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ABSTRACT Elicitation of broadly neutralizing antibody (bNAb) responses is a major
goal for the development of an HIV-1 vaccine. Current HIV-1 envelope glycoprotein
(Env) vaccine candidates elicit predominantly tier 1 and/or autologous tier 2 virus
neutralizing antibody (NAb) responses, as well as weak and/or sporadic cross-reactive
tier 2 virus NAb responses with unknown specificity. To delineate the specificity of
vaccine-elicited cross-reactive tier 2 virus NAb responses, we performed single mem-
ory B cell sorting from the peripheral blood of a rhesus macaque immunized with
YU2gp140-F trimers in adjuvant, using JR-FL SOSIP.664, a native Env trimer mimetic,
as a sorting probe to isolate monoclonal Abs (MAbs). We found striking genetic and
functional convergence of the SOSIP-sorted Ig repertoire, with predominant VH4 or
VH5 gene family usage and Env V3 specificity. Of these vaccine-elicited V3-specific
MAbs, nearly 20% (6/33) displayed cross-reactive tier 2 virus neutralization, which re-
capitulated the serum neutralization capacity. Substantial similarities in binding spec-
ificity, neutralization breadth and potency, and sequence/structural homology were
observed between selected macaque cross-reactive V3 NAbs elicited by vaccination
and prototypic V3 NAbs derived from natural infections in humans, highlighting the
convergence of this subset of primate V3-specific B cell repertories. Our study dem-
onstrated that cross-reactive primary virus neutralizing B cell lineages could be elic-
ited by vaccination as detected using a standardized panel of tier 2 viruses. Whether
these lineages could be expanded to acquire increased breadth and potency of neu-
tralization merits further investigation.

IMPORTANCE Elicitation of antibody responses capable of neutralizing diverse HIV-1
primary virus isolates (designated broadly neutralizing antibodies [bNAbs]) remains a
high priority for the vaccine field. bNAb responses were so far observed only in re-
sponse to natural infection within a subset of individuals. To achieve this goal, an
improved understanding of vaccine-elicited responses, including at the monoclonal
Ab level, is essential. Here, we isolated and characterized a panel of vaccine-elicited
cross-reactive neutralizing MAbs targeting the Env V3 loop that moderately neutral-
ized several primary viruses and recapitulated the serum neutralizing antibody re-
sponse. Striking similarities between the cross-reactive V3 NAbs elicited by vaccina-
tion in macaques and natural infections in humans illustrate commonalities between
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the vaccine- and infection-induced responses to V3 and support the feasibility of ex-
ploring the V3 epitope as a HIV-1 vaccine target in nonhuman primates.

KEYWORDS nonhuman primate, human immunodeficiency virus, neutralizing
antibodies, vaccines

Primary circulating HIV-1 variants that dominate viral transmission in humans are
typically highly resistant to antibody (Ab)-mediated neutralization and are referred

to as tier 2 viruses. A successful HIV-1 vaccine is expected to elicit a broadly neutralizing
antibody (bNAb) response that can potently neutralize tier 2 viruses, a goal yet to be
met by current vaccine regimens. The HIV-1 envelope glycoproteins (Env) mediate viral
entry into the target cell. Env is expressed as a gp160 precursor which, following
proteolytic cleavage catalyzed by a cellular protease, is composed of two subunits: the
membrane-spanning protein, gp41, and the external subunit, gp120, which are non-
covalently linked and form trimers on the surface of the HIV-1 particle (1). As the only
target of neutralizing antibodies, the HIV-1 Env functional spike has been the focus of
vaccine design for decades.

Various HIV Env-based vaccine candidates have been studied previously. Besides mo-
nomeric gp120, the early generation of Env trimer, designated gp140-F or gp140(-/FT) (2),
is an uncleaved form of the gp160 ectodomain appended with a heterologous trim-
erization motif derived from T4 bacteriophage fibritin. The uncleaved gp140-F trimer
molecule samples an opened trimer configuration and thus can be recognized by both
bNAbs and nonneutralizing Abs, an undesirable feature for selectively eliciting bNAbs
in vivo (3). A different Env trimer, designated SOSIP.664, consists of a genetically
engineering disulfide bond linkage at the interface of gp120-gp41, an I559P mutation
to maintain the gp41 subunits in their prefusion form, and truncation at residue 664 to
improve trimer solubility (4–7). SOSIP.664 is a cleaved and well-ordered trimer, mim-
icking the native form of the Env trimer. Alternatively, a glycine-serine-based (G4S)
native flexible peptide linker (NFL) was introduced to replace the furin cleavage site at
the gp120-gp41 junction, and it forms a native-like albeit cleavage-independent trimer
(8, 9). In general, the well-ordered trimers (e.g., SOSIP or NFL) preferentially present
neutralizing epitopes over nonneutralizing ones, in contrast to the uncleaved gp140-F
trimers. Despite the remarkable progress in developing trimeric Env immunogens, most
current experimental vaccines, including the uncleaved gp140-F, the cleaved and
well-ordered SOSIP.664 trimers or NFL trimers in single-chain form, and cleaved trimers
in membrane-bound form, so far elicit only tier 1 virus and autologous tier 2 virus NAb
responses at moderate or high titers (10–14).

Although bNAbs from chronically infected individuals have been well characterized,
isolation of monoclonal antibodies (MAbs) from vaccinated animals was pursued only
more recently. These studies revealed the specificities of neutralizing antibody re-
sponses in Env-vaccinated animals by isolating MAbs that recapitulate the plasma
neutralizing capacity. The determined neutralizing specificities are mostly restricted to
tier 1 viruses (10, 15–18) or autologous tier 2 viruses (12, 19, 20). Thus, characterization
of vaccine-elicited tier 2 virus NAb responses at a clonal level would provide an
improved understanding of Env-specific Ab repertoires induced by vaccination, which
is more relevant for future translational vaccine studies, in contrast to the character-
ization of infection-induced bNAbs pursued extensively in previous studies.

Previously we conducted an HIV-1 Env immunogenicity experiment in rhesus ma-
caques, using gp140-F trimers derived from clade B primary isolate YU2 as a model
immunogen to examine the adjuvant effect of saponin-based AbISCO in combination
with Toll-like receptor 9 (TLR9) agonist CpG-C ODN (21). The plasma of the immunized
animals displayed robust tier 1 virus neutralizing responses but also low titer neutral-
izing responses against the autologous tier 2 virus (YU2) and several heterologous
(cross-reactive) tier 2 viruses (21). In the present study, we set out to define the
cross-reactive tier 2 virus NAb response elicited by this vaccination at the MAb level to
guide future vaccine design.
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To understand the specificities and genetic compositions of the tier 2 virus neutral-
izing Ab responses elicited in this study, we employed fluorescence-activated cell
sorting (FACS)-based single B cell sorting using a SOSIP.664 trimer derived from a
heterologous clade B primary isolate JR-FL as the probe. Characterization of a set of tier
2 virus neutralizing MAbs revealed that they targeted predominantly the Env V3 loop,
a viral determinant involved in coreceptor binding and critical for HIV-1 virus infectivity
(22–24). In addition, selected MAbs shared substantial genetic and structural similarities
with the prototypic V3 NAbs derived from natural infections in humans, highlighting
the convergence of a subset of primate V3-directed antibodies in infection and
vaccination.

RESULTS
Memory B cell sorting using JR-FL SOSIP.664 as a probe. Previously, we per-

formed an immunogenicity study in nonhuman primates (NHPs) using YU2gp140-F, an
early-generation HIV-1 Env trimer immunogen, administered three times in adjuvant
(21) (Fig. 1A, upper panel). Within the group of 6 animals inoculated with YU2gp140-F
and adjuvant AbISCO�CpG, animal K17 showed a representative immunogenicity
outcome, which was selected for memory B cell sorting and cloning. Plasma collected
from animal K17 2 weeks after the third immunization (Imm 3) displayed robust tier 1
virus neutralizing activity but also moderate neutralization titers against various HIV-1
tier 2 viruses (Fig. 1A, lower panel). To define the cross-reactive tier 2 virus neutralizing
B cell response in macaque K17, we sorted antigen-specific memory B cells by
fluorescence-activated cell sorting (FACS) and applied Ig cloning methods optimized
for NHP B cell repertoire analysis (10, 15). We employed a heterologous Env trimer,
JR-FL SOSIP.664, a native clade B Env spike mimetic derived from primary isolate JR-FL
(25), as the sorting probe. The JR-FL SOSIP.664 trimers selectively bind bNAbs, which
should diminish isolation of non-bNAbs (25).

We stained peripheral blood mononuclear cells (PBMCs) collected 2 weeks after the
third immunization (Imm 3.2) of monkey K17 and sorted cross-reactive Env� IgG�

memory B cells with the phenotype CD20� IgG� Aqua Blue� CD14� CD3� CD8�

CD27� IgM� JR-FL SOSIP.664hi (Fig. 1B). JR-FL-reactive Env� memory B cells accounted
for approximately 0.15% of IgG� B cells (Fig. 1B), which was lower than the Env�

memory B cell frequency (�5%) sorted by the autologous antigen, YU2gp140-F,
reported previously (15). This suggested that JR-FL SOSIP.664 was a more selective
probe than the probes deployed previously.

We recovered the variable domains of the Ig heavy- and light-chain genes of 173
individual JR-FL SOSIP.664-sorted Env� memory B cells (Table 1) by single-cell PCR.
Based on phylogenetic analysis of the isolated antibody Ig heavy- and light-chain
sequences (data not shown), we removed the redundant clones with identical se-
quences and retained 107 unique heavy-chain sequences representing 80 unique
clones with matched light chains. We performed clonal lineage assignment for the 80
unique clones and assigned them to 46 clonal lineages, using the criteria that clones
with (i) the same VJ segment usage, (ii) the same CDR3 length, and (iii) high nucleotide
sequence homology in CDR3 (�75%) are likely derived from the same naive ancestor
B cell and thus belong to the same clonal lineage. With each clonal lineage represented
with at least one MAb, we expressed 50 MAbs as full-length (FL) IgG1 as described
previously for further characterization (10, 15).

We used two Env ligands to evaluate the Env binding specificity of the expressed
MAbs: the JR-FL SOSIP.664 probe, which preferentially binds bNAbs, and the uncleaved
Env trimer mimic JR-FLgp140-F, which binds both bNAbs and non-bNAbs. The binding
curves of representative MAbs are shown in Fig. 1C, with the binding specificities of
JR-FL SOSIP.664-specific MAbs summarized in Table 2. Most of the MAbs, such as S98,
bound both JR-FL SOSIP.664 and JR-FLgp140-F (Fig. 1C), while some MAbs, such as S7,
bound JR-FLgp140-F well but JR-FL SOSIP.664 only weakly (Fig. 1C). Of the 50 cloned
MAbs, 39 (78%) bound to the sorting probe JR-FL SOSIP.664 as well as to the uncleaved
Env trimer JR-FLgp140-F (Fig. 1D). Five of the 50 clones (10%), including S6, bound
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uncleaved JR-FLgp140-F but not JR-FL SOSIP.664 (Fig. 1C and D), suggesting that a
small portion of the JR-FL SOSIP.664 probe possessed less native Env trimer configu-
ration during the cell staining/sorting process. Twelve percent of the MAbs, such as S24,
displayed no binding to either of the two Env ligands (Fig. 1C and D). Taken together,
these results show that a high proportion of the MAbs (�88%) were Env specific,

FIG 1 JR-FL SOSIP-sorted single memory B cells from K17 and expressed MAb binding profiles. (A)
Schematic presentation of the immunization schedule and plasma neutralization activity of the immu-
nized rhesus macaque. Upper panel, immunization/sampling schedule. Rhesus macaques were inocu-
lated with HIV-1 Env YU2gp140-F trimer 3 times (black arrows) using a 6-month interval between the
second and the third immunizations (21). Plasma and PBMCs from animal K17 were collected 2 weeks
after the third inoculation and subjected to virus neutralization assay and FACS sorting (red arrow). Lower
panel, HIV-1 neutralizing activity of K17 plasma (21). Data are shown as the reciprocal plasma dilution
giving 50% virus entry inhibition (ID50 titer). A color code is used to illustrate the plasma ID50 neutral-
ization titer. (B) Single-cell sorting for JR-FL SOSIP-specific memory B cells. IgG� memory B cells were
defined as CD3� CD8� Aqua Blue� CD14� CD20� IgG� CD27� IgM�. JR-FL SOSIP-specific memory B cells
were then gated by phenotype of JR-FL SOSIPhi. The gate frequency (percent) of the parent population
is depicted in red. (C) Specificities of binding of the expressed MAbs to the sorting probe JR-FL SOSIP.664
(blue circles) or uncleaved Env trimer JR-FLgp140-F (red squares) via ELISAs. (D) Binding specificity
summary for expressed JR-FL SOSIP-sorted MAbs.
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enabling us to perform further genetic and binding analyses of the JR-FL SOSIP.664-
sorted Env� antibody repertoire.

Genetic analysis of JR-FL SOSIP.664-sorted Env� antibody Ig repertoire. To
assess the genetic composition of the JR-FL SOSIP.664-sorted antibody repertoire, we
analyzed the heavy-chain V gene usage of the 107 sequences and compared this with
the antibody repertoire observed by sorting Env-specific memory B cells from two
rhesus macaques (F125 and F128) using a YU2gp140-F probe as previously reported
(15). We found that the JR-FL SOSIP-sorted Env� antibody repertoire was relatively
focused, with skewed usage of VH5.7 and VH5.46 gene segments (Fig. 2A) (*, P � 0.05
by two-way analysis of variance [ANOVA]), in contrast to the much-diversified gene
segment usage of the YU2gp140-F-sorted Ig repertoire reported in our previous study
(15, 26). This was likely the result of the use of a more selective and heterologous JR-FL
SOSIP.664 probe in this study.

We further analyzed the clonality of the JR-FL SOSIP-sorted VH sequences and found
that 25 out of 46 lineages (54%) were represented by single sequences (Fig. 2B), which
is comparable to the gp140-F- or CD4bs-specific repertoire in our previous report (15).
Interestingly, the majority of the JR-FL SOSIP-specific clones (90%) used � chains (Table 3).

The accumulation of somatic hypermutation (SHM) is important for antibody affinity
maturation and virus neutralization (15, 16, 27–29). The SHM levels of the JR-FL
SOSIP-sorted Env� antibody Ig repertoire heavy chain and light chain were approxi-
mately 8.9% at the nucleotide level and 14% at the amino acid residue level for the
heavy chain and 6.1% at the nucleotide level and 10% at the amino acid residue level
for the light chain (Fig. 2C). The SHM of the JR-FL SOSIP-sorted clones was significantly
higher than that of the gp140-F-sorted Env� Ig repertoire reported previously (Fig. 2C)
(****, P � 0.0001; **, P � 0.01 [t test]). This may relate to the fact that the JR-FL
SOSIP-sorted Env� memory B cells were isolated from a macaque that was immunized
3 times (months 0, 2, and 8) with a 6-month interval between the second and third
immunizations, while the gp140-F-sorted Env� Ig repertoire was from two macaques
(F125 and F128) immunized 5 times with a 1- or 1.5-month interval between each
immunization (15). Our data using SHM as the indicator of antibody affinity maturation
suggested that a longer interval between immunizations, similar to the successful
hepatitis B vaccination schedule, may elicit an antibody response of superior quality
compared to that when shorter intervals are used (e.g., 1 month).

MAbs isolated from JR-FL SOSIP-sorted B cells predominantly target the V3
loop. We took advantage of a panel of established gp120 variants derived from virus
isolate Bal.01 (30) to further delineate the antigenic specificities of the JR-FL SOSIP-
specific MAbs. After verifying the binding affinity of JR-FL SOSIP-specific MAbs to the
wild type (WT) of Bal.01 gp120, we compared the binding between the WT and mutants

TABLE 1 Properties of the JR-FL SOSIP-specific memory B cell flow cytometric sorts

Parameter Value for animal K17

Plasma collection time 2 wk after immunization 3
Probe JR-FL SOSIP.664, negatively selected

No. of:
Total PBMC 4 million
Memory B cells

Total 0.11 million
Sorted SOSIP� 173

Amplified heavy-chain sequences 118
Productive Ab sequences with matching

heavy and light chains
80

Clonal types based on heavy-chain
sequences

46

Expressed MAbs
Total 50
Binding to JR-FLgp140-F 44
Binding to JR-FL SOSIP 39
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of different Env antigenic domains to assess antibody binding specificity. The mutants
included the CD4bs knockout mutant D368R, the CD4i (coreceptor binding site)
knockout mutant I420R, the V1 and V2 loop-deleted mutant ΔV1V2, the V3 loop-
deleted mutant ΔV3, and a mutant with all loops deleted (core). Based on the binding
profile of each MAb (representative curves are shown in Fig. 3A), we identified the
epitope specificities on Env as follows: (i) CD4bs MAbs with substantially weaker
binding to the CD4bs mutant D368R than the WT gp120, similar to prototypic CD4bs
MAb VRC01 (e.g., S12 in Fig. 3A); (ii) V1V2-dependent MAbs with diminished binding to
the ΔV1V2 mutant compared to the WT gp120 (e.g., S13 in Fig. 3A); (iii) V3-specific
MAbs with abolished binding to gp120 mutant ΔV3, similar to V3 MAb 447-52D (e.g.,
S96 in Fig. 3A); and (iv) core-specific MAbs with unchanged binding to mutants D368R,
I420R, ΔV1V2, ΔV3, and core (e.g., S75 in Fig. 3A). The majority of the JR-FL SOSIP-
isolated MAbs failed to bind to gp120 mutant ΔV3 (Table 2) and thus were defined as
V3 specific. Overall, 33 out of 39 (85%) JR-FL SOSIP-binding MAbs were V3 specific,
while CD4bs-specific, V1V2-dependent, and core-specific MAbs were infrequent (Fig.
3B, left panel). Phylogenetic analysis indicated that the V3-specific MAbs had skewed

TABLE 2 Antigen binding specificities of JR-FL SOSIP-specific MAbs

MAb

Bindinga

Specificity
JR-FL
gp140-F

JR-FL
SOSIP

gp120 V3 peptideb

�V1V2 Core WT I420R D368R �V3 F4 F5 F6 FL

S1 NT �� ���� ���� �� � ���� ���� � ��� V3
S7 ���� � � � � � � � � � V3 dependent
S12 �� �� ���� ���� � ���� � � � � CD4bs
S13 �� �� ��� � ���� ���� ���� ���� � � � � V1V2
S15 �� �� ���� ���� ���� � � ��� � ��� V3
S18 ���� ��� ���� ���� ���� � �� ��� � ��� V3
S25 NT ���� NT NT NT NT ��� ���� � ���� V3
S30 �� �� ���� ���� ���� � ��� ���� � ���� V3
S33 �� � �� � �� � � � � � V3 dependent
S44 �� �� ���� ���� ���� � ���� ���� � ���� V3
S48 �� �� ���� ���� ���� � ���� ���� � ���� V3
S54 �� �� ���� ���� ���� � ��� ���� � ���� V3
S57 ���� � ���� ���� ���� � � ��� � ��� V3
S62 �� �� ���� ���� ���� � ��� ��� � ��� V3
S68 �� �� ���� ���� ���� � ���� ���� � ���� V3
S72 ���� ��� ���� ���� ���� � � �� � ���� V3
S74 �� �� ���� ���� ���� � � � � ��� V3
S75 �� � ���� ��� ���� ���� ���� ���� � � � � Core
S76 �� �� ���� ���� ���� ��� ���� ���� � ���� V3
S80 ���� ��� ���� ���� ���� � � ��� ��� ���� V3
S81 NT ���� NT NT NT NT ��� ���� � ���� V3
S87 �� �� ���� ���� �� ���� � � � � CD4bs
S89 ���� ��� �� ���� ���� � � � � ��� V3
S96 ���� ��� ���� ���� ���� � � ��� ��� ���� V3
S98 �� ���� ���� ���� ���� � ���� ��� � ���� V3
S100 �� �� ���� ���� ���� � ���� ���� � ���� V3
S102 �� �� ���� ���� ���� � ��� ���� � ���� V3
S105 �� �� ���� ���� �� � ��� ���� � ��� V3
S109 �� �� ���� ���� ���� � ��� ���� � ���� V3
S110 � � � � � � NT NT NT NT unknown
S118 �� �� ���� ���� ���� � ��� ���� � ���� V3
S119 �� �� ���� ���� ���� � ���� ���� � ��� V3
S124 ���� ��� �� ���� ���� � � ��� � ���� V3
S128 ���� �� ���� ���� ���� � ��� ��� � ��� V3
S134 �� �� ���� ���� ���� � ��� ���� � ���� V3
S138 �� �� ���� ���� ���� � ���� ��� � ��� V3
S146 � � � � � � NT NT NT NT unknown
S147 �� � ���� ���� ���� � � � � ��� V3
S152 �� �� ���� ���� ���� � � ���� � ���� V3
a����, OD450 � 3 and EC50 � 0.1; ���, OD450 � 3 and EC50 � 0.1; ��, 3 � OD450 � 1; �, 1.0 � OD450 � 0.2; �, OD450 � 0.2; NT, not tested.
bFL, full-length V3; F4, F5, and F6, fragments 4 to 6, respectively.
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usage of VH4 or VH5 gene segments (Fig. 3B, right panel), indicating a genetic bias for
this class of antibodies.

V3 MAb binding specificity associated with tier 2 virus neutralization capacity.
To further define the epitopes of the V3-specific MAbs, we synthesized 12 overlapping
15-mer V3 peptide fragments (Fig. 4A, right panel) based on the YU2 Env sequence (16)
and tested their binding to the V3 MAbs by enzyme-linked immunosorbent assays
(ELISAs) (Table 2). We found that 94% (31/33) of V3 MAbs bound full-length (FL) V3
peptide, which confirmed that most of the MAbs directly recognize the V3 region (Fig.
4B). The affinities of the MAbs binding to the FL V3 peptide were within the nanomolar
range, with an average KD (equilibrium dissociation constant) value of around 0.7 nM
(data not shown), as measured by biolayer light interferometry (BLI).

Besides the FL V3 peptide, the V3 MAbs recognized V3 fragments F4, F5, and F6, at
different frequencies, with representative binding curves shown in Fig. 4A (left panel).
Notably, similar to the frequency of binding to the FL V3 peptide, 94% of the V3 MAbs
recognized the V3 F5 fragment (Fig. 4A and B), with fragments F4 and F6 recognized

FIG 2 Genetic features of the JR-FL SOSIP-sorted Ig repertoire. (A) V gene segment contribution of the total number of JR-FL SOSIP-sorted
sequences (purple) compared to previously reported (15) YU2gp140-F-sorted sequences (red). VH5.7 and VH5.46, overexpressed in the JR-FL
SOSIP-specific Ig repertoire, are marked with asterisks. Two-way ANOVA was used for statistical analysis. *, P � 0.05. (B) Clonotype analysis of the
JR-FL SOSIP-sorted Ig repertoire defined using the criteria of same V and J gene usage and identical CDR3 length with CDR3 nucleotide homology
of �75%. A total of 107 unique VH sequences were recovered from the JR-FL SOSIP-sorted cells (n � 107), classified into 46 clonal lineages
(c � 46). Predominant lineages representing �5% of the sequences are marked with asterisks, and lineages represented by a single
sequence (n � 25) are illustrated as exploded portions. (C) The JR-FL SOSIP-sorted Ig repertoire (from immunization with a longer
immunization interval) displayed a higher level of VH/VL SHM than the YU2gp140-F-specific Ig repertoire (from immunization with a shorter
immunization interval). The SHM of the JR-FL SOSIP-sorted Ig repertoire heavy (left, VH)- and light (right, VL)-chain V gene was compared
with that of the YU2gp140-F-specific Ig repertoire (15) at the nucleotide (Nt) (upper panel) or amino acid (AA) (lower panel) level. Statistical
differences in SHM were evaluated using the t test. **, P � 0.01; ****, P � 0.0001.
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TABLE 3 Genetic properties of JR-FL SOSIP-specific MAbsa

aAb heavy- and light-chain sequences with same V and J gene usage and identical CDR3 length with �75% CDR3 identity at the nucleotide level were
identified as variants from the same clonal lineage and are indicated as follows: $, S110 and S146; ¶, S57 and S119; §, S1 and S62; @, S18 and S44; #,
S25 and S100; *, S118 and S152. Gray, non-tier 2 neutralizer; blue, autologous tier 2 neutralizer; red, cross-reactive tier 2 neutralizer; white, not tested.
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at lower frequencies (Fig. 4A and B). None of the V3 MAbs recognized the other V3
peptide fragments (Fig. 4A). The data suggest that the V3 F5 fragment encompasses the
majority of the epitopes recognized by these V3 MAbs, which frequently reach toward
either side of the F5 fragment region overlapping with F4 or F6 fragments. Interestingly,
we found that some of the V3 MAbs displayed a binding preference for these V3
peptides that was similar to that of two prototypic cross-reactive tier 2 virus neutral-
izing V3 MAbs derived from natural infections, 447-52D and 2219 (Fig. 4A). For instance,
MAb S96 bound V3 peptides FL, F5, and F6, reminiscent of 447-52D, while MAb S98
bound FL, F4, and F5, similar to 2219 (Fig. 4A).

We next evaluated the neutralizing activity of these JR-FL SOSIP-binding MAbs
against a panel of HIV-1 virus isolates (10 tier 1 and 9 tier 2 isolates) from clades A, B,
and C, using the TZM-bl assay (Table 4; see Fig. S1 in the supplemental material). We
initially tested tier 1 virus neutralization capacity using MAbs with diverse binding
specificities (Table 4; Fig. S1). We found that with the exception of the V1V2-dependent
MAb S13, all the other CD4bs, core, and V3 MAbs displayed various degrees of tier 1
virus neutralization capacity (Table 4; Fig. S1). We then assessed the tier 2 virus
neutralization profiles of the MAbs. We found that none of the CD4bs-, core-, and
V1V2-specific MAbs displayed any neutralization against tier 2 viruses, while several V3
MAbs did (Table 4; Fig. S1), suggesting that the moderate tier 2 virus neutralizing
capacity of the concurrent animal plasma is mediated by V3-specific Abs (Fig. 1A).

FIG 3 JR-FL SOSIP-specific MAbs epitope mapping. (A) Representative JR-FL SOSIP-specific MAb binding
profiles with Bal.01 gp120 WT and mutant variants via ELISAs. VRC01 (CD4bs specific) and 447-52D (V3
specific) were used as control MAbs. (B) Summary of binding specificities of the expressed JR-FL
SOSIP-specific MAbs (left) and phylogenetic analysis of the Ig molecules (right). The heavy-chain VDJ
sequences of JR-FL SOSIP-specific MAbs were used to generate the phylogenetic tree. The dot at the end
of each edge is colored based on the corresponding antibody binding specificity.
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We then tested the tier 2 virus neutralization capacity of the remaining V3 MAbs
(Table 4; Fig. S1). Surprisingly, we observed that 42% of V3 MAbs neutralized tier 2
viruses (Fig. 4C [left panel], Table 4, and Fig. S1), with 24% exclusively neutralizing
autologous tier 2 virus YU2 (Au-tier 2 neut.) and 18% displaying cross-reactive neutral-
ization against YU2 and/or other heterologous tier 2 viruses (Cr-tier 2 neut.) (Fig. 4C
[right panel], Table 4, and Fig. S1). Furthermore, we sought to examine the relationship
between the binding phenotype and neutralization capacity of these V3 MAbs. As
shown in Fig. 4D and Table 4, V3 fragment 6 was frequently recognized by tier 2 virus
neutralizing MAbs (72%, both Au- and Cr-tier 2 virus neutralizing MAbs), especially by
cross-reactive tier 2 virus neutralizing MAbs (33%).

Vaccine-elicited NHP V3 MAbs share genetic and functional homology with V3
antibodies derived from natural infections in humans. It is intriguing that two V3
MAbs, S96 and S98, with binding specificity profiles similar to those of prototypic
cross-reactive tier 2 virus neutralizing MAbs 447-52D and 2219, respectively (Fig. 4A),
demonstrated neutralization breadths similar to or slightly better than those of 447-
52D and 2219 (Fig. 5A, left panel). The most broadly neutralizing MAb, S98, neutralized
9/14 of the tested tier 2 viruses, including JR-FL, SC422, REJO, TRO.11, YU2, WITO, TRJO,
QH0692, and X1632, with all virus neutralization slightly higher than 50% inhibition at
50 �g/ml of MAb (Fig. 5A and Table 4). Although the neutralization potency of these
V3 MAbs was relatively moderate as judged by 50% inhibitory concentrations (IC50s)
(Fig. 5A and Table 4), with virus entry inhibition seldom above 80% (Fig. S1) and mostly

FIG 4 JR-FL SOSIP-sorted V3 MAb binding specificity is associated with tier 2 virus neutralization capacity. (A) JR-FL
SOSIP-specific V3-directed MAb binding profile with peptides within the V3 loop region. Left, binding curves of the
representative JR-FL SOSIP-specific V3-MAbs to the peptides, with the prototypic human V3-directed MAbs 447-52D and 2219
as controls. Right, peptides with the sequences of the full length (FL) of YU2 V3 peptide and 12 overlapping 15-mer peptide
fragments. Three overlapping peptide fragments (F4, F5, and F6) targeted by different V3 MAbs are highlighted in different
colors. (B) Summary of V3 MAb binding specificity for the full-length (FL) peptide and the F4, F5, and F6 peptide fragments.
The color of each slice represents the binding specificity for each fragment, while the area of each slice is proportional to the
respective frequency of MAbs. (C) Pie charts of the distribution of JR-FL SOSIP V3 MAb HIV-1 pseudovirus neutralization
capacity. MAbs are categorized as cross-reactive tier 2 virus neutralizing MAbs (Cr-tier 2 Neut.), autologous tier 2 virus
neutralizing MAbs (Au-tier 2 Neut.), or non-tier 2 virus neutralizing MAbs (Non-tier 2 Neut.). Left, the frequencies of MAbs
capable of neutralizing tier 2 viruses (orange) and those are not (gray). Right, MAbs neutralizing heterogeneous tier 2 viruses
(red) and autologous tier 2 virus (YU2) (blue). (D) V3 MAb binding specificities to peptides and tier 2 virus neutralization
capacities. MAbs that bind V3 fragment 6 have higher tier 2 virus neutralizing frequency than those that bind only fragment
4 or 5. Left, MAbs binding to fragment 4; middle, MAbs binding to fragment 5; right, MAbs binding to fragment 6.
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restricted to clade B viruses, the cloned MAb panel largely recapitulated the plasma
neutralization breadth (Fig. 1A, lower panel).

In addition, we found that the VH/VL genes of NHP-derived MAb S98 shared high
degrees of sequence homology with those used by human V3 MAb 2219, with
consensus positions of 77.4% and 82.1% for heavy and light chains, respectively (Fig.
5B). We identified the most critical residues for MAb 2219 contacting the V3 region (31),
including AsnL31, TrpL91, AspL93, AspH31, TrpH33, TyrH52, AspH54, and AspH98 present in
the VH/VL genes of S98 (Fig. 5B), based on Kabat numbering system. Furthermore, we
performed a homology modeling of S98 using the structure of the 2219-V3 peptide
complex (PDB no. 2B0S) as the template based on the substantial VH/VL sequence
homology of these two MAbs. In the resulting structural model, we found that both the
frameworks and CDR loops of these two MAbs, including the critical contacting
residues, were positioned in similar manners (Fig. 5C), suggesting that these two MAbs

TABLE 4 HIV-1 neutralizing activities of JR-FL SOSIP-specific MAbsa

aIC50 values: red, �0.1 �g/ml; orange, 0.1 to 1 �g/ml; yellow, 1 to 10 �g/ml; green, 10 to 50 �g/ml; white, �50 �g/ml; —, not tested. Tested MAb sequences with
same V and J gene usage and identical CDR3 length with �75% CDR3 identity at the nucleotide level were identified as clonal variants and are indicated as follows:
§, S1 and S62; @, S18 and S44; #, S25 and S100; *, S118 and S152.
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share similar modes of antigen interaction. The structural similarity between S98 and
2219 is consistent with their analogous virus neutralization breadth (Fig. 5A). The
striking genetic, structural, and functional similarities between the NHP V3 MAb S98
elicited by immunization and the V3 MAb 2219 derived from natural infection in

FIG 5 Similarities between selected cross-reactive V3 NAbs elicited by vaccination in macaque and prototypic V3 NAbs derived from natural infections
in humans. (A) Vaccine-elicited S96 and S98 display neutralization profiles similar to those of the control MAbs 447-52D and 2219, respectively. Left, the
neutralization potency (MAb concentration to achieve 50% virus entry inhibition, IC50 in �g/ml) is color coded as indicated. Right, the maximal virus entry
inhibition (%) mediated by MAbs at 50 �g/ml is displayed by bar graphs with standard errors. (B) Macaque V3 MAb S98 displays sequence homology
with human V3 MAb 2219. The consensus and identical positions of heavy- and light-chain sequences between MAbs S98 and 2219 are indicated. The
critical residues for V3 MAb 2219 contacting the V3 region are indicated in red and underlined. (C) MAbs S98 and 2219 share a similar binding mode
for V3 peptide as illustrated by homology modeling. S98 binding to V3 peptide was modeled using human MAb 2219 as the template (PDB no. 2B0S).
The structural elements of MAb 2219 heavy chain (green) and light chain (blue), MAb S98 heavy chain (gray) and light chain (red), and V3 peptide
(orange) are shown. The side chains of the critical residues for V3 MAb 2219 contacting the V3 region, as well as their counterparts in S98, are indicated
by arrows.
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humans imply the genetic and structural convergence of this subset of primate
V3-specific antibodies.

The epitopes of the V3 MAbs are partially/transiently accessible on the Env
trimer. The epitopes and neutralization mechanisms of V3 MAbs derived from natural
infections have been well studied. This reveals that the V3 crown is largely occluded by
structural elements, including the V1V2 loops and N-linked glycans on the static Env
functional trimer, as demonstrated by the structures of trimeric Env SOSIP molecules in
either the unliganded (32) or bNAb-bound (in complex with PGT122 and VRC01) form
(33) (Fig. 6A, left). However, the V3 crown can also sample an accessible state (Fig. 6A,
right) when the Env trimer engages CD4, causing relocation of the V1V2 loops, or
spontaneously flickers to an open configuration due to intrinsic flexibility. Therefore,
the cryptic nature of V3 neutralizing epitopes on the virus Env functional trimer restricts
the neutralization potency and breadth of V3 MAbs derived from natural infection,
raising the question how vaccine-elicited tier 2 virus neutralizing V3 MAbs interact with
their epitopes.

To examine the interaction of the vaccine-elicited V3 MAbs and Env trimers, we
performed negative-stain electron microscopy of complexes of JR-FL SOSIP.664 with
antigen-binding fragments (Fabs) of selected V3 MAbs. We found that each JR-FL
SOSIP.664 trimer bound either one or two Fab molecules of immunization-elicited V3
MAbs S30 and S100 (Fig. 6B; see Fig. S2 in the supplemental material). For V3 MAb S96,
we observed a maximum of only one Fab bound to a SOSIP trimer (Fig. 6B; Fig. S2),
while one to three Fab molecules of the prototypic V3 MAb 447-52D (Fig. 6B) bound to
a SOSIP trimer (Fig. 6B; Fig. S2), consistent with the partially/transiently exposed
property of the V3 loop on the Env functional trimer. In all cases, we found unbound
Fabs (Fig. S2), likely due to the excess amount added in the complex formation process,
as well as unbound SOSIP trimers (Fig. 6B; Fig. S2), which may sample a more closed
configuration.

It has been reported that the presence of soluble CD4 (sCD4) could elevate the
exposure of V3 epitopes on the well-ordered SOSIP molecule (32, 34). Therefore, we
speculated that sCD4 binding might enhance vaccine-elicited V3 MAb binding to the
SOSIP trimers. As expected, the selected V3 MAbs (S25, S80, S96, and S98) showed
increased binding to sCD4-bound JR-FL SOSIP trimers compared to binding in the
absence of sCD4 (Fig. 6C, right panel), similar to the control V3 MAb 447-52D but not
the V2 glycan-binding MAb PG16 (Fig. 6B, left panel). Enhanced neutralizing activity of
S96 and S98 against viruses 89.6 and YU2, preincubated with sCD4, further confirmed
this notion (Fig. 6D). Our data suggested that sCD4 induced a substantial configuration
change of the Env functional trimer, resulting in elevated V3 epitope exposure and
susceptibility to neutralization by immunization-elicited V3 MAbs, similar to the obser-
vation with V3 MAbs derived from natural infections (34, 35). This implies that in
addition to directly binding to the static Env trimer with a cryptic cognate epitope, V3
MAbs may capture the CD4-engaged Env functional trimer with augmented epitope
access to accomplish virus neutralization.

To investigate the effect of Env trimer glycans on virus neutralization sensitivity to
V3 MAbs, we tested the alternation of antibody neutralizing activity against WT and
glycan knockout mutants of virus isolate JR-CSF. We found that while WT JR-CSF virus
was resistant to V3 MAbs S96 and 2219, mutant JR-CSF viruses N160A, N301A, and
N332A, which lack N-glycans at Env residues 160, 301, and 332, respectively, were
sensitive to neutralization of these two MAbs (Fig. 6E). Previous studies found that
N-glycans on residues 160, 301, and 332, located in the V2 loop (N160) and the base of
V3 loop (N301 and N332), respectively, play critical roles in stabilizing the Env trimer
configuration while restricting the accessibility of the V3 loop and subsequently
reducing virus sensitivity to V3 MAb neutralization (36). Similarly, WT JR-CSF virus was
moderately neutralized by V3 MAb 447-52D (IC50 � 43.9 �g/ml), whereas mutant
viruses with N-glycan deletions at these residues were 8- to 500-fold more sensitive to
447-52D neutralization (Fig. 6E). These results demonstrated that glycans in the V2 loop
and the base of V3 loop impeded Env sensitivity to V3 MAbs, including S96, presumably

Vaccine-Elicited HIV-1 Neutralizing Antibodies Journal of Virology

November 2017 Volume 91 Issue 21 e00910-17 jvi.asm.org 13

http://jvi.asm.org


FIG 6 The epitopes of the V3 MAbs are partially/transiently accessible on the Env trimer. (A) Crystal structures of the cleaved, soluble BG505 SOSIP.664 in the
native state (left) (PDB no. 4NCO) and the Env-CD4-complexed JR-FLgp120 core with the V3 region (right) (PDB no. 2B4C) indicating structural rearrangement
of the V3 loop in the pre-CD4 triggered (gp120 of BG505 SOSIP) (middle) and post-CD4 binding (JR-FLgp120 core) (right) conformations. The three protomers
of the BG505 SOSIP.664 trimer are denoted in gray, green, and gold, respectively. V3 fragment 6 region is shown in red and the rest of the V3 region in blue.
(B) Representative negative-stain electron microscopy 2D class averages of V3 MAb Fab in complex with JR-FL SOSIP.664 trimer. Fabs of vaccine-elicited MAbs
S30, S96, and S100 as well as the control MAb 447-52D were incubated with JR-FL SOSIP.664 trimer individually to form complexes. The regions corresponding
to the trimer and Fab are colored in white and cyan, respectively. For more details, see Fig. S2 in the supplemental material and Materials and Methods. (C)
V3 MAbs display enhanced binding to sCD4-triggered JR-FL SOSIP.664 trimer. Left, binding curves of V3 MAb 447-52D and V2 glycan-directed MAb PG16 to
sCD4-triggered or nontriggered JR-FL SOSIP. Right, binding curves of selected vaccine-elicited V3 MAbs S25, S80, S96, and S98. (D) V3 MAbs S96 and S98 show
elevated neutralizing activity against sCD4-treated viruses YU2 and 89.6. S96 and S98 show increasing neutralization activity in the presence of sCD4 at 0.4
�g/ml. Neutralization with sCD4 alone is marked with a box. (E) Glycans at the Env V3 base and V2 loop modulate virus sensitivity to V3 MAbs. A comparison
of V3 MAb neutralizing activity against WT JR-CSF pseudovirus and variants with glycans knocked out at residues 160, 295, 301, and 332 is shown. IC50 is color
coded as indicated.
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due to the reduced accessibility of the V3 loop in the presence of these glycans. Thus,
our data reinforce the notion that steric hindrance imposed by Env structural elements
such as glycans impedes V3 MAb neutralization capability, while CD4 engagement of
the Env trimer may enhance the exposure of the V3 neutralizing epitope.

Affinity maturation is critical for immunization-elicited V3 MAb to neutralize
primary virus isolates. Since the elicitation of an antibody response capable of
neutralizing primary (tier 2) virus isolates at substantial titers is critical for HIV-1 vaccine
development, we examined factors that may contribute to the tier 2 virus neutralization
capacities of the immunization-elicited V3 MAbs. We chose 31 V3 MAbs that bound
full-length V3 peptide to perform the analysis by dividing these V3 MAbs into two
categories: (i) tier 2 neutralizers that can neutralize at least one primary virus isolate and
(ii) non-tier 2 neutralizers, accounting for 45% and 55% of the V3 MAbs, respectively
(Fig. 7A).

Previous studies suggest that a long CDRH3 might contribute to virus neutralization
of natural-infection-derived V3 MAbs (37). As such, we first compared the CDR3 residue
length between tier 2 and non-tier 2 virus neutralizing V3 MAbs. Surprisingly, tier 2
neutralizing V3 MAbs possessed, on average, a shorter CDRH3 (**, P � 0.003 by t test)
and similar CDRL3 length (Fig. 7B) compared to non-tier 2 neutralizers, suggesting that
long CDR3 is not required for tier 2 virus neutralization. However, the vaccine-elicited
tier 2 neutralizers possessed significantly higher SHMs in VH (Fig. 7C, left panel) (*P �

0.01 by t test) but not in the VL domain of light chain (Fig. 7C, right panel).
The level of SHM usually indicates the affinity maturation extent of antibody.

Therefore, we further tested the binding affinity of these V3 MAbs to the sorting probe,
JR-FL SOSIP.664 Env trimer. We observed that tier 2 neutralizers had significantly higher
affinity (KD) than non-tier 2 neutralizers (Fig. 7D, left panel) (**, P � 0.008 by t test),
conferred by the association rate (on-rate) of the MAb-Env interaction (Fig. 7D, middle
panel) (**, P � 0.004 by t test) but not by the off-rate (Fig. 7D, right panel). Furthermore,
we plotted the autologous YU2 neutralization IC50 titers of V3 MAbs versus their JR-FL
SOSIP.664 trimer binding ELISA 50% effective concentration (EC50) titers for correlation
analysis. We found that the neutralization potency correlated with trimer binding
affinity (Fig. 7E) (*, P � 0.02 by nonparametric Spearman correlation). Consistently, we
found that this correlation was dependent on the MAb-trimer association rate (on-rate)
(Fig. 7F, middle panel) (****, P � 0.0001 by nonparametric Spearman correlation),
suggesting that V3 MAbs capable of efficiently overcoming the steric hindrance to
approach the virus Env functional spikes have higher neutralization potency against tier
2 virus. We observed no significant difference in CDR3 length, SHM level, and binding
affinity for JR-FL SOSIP.664 trimer between the cross-reactive and autologous tier 2
virus neutralizing MAbs (data not shown), presumably due to the limited MAb sample
sizes.

Finally, to examine the overall expansion level of the V3-specific tier 2 neutralizer
clonal lineages in the JR-FL SOSIP.664 sorted B cell repertoire, we assessed the expan-
sion frequency of each tier 2 neutralizer lineage, based on the amplified VH sequences
of each SOSIP-sorted single B cell. Tier 2 neutralizer clonal lineages demonstrated
expansion frequencies with various expansion levels (Fig. 7G). More than half of the tier
2 neutralizer lineages had single expansion, while others had multiple expansions.
There was no obvious difference in the clonal lineage expansion level between cross-
reactive and autologous tier 2 neutralizers (Fig. 7G), suggesting that the concurrent
immunogen, YU2gp140-F, imposed virtually equal selection pressures on B cells en-
coding antibodies with different neutralizing breadths and potencies. The S98 clonal
lineage demonstrated the highest expansion frequency, accounting for �9% of the
total SOSIP-sorted memory B cells (Fig. 7G). However, since we were able to amplify
both the heavy- and light-chain genes of only clone S98 to reconstitute full-length IgG
for functional analysis within this lineage, the neutralization capacities of the other
clones in this lineage and their contributions to the polyclonal serum neutralization
breadth remain unknown. Furthermore, we found that there were clonal lineages
consisting of MAbs with different levels of neutralization capacity (e.g., S18 and S44, S25
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FIG 7 Affinity maturation is critical for V3 MAb neutralization capacity. (A) A total of 45% of immunization-elicited V3 MAbs binding full-length
V3 peptide were able to neutralize tier 2 viruses. (B) Comparison of heavy-chain (left) or light-chain (right) CDR3 lengths of tier 2 virus neutralizing
(orange) or non-tier 2 virus neutralizing (gray) MAbs, with the same color code as in panel A. Statistical differences were evaluated using the t
test. (C) Comparison of heavy-chain (left) or light-chain (right) somatic hypermutation (SHM) of V regions of V3 MAbs, with the same color code

(Continued on next page)
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and S100, and S118 and S152) (Fig. 7G). This observation suggests that it is possible for
a B cell clone to evolve to possess an elevated level of neutralization capacity by affinity
maturation, e.g., from non-tier 2 neutralization to autologous and even cross-reactive
tier 2 neutralization. To pin down this point, future works with larger MAb sampling size
and MAbs isolated from multiple animals are required.

DISCUSSION

In this study, we delineated the neutralization specificity of cross-reactive tier 2 virus
neutralizing antibody responses elicited by vaccination in nonhuman primates. We
performed single memory B cell sorting from the peripheral blood of a rhesus macaque
immunized with YU2gp140-F trimers in adjuvant, using JR-FL SOSIP.664, a native Env
trimer mimetic, as a sorting probe. With the selective SOSIP sorting probe, we isolated
39 SOSIP-binding MAbs, with 85% targeting the HIV-1 gp120 V3 loop (n � 33), of which
nearly 20% (6/33) displayed cross-reactive tier 2 virus neutralization that recapitulated
the serum neutralization capacity. In addition, we observed that there were substantial
similarities in binding specificity and neutralization breadth and potency between
selected cross-reactive V3 NAbs elicited by vaccination in macaques and prototypic V3
NAbs derived from natural infections in humans. Furthermore, we found striking
sequence and structural homology between some of the V3 NAbs with macaque (S98)
and human (e.g., 2219) origins. It has been reported that some V3 MAbs, including
2219, derived from natural infections in human share VH5-51/VL lambda gene usages
as well as a conserved antigenic structure (38). All of these observations underscore the
genetic and functional convergence of this subset of the primate V3-specific B cell
repertoire. Thus, our study demonstrates that it is possible to elicit neutralizing V3 NAbs
with some tier 2 cross-reactivity, similar to the human MAbs 447-52D and 2219 in
humans, by immunization.

It is well known that the V3 loop, particularly the V3 crown, is immunogenic (39).
However, on the static unliganded Env functional spike, the V3 region is occluded by
adjacent structural elements, including the V1V2 loop and stem (32, 33, 36, 40),
dampening enthusiasm to target this region by vaccination. However, recent studies
reveal that the unliganded Env trimer spikes have various degrees of transient forms
that differ between different virus isolates (41–43). This intrinsic Env trimer spike
conformational dynamics confers to certain tier 2 and 3 viruses susceptibility to V3 Abs.
This is consistent with our observation that selected vaccine-induced V3-specific tier 2
virus NAbs display substantial binding affinity for the JR-FL SOSIP.664 trimer, despite
steric hindrance masking their cognate epitopes (Fig. 6E). In fact, recent studies show
that SOSIP.664 or NFL trimer immunogens elicit a V3-specific neutralizing antibody
response quite frequently in immunized animals (44, 45), suggesting that V3 on SOSIP
or NFL trimeric Env can be well exposed under physiological conditions and highly
immunogenic in vivo. In addition, our data (Fig. 6D) along with those of others, showed
that sCD4 could enhance selected V3 MAb neutralizing capacity toward tier 2 viruses
(34), suggesting a virus neutralization mechanism with which a subset of V3 MAbs may
capture the Env trimer after the CD4 receptor engagement, resulting in augmented V3
epitope exposure (46, 47). Furthermore, recent emerging in vivo data demonstrating
that the V3 Ab response correlates with reduced infection of infants born to HIV-
infected mothers (48) and a reduced rate of infection in human vaccinees (49) suggest

FIG 7 Legend (Continued)
as in panel A. (D) Comparison of JR-FL SOSIP.664 trimer binding affinity (dissociation constants [KD] and association [on-rate] and dissociation
[off-rate] rates) of V3 MAbs, with the same color code as in panel A. (E) Antibody autologous neutralization (strain YU2) potency (IC50) correlates
with binding avidity (log ELISA EC50) for the JR-FL SOSIP.664 trimer. Correlation was evaluated using the nonparametric Spearman test. The total
MAb number (n), correlation coefficient (r), and P value are shown. (F) Autologous neutralization potency (log YU2 neutralization IC50) correlates
with V3 MAb-trimer binding association rate (on-rate). The correlation between binding affinity (KD), on-rate or off-rate, and autologous
neutralization IC50 (log transformed) of each antibody was determined as for panel E. (G) Expansion frequencies of tier 2 neutralizer lineages. The
JR-FL SOSIP-sorted Ig repertoire possessed expansions (n � 107) (Fig. 2B) that were classified into 46 clonal lineages based on heavy-chain
sequences. Arrows indicate lineages of tier 2 virus neutralizing MAbs, with cross-reactive (Cr-tier 2) neutralizing MAbs colored in red, autologous
(Au-tier 2) neutralizing MAbs in blue, and non-tier 2 neutralizing MAbs in gray. Note that certain lineages consist of Cr-tier 2, Au-tier 2, and/or
non-tier 2 neutralizing MAbs simultaneously.
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that responses against this region may be effective in some settings despite the modest
neutralization potency.

In summary, we dissected the cross-reactive tier 2 virus neutralizing antibody
response elicited by the early generation of HIV Env trimer gp140-F in rhesus macaques
at the clonal level by antigen-specific single B cell sorting and cloning, using the
heterologous native Env trimer mimetic SOSIP.664 as selective probe. We found that
most of the trimer SOSIP.664-sorted MAbs were directed toward the gp120 V3 loop
region, particularly the V3 crown, which recapitulated the serum neutralization capac-
ity. Our study revealed striking similarities in binding specificity, neutralization breadth
and potency, sequence, and structural homology between selected cross-reactive V3
NAbs elicited by vaccination in macaques and prototypic V3 NAbs derived from natural
infections in humans, strengthening the notion that certain subset of V3-specific B cell
repertories share a high level of convergence in primates and even other species (39,
50). Our data demonstrate that unusually high levels of SHM and long CDRH3 regions
are not required for the cross-reactive V3-directed neutralizing antibody activities
described here, suggesting that these types of responses merit further investigation.

MATERIALS AND METHODS
Macaque peripheral blood sample. In the immunization regimen with long intervals, rhesus

macaques of Chinese origin, approximately 5 to 6 years old, were immunized three times at weeks 0, 8,
and 32 by intramuscular injection (given in a total volume of 1 ml, divided equally between the left and
right hind legs). Soluble YU2gp140-F Env trimers in combination with 75 �g AbISCO (Isconova AB [now
Novavax]) and 500 �g CpG ODN2395 (InvivoGen) adjuvant (Fig. 1A) (21) were used in the inoculation.
Two hundred micrograms of Env protein/animal was given for the first inoculation, and 100 �g was given
for the following injections. Peripheral blood was collected 2 weeks after each immunization, followed
by PBMC preparation as described previously (15). In this study, frozen PBMCs from rhesus macaque K17
at 2 weeks after the third immunization were used (Fig. 1A) (21). As a comparison, an immunization
regimen with short intervals was used previously, with immunizations occurring at weeks 0, 4, 8, 12, and
18 (51). The animal studies were conducted with the approval of the regional Committee for Animal
Ethics, and all methods were carried out in accordance with the approved guidelines.

Cell staining and single-cell flow cytometric sorting. PBMCs were stained by a cocktail of
antibodies for identifying memory B cells as described previously (15). To sort JR-FL SOSIP-specific
memory B cells, JR-FL SOSIP.664 containing an Avi tag was expressed, purified, biotinylated (15), and
negatively selected by non-bNAb F105 (25), followed by conjugation with streptavidin-allophycocyanin
(APC [Life Technologies]) before incorporation into the above-stated antibody cocktail (15). Following
staining, the cells were sorted into 96-well plates at single-cell density as described previously (15).

Single-cell reverse transcription-PCR (RT-PCR), antibody cloning, and expression. The sorted
cells were lysed with the lysis buffer, followed by single-cell reverse transcription and PCRs to amplify Ig
sequences as described previously (15, 27, 52). After sequencing verification of correct V(D)J sequences,
the Ig variable domains of selected B cell clones were cloned into Ab IgG heavy- and light-chain
expression vectors, respectively, as described previously (15). The antibody expression vectors were
cotransfected into 293F cells, and the cell culture supernatants containing secreted IgG antibody were
purified by columns packed in-house containing protein A-Sepharose beads (GE Healthcare). To express
Fab antibody, the heavy-chain variable domain was inserted into a Fab expression vector containing a
His tag as previously described (3), followed by cotransfection with light-chain expression vector. Fab was
purified from cell culture supernatant with cOmplete His tag purification resin (Roche).

Analysis of Env- or peptide-binding Abs. The purified antibodies were tested for specificity by
enzyme-linked immunosorbent assays (ELISAs). For SOSIP-Ab binding analysis, anti-His tag Ab (R&D
Systems, clone AD1.1.10) was applied to MaxiSorp plates (Nunc, Thermo Scientific) at 2 �g/ml in
phosphate-buffered saline (PBS) overnight at 4°C. After the plates were blocked with PBS–2% dry
milk–5% fetal bovine serum (FBS) for 1 h at 37°C, JR-FL SOSIP.664 with a His6 tag was added to each well
at 2 �g/ml and incubated for 30 min at room temperature, followed by the addition of antibodies in a
5-fold dilution series starting from 10 �g/ml for 45 min at room temperature. Goat anti-human
IgG-horseradish peroxidase (HRP) conjugate (Jackson ImmunoResearch) was used at a 1:10,000 dilution
in PBS– 0.05% Tween 20 for 1 h at room temperature. The bound MAb was detected with 100 �l/well of
tetramethylbenzidine (TMB) substrate (Life Technologies) for 5 min before the addition of 100 �l of 3%
H2SO4 to stop the reaction. The optical density at 450 nm (OD450) was measured. After each step of the
ELISA, plates were washed four times with PBS supplemented with 0.05% Tween 20.

For soluble CD4 (sCD4)-induced JR-FL SOSIP-Ab binding analysis, MAbs were applied to plates at 2
�g/ml in PBS and left overnight at 4°C. Biotin-labeled JR-FL SOSIP.664 was preincubated with sCD4
(Progenics Pharmaceuticals) at a constant molar concentration of 0 or 1 �M for 1 h at room temperature.
After plates were blocked, sCD4-induced (1 �M sCD4) or noninduced (0 �M sCD4) JR-FL SOSIP was added
to wells coated with MAbs in a 2-fold dilution series starting from 5 �g/ml for 2 h at room temperature.
Poly-HRP-conjugated streptavidin (Pierce) was then used at a 1:5,000 dilution in 10-fold-diluted blocking
buffer in PBS– 0.05% Tween 20 for 1 h at room temperature. Binding signals were developed and
detected with TMB substrate as described above.
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For MAb binding ELISA with peptides, gp120, or gp140-F, peptides or gp120/gp140-F was applied to
plates at 2 �g/ml in PBS and left overnight at 4°C. After blocking the wells in the plate, MAbs were added
into wells in a 5-fold dilution series starting from 10 �g/ml and incubated for 1 h at 37°C, followed by
the same procedures stated above to detect bound MAbs.

JR-FL SOSIP-sorted Ig sequence genetic analysis. The antibody V(D)J gene segments generated by
single-cell sorting and PCRs were analyzed as described previously (15). The rhesus macaque Ig germ line
databases published previously were used to assign the germ line gene usage and analyze somatic
hypermutation (SHM). SHM at the level of amino acid and clonal lineage definition were analyzed as
described previously (15).

Electron microscopy and image processing. Negatively selected JR-FL SOSIP.664 trimers were
incubated with a 6 M excess of selected antibody Fab overnight at room temperature in Tris-buffered
saline (TBS). A 3-�l aliquot containing �0.05 mg/ml of Fab plus JR-FL SOSIP complex was applied for 15
s on a carbon-coated 400 Cu mesh grid that had been glow discharged at 20 mA for 30 s, followed by
negative staining with 2% uranyl formate for 30 s. Data were collected using an FEI Tecnai Spirit electron
microscope operating at 120 keV, with an electron dose of �36 e-/Å2 and a magnification of �52,000,
which resulted in a pixel size of 2.05 Å at the specimen plane. Images were acquired with a Tietz 4 k �

4 k TemCam-F416 CMOS camera using a nominal defocus of 1,000 nm and the Leginon package at 10°
tilt increments, up to 50°. The tilts provided additional particle orientations to improve the image
reconstructions. Particles were picked automatically using DoG Picker and put into a particle stack using
the Appion software package (53, 54). Two-dimensional (2D) class averages were calculated using
particles binned by two via Xmipp clustering 2D alignment (55) and sorted into classes. Particles
corresponding to complexes were selected into a substack and binned by two before another round of
reference-free alignment was carried out using the Xmipp clustering and 2D alignment. For sample
S30-Fab plus JRFL SOSIP, 9,996 particles were selected from 100 images (see Fig. S2 in the supplemental
material), with 0 to 2 Fabs binding to SOSIP trimer. Unbound Fab also appeared in the class averages.
For sample S96-Fab plus JRFL SOSIP, 11,368 particles were selected from 107 images. Complexes with a
single Fab bound and unliganded trimer appeared in the class averages. For sample S100-Fab plus JRFL
SOSIP, 12,492 particles were selected from 112 images. Trimers with 0 to 2 Fabs and unbound Fab
appeared in the class averages. For sample 447-52D Fab plus JRFL SOSIP, 16,855 particles were selected
from 130 images. Zero to 3 Fabs were visible on trimers, as well as unbound Fab. In all cases, the
unbound Fab was likely due to excess added during the complex formation process.

Antibody binding affinity. Biolayer light interferometry (BLI) was performed using an Octet RED96
instrument (ForteBio, Pall Life Sciences) as described previously (15). Biotin-labeled full-length V3 peptide
or JR-FL SOSIP was captured onto streptavidin biosensors at concentration of 10 �g/ml as ligand and the
tested MAb was diluted in a 2-fold series starting from 50 nM to 0.78 nM for peptide and 250 nM to 7.8
nM for SOSIP as the analyte in solution. Briefly, biosensors, prehydrated in binding buffer (PBS with 0.2%
Tween 20) for 10 min, were first immersed in binding buffer for 60 s to establish a baseline, followed by
submerging in a solution containing biotin-labeled V3 peptide or JR-FL SOSIP for 60 s to capture the
ligand. The biosensors were then submerged in binding buffer for a wash for 60 s. The biosensors were
then immersed in a solution containing various concentrations of analyte MAb to detect analyte/ligand
association, followed by 120 s in binding buffer to assess analyte/ligand dissociation. Binding affinity
constants (dissociation constant, KD; on-rate, Kon; off-rate, Koff) were determined using Octet Analysis
version 7 software.

HIV-1 neutralization assays. The neutralization assays of antibody (IgG or Fab) were performed in
the format of a single round of infection using HIV-1 Env pseudoviruses and TZM-bl target cells, as
described previously (56–58). Neutralization curves were fit by nonlinear regression using a 5-parameter
hill slope equation as previously described (57). The 50% inhibitory concentrations (IC50) of antibody
were reported as the concentration of antibody required to inhibit infection by 50%. For sCD4-treated
virus neutralization, sCD4 at a concentration of 0 or 0.4 �g/ml was added to wells in a plate containing
viruses and left for 30 min at 37°C in a cell culture incubator, followed by the addition of purified MAb
at a concentration of 0, 2, or 50 �g/ml to neutralize virus.

Structure modeling. Comparative modeling was performed with MODELLER 9.14 (59) using Chimera
interface and the crystal structure of anti-HIV-1 V3 Fab 2219 in complex with MN peptide as a template
(PDB no. 2B0S) (31).

Statistical analysis. Comparisons of individual V gene segment compositions in the JR-FL SOSIP- and
gp140-F-specific Ig repertoires were carried out with two-way ANOVA. Comparison of three or more
groups was conducted with one-way ANOVA. Statistical evaluation of the difference between two groups
was performed with the t test. The correlation was determined with the nonparametric Spearman
correlation test, with a two-tailed P value calculated for significance. Statistical significance was expressed
as follows: *, P � 0.05; **, P � 0.01; ***, P � 0.001; and ****, P � 0.0001. All statistical analysis was
performed with GraphPad Prism version 6.
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