD
Pharmingen: anti-CD25 FITC (clone M-A251), anti-Ki67 Alexa Fluor 647 (clone B56), anti-integrin b7 PE (clone
FIB504), anti-CD45RO APC-H7 (clone UCHL1), and anti-CCR5 BV421 (clone 2D7/CCR5). For intracellular Ki67
staining, a BD Cytofix/Cytoperm kit was used following the manufacturer’s recommendations. Data were col-
lected on a FACSCanto II (BD Biosciences) and analyzed using FlowJo and GraphPad Prism software.

Surface plasmon resonance spectroscopy. The kinetics of anti-V2-loop monoclonal antibody binding
to SIVmac251-M766 gp120 was assessed by surface plasmon resonance spectroscopy. The gp120 was immobi-
lized to a CM5 biosensor surface (Cytiva) using amine-coupling chemistry to a surface density of ;750 reso-
nance units. Twofold serial dilutions of the indicated antibodies were passed sequentially over the sensor
surface for 2 min at 25 mL/min in HEPES-buffered saline supplemented with 3 mM EDTA, 0.005% Tween 20,
and 0.05% soluble carboxymethyl dextran, followed by a 2-min dissociation phase using a Biacore 3000 bio-
sensor (Cytiva). The surfaces were regenerated after each cycle by two brief injections of 4.5 M MgCl2.

Crystallization and structure determination. The V2Cmut peptide was dissolved in 100% dimethyl
sulfoxide (DMSO) at 10 mg/mL. NCI05 Fab in 1� PBS was concentrated to 20 mg/mL in Amicon Ultra centrif-
ugal filters (30-kDa molecular weight cutoff; Millipore Sigma) and incubated with V2Cmut peptide at a 1:2
molar ratio for 1 h at RT. The NCI05-V2Cmut complex was purified with a Superdex 10/300 GL size exclusion
column in a buffer containing 150 mM NaCl, 5 mM HEPES and concentrated to 12 mg/mL. Crystals of NCI05-
V2Cmut complex were screened using 576 conditions in Crystal Screen (Hampton Research) and Wizard
Precipitant Synergy (Qiagen) screening kits with a Mosquito crystallization robot (SPT Labtech) by mixing
100 nL reservoir solution and 100 nL protein solution per drop. Crystal hits were obtained in a reservoir
solution containing 0.2 M NaCl, 28.5% polyethylene glycol 8000, and 0.1 M phosphate-citrate (pH 4.2).
Conditions were hand-optimized in 15-well plates in 2-mL drops to obtain diffraction quality crystals.

X-ray diffraction data were collected at the Advanced Photon Source (beamline SER-CAT ID22). A
data set at a resolution of 2.35 Å was obtained with 30% ethylene glycol as a cryoprotectant. The diffrac-
tion data were indexed, integrated, and scaled with the HKL2000 package (38). The structures were
determined by molecular replacement with Phaser (39) in the CCP4 program suite (40) with AlphaFold2-
generated NCI05 Fab as the initial search model. Further refinement was carried out with PHENIX (41),
starting with torsion angle simulated annealing with slow cooling. Iterative manual model building was
carried out with COOT (42) with maps generated from combinations of standard positional, individual B-
factor, and translation-libration-screw-rotation (TLS) model refinement algorithms. X-ray data and refine-
ment statistics are summarized in Table S1.

Statistical analysis. Statistics were calculated using GraphPad Prism. The Wilcoxon signed-rank test
was used to compare paired measurements within individual animals and cell lines. The Mann-Whitney
test was used to compare unpaired measurements between separate groups of animals. Spearman rank
correlations were used to infer linear relationships between measured variables.

Data availability. The coordinates and structural factors for antibody NCI05 in complex with peptide
V2Cmut have been deposited in the Protein Data Bank (PDB ID 8FBW).
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