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ABSTRACT Native-like trimers of the SOSIP design are being developed as im-
munogens in human immunodeficiency virus type 1 (HIV-1) vaccine development
programs. These trimers display the epitopes for multiple broadly neutralizing anti-
bodies (bNAbs) but can also expose binding sites for some types of nonneutralizing
antibodies (non-NAbs). Among the latter are epitopes in the gp120 V3 region that
are highly immunogenic when SOSIP trimers are evaluated in animal models. It is
presently uncertain whether antibodies against V3 can interfere with the induction
of NAbs, but there are good arguments in favor of suppressing such “off-target” im-
mune responses. Accordingly, we have assessed how to minimize the exposure of
V3 non-NAb epitopes and thereby reduce their immunogenicity by introducing
N-glycans within the V3 region of BG505 SOSIP trimers. We found that inserting gly-
cans at positions 306 and 314 (termed M1 and M7) markedly reduced V3 antigenic-
ity while improving the presentation of trimer apex bNAb epitopes. Both added gly-
cans were shown to be predominantly of the Man6GlcNAc2 form. The additional
introduction of the E64K ground-state stabilizing substitution markedly reduced or
ablated soluble CD4 (sCD4) induction of non-NAb epitopes in V3 and/or associated
with the coreceptor binding site. When a V3 glycan- and E64K-modified trimer vari-
ant, BG505 SOSIP.664-E64K.M1M7, was tested in rabbits, V3 immunogenicity was
eliminated while the autologous NAb response was unchanged.

IMPORTANCE Trimeric proteins are being developed for future HIV-1 vaccine trials
in humans, with the goal of eliciting broadly active neutralizing antibodies (NAbs)
that are active against a wide variety of circulating strains. In animal models, the
present generation of native-like trimer immunogens, exemplified by the BG505
SOSIP.664 construct, induces narrow-specificity antibodies against the neutralization-
resistant (tier-2), sequence-matched virus and more broadly active antibodies against
sequence-divergent atypically neutralization-sensitive (tier-1) viruses. A concern in
the trimer immunogen design field has been whether the latter off-target antibodies
might interfere with the induction of the more desired responses to tier-2 epitopes.
Here, we have inserted two glycans into the dominant site for tier-1 NAbs, the
gp120 V3 region, to block the induction of off-target antibodies. We characterized
the new trimers, tested them as immunogens in rabbits, and found that the block-
ing glycans eliminated the induction of tier-1 NAbs to V3-epitopes.
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The human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein trimer is a
key element of vaccine development strategies aimed at inducing neutralizing

antibodies (NAbs) (1–9). A now widely used immunogen design platform involves
SOSIP trimers, which have been engineered for increased Env stability and can be
produced and purified in practical quantities (1–3, 5, 6, 10–12). SOSIP trimers of multiple
subdesigns and genotypes have been shown to mimic native, virion-associated trimers
both antigenically and structurally, including by displaying the epitopes for many
different broadly neutralizing antibodies (bNAbs) (1–3, 5, 6, 9, 11, 13–20). However,
SOSIP trimers can also expose epitopes for some nonneutralizing antibodies (non-
NAbs), particularly those associated with the V3 region of gp120. The extent of V3
exposure in vitro varies with the assay used to measure antibody binding and is far
more pronounced in a capture enzyme-linked immunosorbent assay (ELISA) than in
other methods, such as surface plasmon resonance (SPR) or negative stain electron
microscopy (NS-EM) (5, 21). Of greater relevance is that V3 is clearly immunogenic when
SOSIP trimers are tested as immunogens in animal models, with anti-V3 antibodies
dominating the neutralization of tier-1 viruses (6, 15, 22, 23). In the same experiments,
antibodies able to neutralize the autologous tier-2 viruses are induced, which is the
more desired response (6, 15, 22, 23). A key question is whether the anti-V3 response
is an irrelevant side effect of SOSIP trimer immunogenicity or whether it could, under
certain circumstances, be an immunological distraction that compromises the induc-
tion of autologous or heterologous tier-2 NAbs.

The processes by which initial antibody responses can be driven to evolve toward
bNAbs are likely to be highly complex and to require the sequential use of more than
one immunogen. Arguments can be made that “off-target” antibody responses could
interfere with the ones that are needed, for example, via immunogen complexing and
sequestration or epitope competition events within germinal centers (24). For example,
naive B cells with specificity for non-NAb epitopes such as V3 have been shown to
outcompete naive B cells for bNAb epitopes (25). It is prudent, therefore, to explore
ways to reduce the immunogenicity of V3 and other non-NAb epitopes on SOSIP
trimers so as to focus the immune response elsewhere. We have already shown that the
introduction of two sequence changes in the C1 (at residue 64 or 66) and V3 (at residue
316) regions of the prototypic SOSIP.664 trimer design can further stabilize the result-
ing SOSIP.v4.1 or SOSIP.v4.2 variants in vitro and reduce the immunogenicity of V3 in
rabbits by severalfold. Nonetheless, the immunized rabbits still produced some anti-V3
antibodies that neutralized tier-1 viruses (15). An alternative BG505 SOSIP trimer design
strategy led to broadly similar findings in guinea pigs (23). In neither study was the
reduction in the tier-1 NAb response accompanied by a consistent increase in the
autologous tier-1 NAb titers (15, 23).

Here, we have further addressed the question of V3 antigenicity and immunoge-
nicity on SOSIP trimers. Our approach involved the addition of N-linked glycans at
various positions within V3 to occlude the underlying non-NAb epitopes. The masking
of potential epitopes by adding glycan sites is an established concept that has been
used successfully to mask immunodominant epitopes in the V3 region of HIV-1 gp120
and in the variable head domain of the influenza virus hemagglutinin (26, 27). The same
approach was also used to dampen the immune responses to heterologous trimeriza-
tion domains added to subunit vaccine antigens (28). The outcome of our own studies
was the identification of double-glycan mutant trimers of the BG505 and B41 geno-
types that remained fully native-like but were no longer reactive with V3 non-NAbs in
vitro. These glycan substitutions, at positions 306 (designated M1) and 314 (M7), could
be combined with the E64K change in C1 that helps to prevent CD4-mediated
induction of non-NAb epitopes associated with the coreceptor-binding site (15). When
such a V3-masked and prefusion-stabilized trimer, BG505 SOSIP.664-E64K.M1M7, was
tested as an immunogen in rabbits, NAb titers against various tier-1 viruses were
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reduced by 3- to 22-fold without compromising or improving the induction of autol-
ogous tier-2 NAbs. Additional analyses showed that the residual neutralization of the
tier-1 viruses was not attributable to antibodies reactive with a cyclized BG505 V3
peptide. The V3-glycan masking method may be useful in designing more complex
trimer-based strategies aimed at the eventual elicitation of bNAbs in humans.

RESULTS
Masking V3 epitopes via added glycans. We assessed whether one or more

epitope-masking glycans could be inserted into the V3 region of BG505 SOSIP.664
trimers. Because this project was initiated before the latest high-resolution structures of
the trimer were available, we chose to insert glycans at multiple positions in V3 and to
assess the properties of the resulting modified trimers empirically. Accordingly, poten-
tial N-linked glycosylation sites (PNGS) were introduced at 21 different positions in V3
via an NXT strategy; i.e., the first and third residues of each triplet were changed to N
and T, respectively, to create a sequon (Table 1). The resulting single-glycan mutant
proteins (D7324 tagged) were then transiently expressed in 293T cells, and the unpu-
rified culture supernatants were used to assess Env antigenicity by capture ELISA (Table
2). The test panel included bNAbs to trimer-specific or trimer-sensitive epitopes (PG16,
PGT145, and PGT151), as well as V3 non-NAbs (19b and 14e). Although nontrimer forms
of Env with well-exposed V3 regions, such as dimers and monomers, contribute to the
signals, this assay format is useful for screening multiple constructs and flagging the
most promising variant for further evaluation. The outcome was identification of
constructs M1 (S306N and R308T) and M7 (G314N and A316T) with reduced binding to
V3 non-NAbs but with the epitopes for the trimer-specific bNAbs PG16, PGT145, and
PGT151 retained (Table 2). As the M7 construct had a particularly promising overall

TABLE 1 Design of BG505 SOSIP.664 V3 glycan mutantsa

aThe designations of the glycan mutants at V3 residues 306 to 327 are outlined in the first two columns. Residues were numbered using the
HxBc2 system. Each construct was based on the BG505 SOSIP.664-D7324 background (designated BG505-WT, where WT is wild type). The specific
substitutions in each mutant are listed in the third column, and the complete V3 sequence of the mutants, as well as of wild-type BG505-WT and
HxBc2, are in the fourth column. The introduced glycan sites are shown in blue and underlined; the naturally present glycan sites at 295 and 301
are highlighted in green and underlined; the non-V3 but proximal glycan site at 332 is shown in red and underlined. Each of the introduced N-
glycan motifs was of the NXT type, not NXS, to enhance the probability of glycan attachment (48–50). For construct M5, the P313G substitution
was also made to increase the probability of glycan addition at position 312. For construct M15, inserting one additional residue at BG505
position 321 led to this residue being numbered 321a.
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antigenicity profile, we then combined the relevant G314N and A316T sequence
changes with those present in the M1, M3, or M6 constructs to make three double-
glycan mutants (M1M7, M3M7, and M6M7) that were similarly expressed and evaluated.
Among them, the M1M7 mutant had the best antigenicity profile, with a marked
reduction in V3 non-NAb binding combined with retention of trimer-specific bNAb
epitopes (Table 2).

We studied the BG505 SOSIP.664-M7 and -M1M7 constructs in greater detail by
expressing them in 293F cells and using a bNAb 2G12 affinity column and size exclusion
chromatography (2G12/SEC) to purify the resulting D7324-tagged trimers and, for
comparison, the parental BG505 SOSIP.664 trimer (Fig. 1). As assessed by capture ELISA,
the antigenicity profiles of the M7 and M1M7 mutants were generally comparable to
the profile of the parental trimer except for a substantial reduction in V3 non-NAb
reactivity. More specifically, the M7 trimer was completely nonreactive with 14e but did
still bind 19b and 39F, whereas the M1M7 trimer had no reactivity with 14e and 39F and
bound 19b to only a minimal extent (Table 2; Fig. 1). The outcome of these exploratory
studies was the adoption of the BG505 SOSIP.664-M1M7 design, which contains
masking glycans at positions 306 and 314.

The E64K change in the gp120 C1 domain has been shown to reduce the baseline
and soluble CD4 (sCD4)-induced exposure of the coreceptor binding site and its
associated non-NAb epitopes (15). We therefore introduced this change into the
M1M7-modified trimers to make the SOSIP.664-E64K.M1M7 construct. We also pro-

TABLE 2 Antigenicity of BG505 SOSIP.664 V3 glycan mutantsa

aThe various mutants outlined in the first two columns contain one, or sometimes two, glycan sites inserted into various positions in V3 residue 306 to 327 (see Table
1 for additional details). Unless indicated by an asterisk (*), the antigenicity data were derived by D7324 capture ELISA using unpurified culture supernatants from
293T cell transient transfections. For mutants marked with an asterisk, D7324-tagged trimers based on the M7 and M1M7 constructs were also purified by the 2G12/
SEC method, and the data (Fig. 1) are summarized here for comparison. For each antibody in the test panel, the magnitude of reactivity with the indicated Env
proteins is recorded semiquantitatively on a scale from no binding (—) to strong binding (���).
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duced the corresponding mutants of the clade B B41 SOSIP.664 trimer. The D7324-
tagged versions of both genotypes of trimer variants were expressed by transient
transfection of 293F cells and purified on either 2G12/SEC or PGT145/SEC columns. The
SEC profiles were broadly similar for both methods, with a slightly lower content of
nontrimer proteins in the PGT145-purified preparations (Fig. 2A). The overall yields of
trimers were comparable for each genotype and purification method (within �2-fold),
implying that addition of the two V3 glycan sites did not adversely affect the overall
biochemical properties of the trimers.

A site-specific analysis of the glycosylation of the B41 and BG505 SOSIP.664-
E64K.M1M7 trimers, produced in 293F cells and purified via the PGT145/SEC method,
showed that the introduced N306 (M1) and N314 (M7) sites were both modified by
glycosylation. The dominant glycan present at both positions was Man6GlcNAc2 (Fig.
2B). The dominance of the Man6 glycan suggests that the presence of the neighboring,
wild-type glycans impedes the further processing of the newly inserted ones (29, 30).

Antigenicity and conformation of V3 glycan-modified trimers. An SPR analysis
using PGT145-purified, His-tagged proteins showed that the double-glycan-modified
BG505 and B41 trimers had almost unchanged 2G12 reactivities, which serves as a
frame of reference for other epitopes (Fig. 3A). The SPR antigenicity profiles of the
SOSIP.664, SOSIP.664-M1M7, and SOSIP.664-E64K.M1M7 variants of each genotype
were broadly similar with respect to bNAbs against V3 glycan (2G12, PGT122, and
PGT128), interface (PGT151), and quaternary apical (PG16 and PGT145) epitopes; if
anything, the binding of PG16 was somewhat enhanced for the mutants, particularly for
SOSIP.664-E64K.M1M7. In contrast, the binding of the 14e and 19b non-NAbs to their
V3 epitopes was reduced for the SOSIP.664-M1M7 and SOSIP.664-E64K.M1M7 trimers
compared with that of SOSIP.664. The differences in 14e binding were less marked for
these glycan-modified BG505 trimers than for their B41 counterparts (Fig. 3A). However,
we note that the unmodified BG505 SOSIP.664 trimers bound these V3 non-NAbs more
weakly than B41 SOSIP.664, as shown here and in previous SPR assays (5, 21).

We also compared the antigenicity of the His-tagged BG505 and B41 SOSIP.664 and
SOSIP.664-E64K.M1M7 trimers by capture ELISA (Fig. 3B). For both genotypes, binding
of the PG16 and PGT145 bNAbs to the modified trimers was modestly improved, similar
to the observations made with PG16 in the SPR analysis (Fig. 3A). Thus, the introduction
of the V3 glycans certainly does not impair but, rather, modestly improves the presen-
tation of the highly conformational bNAb epitopes at the trimer apex. The non-NAbs
14e, 19b, and 17b bound markedly less well. In addition, the ability of sCD4 to induce
the exposure of the 19b and 17b non-NAb epitopes was greatly diminished or even
fully ablated on the modified trimers (Fig. 3B).

NS-EM imaging of the BG505 and B41 SOSIP.664-M1M7 and SOSIP.664-E64K.M1M7
trimers confirmed that they were all fully native like (Fig. 3C). Clearly, the two new V3

FIG 1 Comparative antigenicity of BG505 trimers assessed by ELISA. D7324-tagged BG505 SOSIP.664, -M7, and -M1M7 trimers were purified
via the 2G12/SEC method and assessed for antibody binding by capture ELISA.
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glycans, with or without the additional ground state-stabilizing E64K change in C1, are
fully consistent with the retention of an appropriate trimer conformation while greatly
reducing or even ablating the presentation of non-NAb epitopes associated with V3
and the coreceptor binding site.

FIG 2 Glycan masking of V3 epitopes on BG505 and B41 SOSIP trimers. (A) SEC profiles of 2G12-purified or
PGT145-purified, D7324-tagged BG505 or B41 SOSIP.664 and SOSIP.664-E64K.M1M7 Env proteins. The dotted
vertical lines indicate the trimer peaks. The yields of trimers purified by the various methods are tabulated below
the profiles. (B) Site-specific glycan analysis of the B41 SOSIP.664-E64K.M1M7 trimer. The glycan profiles for the
corresponding BG505 trimer were similar (data not shown). The bars show the distribution and relative abundance
of N-linked glycans displayed by type (green, oligomannose; pink, complex/hybrid). Glycans are categorized as
oligomannose series (M5 to M9; Man5GlcNAc2 to Man9GlcNAc2), hybrids (H), and fucosylated hybrids (FH) and also
by the number of branching antennae (A) of complex-type glycans. An, number (n) of antennae; B, bisected
GlcNAc; F, presence of a core fucose.
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FIG 3 The V3 glycan-masked BG505 and B41 SOSIP trimers retain a native conformation as assessed by bNAb binding using SPR and ELISA. (A) The indicated
PGT145/SEC-purified, His-tagged SOSIP.664, SOSIP.664-M1M7, and SOSIP.664-E64K.M1M7 trimers were analyzed by SPR. The test antibodies were used at 500

(Continued on next page)
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A model of the BG505 SOSIP.664-E64K.M1M7 trimer suggests that there is enough
solvent-exposed area to accommodate both glycans near the respective mutation sites.
The N306 glycan fills a gap between the existing N156 and N301 glycans but is
constrained by the N197 glycan from a neighboring protomer (Fig. 3D and E). The new
glycan at position N314 is more constrained than the one at N306 because of its
location at the tip of V3. The most likely orientation of the N314 glycan on one gp120
protomer would result in a clash with the neighboring protomer (Fig. 3D and E).
However, the substantial occupancy of the N314 site shown by the site-specific analysis
(Fig. 2B) and the retention of native-like conformation as judged by NS-EM (Fig. 3C)
together suggest that some conformational change must occur in this region of the
M1M7 trimer. We speculate that accommodation of the N314 glycan must necessitate
some rearrangement of the V3 region, at least at the tip, but in a manner whereby the
closed conformation of the trimer apex is retained.

Immunogenicity of BG505 SOSIP.664-E64K.M1M7 trimers in rabbits. To assess
whether M1M7 glycans reduce the immunogenicity of V3 non-NAb epitopes in vivo, we
immunized groups of five rabbits three times with the BG505 SOSIP.664-E64K.M1M7
trimers and SOSIP.664 trimers and quantified the NAb titers in serum from 2 weeks after
the third immunization (Fig. 4A). The tier-2 autologous NAb titers were statistically
indistinguishable for the two groups of rabbits (P � 0.69, NS). Thus, although the range
of titers for the SOSIP.664 group was somewhat narrower than for SOSIP.664-
E64K.M1M7, the titers for the individual animals fell within the same titer range. In
marked contrast, NAb titers against the six tier-1 viruses were 3- to 22-fold lower for the
SOSIP.664-E64K.M1M7 trimer group than for the SOSIP.664 group. The differences were
significant for five of the viruses (P � 0.0079) but not for TH023.6 CRF01_AE (P � 0.30)
(Fig. 4A).

In a TZM-bl cell assay at Weill Cornell Medical College (WCMC), none of the 10 sera
neutralized any of the heterologous tier-2 viruses (clade A viruses 92UG037.8,
Q23env17, and Q46envE2 and clade C virus 25710-2.43) at titers of �20. In a similar
assay at Duke University Medical Center (DUMC), the same sera were tested against a
panel of nine heterologous tier-2 viruses: Ce1176_A3 (clade C), 246-F3_C10_2 (clade
A/C), CH119.10 (circulating recombinant form 07-BC), Ce703010217_B6 (clade A),
CNE55 (circulating recombinant form 01_AE), 25710-2.43 (clade C), TRO.11 (clade B),
BJOX002000.03.2 (circulating recombinant form 07_BC), and X1632-S2-B10 (clade B).
Compared to a cutoff titer value of 20, only 2 of the 10 sera yielded any positive titers:
one serum from the SOSIP.664 group neutralized 25710-2.43 (titer of 82), Ce1176_A3
(titer of 29), 246-F3_C10_2 (titer of 29), and CNE55 (titer of 31), and one serum from the
SOSIP.664-E64K.M1M7 group neutralized 25710-2.43 (titer of 23). Thus, there is no
evidence that suppressing the V3 response to SOSIP.664 trimers is sufficient to increase
the breadth of the neutralization response against tier-2 viruses, which is consistent
with earlier reports (15, 22, 23).

We used a cyclized BG505 V3 peptide as a soluble competitor in the neutralization
assay to deplete V3-targeted antibodies active against tier-1 viruses. Previous studies
indicated that this method reduced the tier-1 NAb response to SOSIP trimers but not
the autologous tier-2 NAb response (6, 22). When the cyclized V3 peptide was mixed
with sera from the BG505 SOSIP.664 trimer-immunized animals, the median titers
against the MN.3, MW965.26, CH0505.w4.3, and TH023.6 tier-1 viruses were reduced by

FIG 3 Legend (Continued)
nM. The response difference (RU) is given on the y axis as a function of time (s) on the x axis. (B) ELISA of the same purified SOSIP.664 and SOSIP.664-E64K.M1M7
trimers used in the experiment shown in panel A to assess bNAb and non-NAb reactivity, with sCD4 also present when noted. The amount of each B41 and
BG505 trimer comparator tested was adjusted to give equal binding of 2G12 bNAb for normalization purposes. (C) The indicated SOSIP.664-M1M7
(2G12/SEC-purified) and SOSIP.664-E64K.M1M7 (2G12/SEC or PGT145/SEC-purified) trimers, all D7324 tagged, were visualized by NS-EM. The percentages of the
total trimers with native-like (NL) conformation are recorded below each collage. (D) Model of a single, wild-type BG505 gp120 protomer. The sites of glycan
addition at residues S306 and G314 are shown in pale blue and magenta, respectively, with the geometrically favorable directions of the mutated asparagine
side chains represented by arrows in the same colors. (E) Model of the BG505 SOSIP.664-E64K.M1M7 trimer. The estimated positions of inserted N306 (M1) and
N314 (M7) glycans are shown in pale blue and magenta, respectively, with no indication of their detailed composition. In both panels D and E, the wild-type
glycans are shown in green, with selected ones labeled, and both models are based on PDB accession number 5FYL.

Ringe et al. Journal of Virology

August 2017 Volume 91 Issue 15 e00677-17 jvi.asm.org 8

http://www.rcsb.org/pdb/explore/explore.do?structureId=5FYL
http://jvi.asm.org


FIG 4 NAb responses to BG505 SOSIP.664 and SOSIP.664-E64K.M1M7 trimers in rabbits. (A) NAb titers of the two groups of rabbits are
plotted for each test virus, all of which have the tier-1 neutralization phenotype except for the autologous BG505.T332N virus (tier-2). (B)
The NAb titers for the same groups of rabbits against the indicated tier-1 viruses were measured after preincubation of the sera with or
without the indicated cyclized V3 peptide. In both plots, each data point represents an individual rabbit, with the median value for each

(Continued on next page)
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11-, 30-, 2.5-, and 5.3-fold, respectively. A sequence-scrambled version of an MN.3 V3
peptide, used as a negative control, had no detectable effect (Fig. 4B). In contrast, the
cyclized BG505 V3 peptide did not detectably reduce neutralization of any of the four
tier-1 viruses by sera from the SOSIP.664-E64K.M1M7 trimer recipients (Fig. 4B). This
outcome shows that the modifications made to this trimer ablate its ability to induce
any antibodies that cross-react with the cyclized V3 peptide (Fig. 4B). For each virus, the
residual level of tier-1 virus neutralization by the SOSIP.664 serum in the presence of
the BG505 V3 peptide was similar to or lower than that mediated by the SOSIP.664-
E64K.M1M7 serum. The residual neutralization mediated by the SOSIP.664 trimer serum
in the presence of the V3 peptide, as well as by the SOSIP.664-E64K.M1M7 serum in the
absence of the peptide, might be directed against other tier-1 epitopes such as those
associated with the CD4 binding site (CD4bs) or CD4-induced (CD4i) sites. It is possible
that antibodies to glycan-dependent V3 epitopes might also be induced by the
modified trimer, but such epitopes on HIV-1 Env proteins are generally considered to
be very poorly immunogenic and, hence, not likely to be generated in the context of
this type of immunization procedure. We conclude, therefore, that adding the M1M7
glycans effectively eliminates the induction of cross-reactive, tier-1 NAbs by the V3
region of the modified trimer without compromising the ability of the trimers to induce
autologous tier-2 NAbs to other epitopes.

Reductions in V3 immunogenicity were previously found when V3-stabilized BG505
SOSIP.v4.1 trimers were compared with SOSIP.664 trimers in rabbits (15). Here, we
compared sera from that earlier rabbit experiment and the present one for their
abilities to neutralize the MN.3 and MW965.26 tier-1 viruses in the same assay. Com-
pared in each case to the corresponding SOSIP.664 trimer immunogen group, the tier-1
NAb titers were significantly reduced for the SOSIP.664-E64K.M1M7 group (P � 0.0079)
but not for SOSIP.v4.1. This finding was made with both the MN.3 and MW965.26 test
viruses. In contrast, there were no significant differences in the abilities of the four
groups of sera to neutralize the autologous tier-2 virus BG505.T332N (Fig. 4C).

Mapping the target for NAbs against the BG505.N332 autologous virus. We
have previously shown that a frequent, but not the only, target for the autologous NAb
response in BG505 SOSIP.664 trimer-immunized rabbits is a hole in the glycan shield
formed by the absence of glycans from positions 241 and 289 (3). Thus, sera from
�60% of the immunized rabbits completely failed to neutralize BG505.T332N virus
mutants with a glycan knocked in at position 241 and/or 289. The remaining sera
usually also target this same glycan hole but in a way that is less sensitive to the
knocked-in glycans, or they also recognize additional neutralization-relevant epitopes.
The use of clones of the maternal MG505 virus, with and without specific sequence
changes, provides additional information (3). To see whether the introduction of the
M1M7 glycans had fundamentally changed the immunogenicity of the BG505 trimers,
we used the same panel of mutant viruses to test the week 22 sera from both
immunization groups (Table 3). Overall, we found no major difference between the
SOSIP.664 and SOSIP.664-E64K.M1M7 immunogen groups. Some sera from these
groups contained NAbs that targeted only the 241/289 glycan hole (e.g., sera 2111 and
2116), whereas the NAbs in the remaining sera were less affected by the presence of
these knocked-in glycans (Table 3). This outcome is generally consistent with what we
have previously reported for other sera from BG505 SOSIP.664 trimer-immunized
rabbits (3).

FIG 4 Legend (Continued)
group of 5 indicated by the horizontal bar. Significant titer differences are indicated by the P values. (C) NAb titers for the autologous tier-2
virus BG505.T332N and the tier-1 viruses MN and MW965.26 are shown for the SOSIP.664 and SOSIP.664-E64K.M1M7 comparator groups
described in the present study (left panels) and for the SOSIP.664 and SOSIP.v4.1 comparator groups described previously (right panels)
(15). The data in panels A and B were generated at DUMC, and data in panel C were generated at WCMC. There was no overlap between
the titer values in the two immunogen groups, and the P values from the nonparametric Mann-Whitney U test were identical and minimal
(P � 0.0079).
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DISCUSSION

When native-like SOSIP trimers are used as immunogens in animals, they induce
NAbs against both autologous tier-2 viruses and heterologous tier-1 viruses. These two
responses are noncorrelated within individual animals and among test groups (3, 6, 15).
Moreover, the tier-1 NAbs generally emerge relatively early in the immunization course
(3, 6). The tier-1 NAbs are substantially attributable to V3 peptide-reactive antibodies,
whereas the autologous tier-2 NAbs that have been mapped to date recognize more
complex epitopes involving holes in the glycan shield (3). The latter type of response
may be a necessary first step toward the development of bNAbs (6, 11, 24). It is not
known whether off-target V3 antibodies interfere with the elicitation or evolution of
bNAbs against the more relevant tier-2 epitopes, but there are various mechanisms by
which this could happen, as discussed further below. Here, our goal was to identify
ways to reduce the antigenicity of the V3 region on SOSIP trimers and to assess whether
there was a concomitant reduction in V3-dependent non-NAbs or tier-1 NAbs when the
modified trimers were used as immunogens.

The prototypic BG505 SOSIP.664 native-like trimer and others with similar in vitro
properties expose multiple bNAb epitopes but very few for non-NAbs. Among the
latter, V3 epitopes are the most prominently exposed, but the extent depends on the
assay used to measure antibody binding. Thus, V3 non-NAb reactivity with SOSIP.664
trimers is much stronger in capture ELISAs than when measured by SPR or Octet
(biolayer interferometry [BLI]) methods (5, 14). Moreover, V3 exposure is now consid-
ered to be a consequence of trimer breathing, i.e., reversible transitions between
alternative conformations of the trimer that predominantly involve the V1V2 loop
structure at the apex but that also affect the orientation and exposure of V3 (31, 32).
Although what happens to trimers under in vivo conditions is not known, the exposure
of highly immunogenic V3 epitopes elicits tier-1 NAb or non-NAb responses in rabbits,
guinea pigs, and mice (3, 6, 11, 15, 22, 23, 33). Several methods to reduce the
immunogenicity of the V3 region on BG505 SOSIP trimers have now been described (6,
11, 15, 22, 23). Thus, a point substitution, A316W, that helps lock the V3 region into the
body of the trimer was made in concert with another in C1, either E64K or H66R, that
reduces the spontaneous and CD4-driven exposure of CD4i non-NAb epitopes. The
resulting BG505 SOSIP.v4.1 (A316W plus E64K change) and SOSIP.v4.2 (A316W plus

TABLE 3 Neutralization of variant BG505 and MG505 viruses by rabbit seraa

aThe rabbit sera tested were from week 22, which is 2 weeks after the third and final immunization with the BG505 SOSIP.664 or SOSIP.664-
E64K.M1M7 trimer. The Q130N, S241N, and P291T changes introduce N-linked glycans at BG505.T332N virus positions 130, 241, and 289,
respectively, in Env. The MG505.A2 and MG505.H3 viruses are different clones of the maternal MG505 isolate. The K241S substitution
introduces a sequence change within the 241/289 glycan hole of the MG505.A2 clone. The values recorded for various mutant viruses are the
percent neutralization values at a dilution of 1/50, relative to the BG505.T332N parental virus (labeled WT and defined as 100%), and are the
averages of two or three replicates � standard errors of the means. Red and yellow boxes indicate strong (�75%) and partial (25 to 75%) loss
of neutralizing activity compared to that of the wild-type virus, respectively, with green boxes indicating no meaningful change. For rabbits
2118, 2112, and 2114, the titers against the wild-type virus were not high enough to allow mapping of the epitope (gray boxes).
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H66R change) trimers were more stable, had superior antigenicity profiles, and elicited
lower titers of V3-dependent tier-1 NAbs in rabbits than the SOSIP.664 prototype (15).
Broadly similar reductions in V3 responses were achieved by complexing a BG505
SOSIP.664 trimer via a PGT145 Fab to occlude the V3 region (22) and by making several
sequence changes that individually or collectively stabilize the trimer and reduce V3
exposure (23). However, in each of these studies, as here, the autologous tier-2 NAb
responses to the variously modified trimers were generally similar to those elicited by
the SOSIP.664 prototype (6, 11, 15, 22, 23).

The focus of this study was to assess whether the addition of masking glycans within
V3 could further suppress the immunogenicity of this region of SOSIP trimers. There are
precedents for the use of this method with earlier-generation Env proteins. Thus, the
addition of glycans to the V3 region of a monomeric gp120 protein reduced the
induction of anti-V3 antibodies in immunized guinea pigs while increasing the elicita-
tion of anti-V1 antibodies (26). Otherwise-antigenic V3 epitopes were successfully
masked when four glycans were introduced into this region of an uncleaved, nonnative
YU2 gp140 protein (34). However, when wild-type and glycan-masked gp140s were
tested in mice, the reduced immunogenicity of the glycan-masked V3 region did not
divert the B cell response to other epitopes on the gp140 protein (34). The same
glycan-immunosilencing method has also been applied successfully to other protein
immunogens (27, 28).

After conducting exploratory studies on the BG505 SOSIP.664 construct, we identi-
fied residues 306 and 314 as positions where two glycans could be added without
compromising the native-like conformation and bNAb epitope presentation of the
resulting SOSIP.664-M1M7 trimers. A further improvement to antigenicity was achieved
by the additional introduction of the E64K change in C1 that helps maintain the trimer
in the prefusion ground state (15). The final glycan-modified BG505 and B41 trimers
were fully native-like as judged by NS-EM, and site-specific glycan analysis showed that
both of the inserted glycan sites were modified by glycosylation.

As noted earlier, this project was initiated without the guidance of high-resolution
structural information. Had we in fact used the now available structures to design the
mutants, we may have decided to not make the M7 and thence the M1M7 constructs
that turned out to yield the most promising trimer variants. A model of the glycan-
modified BG505 trimer shows that the N306 glycan fills a hole between two existing
glycans at positions N156 and N301, while the N314 glycan at the V3 tip shields the
remainder of V3. We do not know exactly how the N314 glycan is accommodated from
the structural perspective, but it seems likely that some such process must take place
to minimize a clash between the glycan on one protomer with the neighboring
protomer. As residue 314 lies at the interprotomer interface, it might be anticipated
that introducing a glycan into such an environment would create a steric clash with the
adjacent protomer and destabilize the trimer. However, the antigenicity and low-
resolution EM data together show that no such destabilization occurs. If and when a
high-resolution structure of the M1M7 trimer is generated, we may better understand
the orientation of the glycan-modified V3 region. Until then, our prevailing hypothesis
is that the somewhat plastic trimer apex may open up sufficiently to the N314 glycan
to be accommodated. Whatever static or dynamic events are taking place, the
SOSIP.664-E64K.M1M7 trimers are fully native-like when viewed by NS-EM, and they
retain (and even modestly improve) their presentation of bNAb epitopes, including the
highly conformationally sensitive ones located at the trimer apex. In contrast, non-NAbs
to V3 are minimally reactive or nonreactive with the glycan-modified trimers. The latter
outcome is entirely consistent with the model of the modified trimer, which shows that
very little of the surface of the V3 region is now accessible while the antigenically
native, prefusion structure of Env is not disrupted.

A rabbit immunogenicity study showed that the glycan-modified SOSIP.664-
E64K.M1M7 and parental SOSIP.664 trimers induced comparable titers of autologous
tier-2 NAbs, but the tier-1 NAb titers elicited by the modified trimers were reduced by
3- to 22-fold depending on the test virus. A comparative analysis showed that reduction
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in the tier-1 NAb response was greater than that conferred by the stabilizing change
used to create the SOSIP.v4.1 trimer. The residual tier-1 NAb responses in the sera from
the SOSIP.664-E64K.M1M7 group were not reduced by a competing cyclized BG505 V3
peptide, unlike the sera from the SOSIP.664-immunized rabbits. Thus, the tier-1 NAb
response to the modified trimers is not directed at V3 epitopes or at least not at ones
that can be mimicked by a cyclized peptide. Other epitopes for tier-1 NAbs, such as
those associated with the CD4bs or the CD4-induced coreceptor-binding site, are the
most likely targets for the residual tier-1 NAbs. Overall, we conclude that the masking
glycans added to V3, alone or together with the E64K substitution, have ablated the
immunogenicity of the V3 region on the modified BG505 SOSIP trimers. As the
autologous tier-2 NAb titer was not increased, we again find no evidence that V3-
dependent tier-1 NAbs interfere with the overall immunogenicity of SOSIP trimers
under these experimental conditions in which the autologous tier-2 NAb is a strong and
probably immunodominant response (15, 22, 23). These findings are also generally
consistent with the observation that ablating the V3 response to an uncleaved gp140
protein in mice did not divert the antibody response to other epitopes on the same
immunogen (34).

We consider it possible that off-target non-NAb responses could impede the initi-
ation or evolution of bNAbs driven by germ line-targeting Env proteins, including
appropriately designed SOSIP trimers (11, 24, 25, 35, 36). Decreasing the immunodomi-
nance of non-NAb epitopes such as those in V3 may be particularly important in this
context. Thus, the human antibody repertoire appears to contain an abundant array of
germ line precursors for V3 and other non-NAb epitopes, and this subset of naive B cells
is readily activated by Env immunogens; once initiated, the non-NAb lineages evolve to
acquire high affinity without undergoing extensive or unusual somatic hypermutation
(SHM) events (24, 25, 35). The germ line precursors of bNAbs are, however, far rarer, and
they are not so easily activated by Env proteins; the initial acquisition of long H3
complementarity-determining regions (CDR) and multiple, and often atypical, SHM
events are involved in the bNAb maturation process (24, 25, 35, 37, 38). The higher
affinity of germ line non-NAb precursors for Env proteins over their bNAb counterparts
may give them a selection advantage within the germinal center (GC), based on the
outcome of B cell activation experiments in vitro (39). Competition within the GC for the
same resources implies that higher-affinity B cell clones may have a selective advantage
during the critical early stages of Env protein immunization (25, 37, 39, 40). There is,
then, a sound rationale for preventing the activation of high-affinity non-NAb precur-
sors to give their lower-affinity bNAb counterparts a better chance of becoming
activated and then undergoing the SHM process (25, 35, 40, 41). Reducing the immu-
nogenicity of V3 and other non-NAb epitopes on germ line-targeting SOSIP trimers,
including by using the glycan-masking method that we have described here, may,
therefore, be worthwhile.

MATERIALS AND METHODS
Env construct design. The BG505 clade A and B41 clade B SOSIP.664 trimers have been described

previously (5, 14). Point substitutions in these env genes were made using a QuikChange site-directed
mutagenesis kit (Agilent Technologies). Briefly, a primer pair was designed for each mutation or two
adjacent mutations that could be accommodated in a single primer without compromising its melting
temperature. To allow trimers to be used in SPR and ELISA antigenicity assays, either a GSGSGGSG spacer
connected to an eight-histidine (His) tag or a GS spacer followed by a D7324 epitope tag was added
immediately C-terminal to residue 664 in the gp41 ectodomain (gp41ECTO). From this point, we refer to
the presence of the tags only when it is relevant to understanding the experiment. Nontagged versions
of trimers were used for rabbit immunizations.

Env protein expression and trimer purification. All SOSIP.664 and derivative trimers were pro-
duced by transient transfection of 293F cells in serum-free medium, essentially as previously described
(5, 13, 14). Env proteins were purified from culture supernatants using affinity columns of bNAb 2G12 or
PGT145, which were made using a CNBr-activated Sepharose 4B resin (GE Healthcare) as previously
described (5, 13, 14). In each case, the culture supernatant was flowed through the column at a constant
rate of 1 ml/min, the beads were washed with buffer (20 mM Tris-HCl, 500 mM NaCl, pH 8), and the Env
proteins were eluted with 3 M MgCl2 (pH 7.2). The eluted proteins were immediately buffer exchanged
into trimer storage buffer (10 mM Tris-HCl, 75 mM NaCl, pH 8) and concentrated using a 100-kDa-cutoff
Vivaspin column (GE Healthcare). A Superdex 200 26/60 size exclusion chromatography (SEC) column
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and the same buffer were then used to isolate trimer fractions, which were pooled, concentrated, and
stored at �80°C.

To produce culture supernatants containing unpurified SOSIP.664 Env proteins for pilot-scale assess-
ments by ELISA (see Results), the transfection procedures involved 293T cells, and the culture medium
contained 5% fetal bovine serum (FBS).

BN-PAGE. The affinity-purified Env proteins or fractions derived from SEC column runs were analyzed
on blue native (BN)-PAGE gels (Invitrogen), which were stained with Coomassie blue to visualize protein
bands (5, 13, 14).

Site-specific N-glycosylation analysis. Approximately 100 �g of the BG505 and B41 SOSIP.664-
E64K.M1M7 trimers was reduced and alkylated and then digested in solution using trypsin (Promega,
Madison, Wisconsin) as described previously (42). Briefly, trypsin was added to trimers at a 1:30 ratio
(wt/wt), and the mixture was incubated for 12 h at 37°C. The resulting glycopeptides were enriched using
a ProteoExtract Enrichment kit according to the manufacturer’s instructions (Merck Millipore, Darmstadt,
Germany). They were then dried, reconstituted in 1% formic acid, and analyzed by reverse-phase liquid
chromatography-tandem mass spectrometry (LC-MS/MS) using a Fusion Orbitrap mass spectrometer
(Thermo Fisher Scientific, San Jose, CA) coupled to an EASY nLC 1200 system with a PepMap C18 column
(75 �m by 50 cm). Data interpretation and quantification procedures were performed using Byonic and
Byologic software (Protein Metrics, San Carlos, CA), followed by manual assessment (42).

Antibodies. Monoclonal antibodies (MAbs) were obtained as gifts or purchased from the following
sources: VRC01 (John Mascola); PG9, PG16, PGT122, PGT128, PGT145, PGT151, b6, and b12 (International
AIDS Vaccine Initiative); 2G12 (Polymun Scientific); 39F, 17b, 19b, and 14e (James Robinson).

SPR. Surface plasmon resonance (SPR) assays were carried out as described previously (21). Briefly,
purified His-tagged trimers were captured onto CM5 chips (GE Healthcare) by anti-His antibodies. The
anti-His antibodies were covalently immobilized in amounts yielding 15,000 response units (RU). The
trimers were then captured to immobilizations levels of 500 RU (equivalent to the ligand response, RL).
Test MAbs were injected at a concentration of 500 nM, with a flow rate of 50 �l/min throughout the
association and dissociation phases. Control-channel and 0-analyte subtractions were performed
throughout. After each MAb association and dissociation cycle, the antibody-conjugated surface was
regenerated by injecting a single pulse of 10 mM glycine (pH 2.0) for 60 s at a flow rate of 30 �l/min.

ELISA. Briefly, purified trimers were captured via their His tags onto preblocked Ni-nitrilotriacetic acid
(NTA) 96-well plates (Qiagen) by incubation at 0.5 �g/ml for 2 h in Tris-buffered saline (TBS) containing
5% FBS. Culture supernatants from transfected 293T cells, which contain 5% FBS, were diluted 1:4 in TBS
before being added to the enzyme-linked immunoabsorbent assay (ELISA) wells. After the capture stage
and washing, test MAbs or related reagents were added for 1 h in the same buffer. Bound MAbs were
detected using an appropriate horseradish peroxidase (HRP)-conjugated secondary antibody and the
3,3=,5,5=-tetramethylbenzidine (TMB) substrate system with an optical density endpoint at 450 nm
(OD450) (Bio-Rad). The 50% binding values (50% effective concentration [EC50]) for MAb binding were
calculated by plotting the nonlinear regression curves using Prism software, version 5.0.

Negative stain electron microscopy. Purified trimers were prepared for NS-EM analysis by adsorb-
ing 3 �l of sample onto a glow-discharged, carbon-coated 400-mesh Cu grid. Following blotting, the
samples were stained using either 2% (wt/vol) uranyl formate (3 �l of stain for 60 s) or the Nano-W
system (3 �l of stain for 7 s, followed by blotting and a second 3 �l of stain for 15 s) (NanoProbes, Inc.).
Data collection, processing, and particle analysis methods have been previously described (5, 14, 15).

Rabbit immunization procedures and ethics statement. The various rabbit experiments were all
approved and carried out in accordance with protocols provided to the Institutional Animal Care and Use
Committee (IACUC) at Covance Research Products (CRP), Inc. (Denver, PA), approval number C0080-16.
The rabbits were kept, immunized, and bled at Covance in compliance with the Animal Welfare Act and
other federal statutes and regulations relating to animals and adhered to the Guide for the Care and Use
of Laboratory Animals (43).

Rabbit immunizations and blood sampling were carried out under contract at CRP essentially as
described previously (3, 15). Female New Zealand White rabbits (5 per group) were immunized intra-
muscularly three times at weeks 0, 4, and 20, each time with 30 �g of trimers formulated with 75 units
of Iscomatrix, a saponin-based adjuvant obtained from CSL, Ltd. (Parkville, Victoria, Australia), via the
International AIDS Vaccine Initiative (44).

Viruses and neutralization assays. NAbs in rabbit sera were detected and quantified with Env-
pseudotyped viruses in a TZM-bl cell assay as described previously (note that TZM-bl cells [catalog
number 8129] are derived from the HeLa cell line and supplied by the NIH AIDS Reagents Program) (45).
For additional information on this assay and all supporting protocols, see the Los Alamos National
Laboratory website (http://www.hiv.lanl.gov/content/nab-reference-strains/html/home.htm). NAb assays
were carried out at either Duke University Medical Center (DUMC) (45) or the Weill Cornell Medical
College (WCMC) (5, 14). Env-pseudotyped viruses at DUMC were made with the SG3Δenv backbone (46);
at WCMC, the NL-Luc-AM vector was used (47). The viruses bore either full-length BG505.T332N (at
WCMC) or cytoplasmic-tail-deleted BG505.T332NΔCT (at DUMC) envelope glycoproteins. When the two
variants were directly compared, no differences in neutralization sensitivities were observed.

Sera from a subset of time points were also tested at WCMC against three tier-1A Env-pseudotyped
viruses, MN and SF162 (clade B) and MW965.27 (clade C), and four heterologous tier-2 viruses and at
DUMC against a panel of six tier-1 viruses. An amphotropic murine leukemia virus (MLV) Env-
pseudotyped virus was used as a negative control at both sites to determine nonspecific inhibition of
infection by rabbit sera. In each assay, all serum dilutions were tested in duplicate. In some experiments,
a Cys-cyclized peptide based on the BG505 V3 sequence (CTRPNNNTRKSIRIGPGQAFYATGDIIGDIRQAHC)
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was used as a soluble competitor for NAbs against tier-1 viruses. The peptide (10 �g/ml) was incubated
with serial dilutions of the test sera for 30 min prior to addition of virus and cells according to the
standard TZM-bl cell neutralization assay protocol. The negative-control peptide was a scrambled version
of the MN V3 sequence, HTGKYTYPTNIAIRGRGNKFRNKKI.

Neutralization was defined as the reduction (percent) of the infectivity obtained in the presence of
serum. The serum dilution factors reducing infectivity by 50% were calculated from nonlinear regression
fits of a sigmoid function (with the maximum constrained to �100% and minimum unconstrained) to the
normalized inhibition data by the use of Prism software (GraphPad). For convenience, the resulting
reciprocal titers, i.e., 50% inhibitory dilution factors (ID50), are referred to simply as “titers.” The NAb titers
in the groups of rabbits were compared by two-tailed Mann-Whitney U tests (Prism; GraphPad).
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