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ABSTRACT: Up to ∼20% of HIV-infected individuals
eventually develop broadly neutralizing antibodies (bnAbs),
and many of these antibodies (∼40%) target a region of dense
high-mannose glycosylation on gp120 of the HIV envelope
protein, known as the “high-mannose patch” (HMP). Thus,
there have been numerous attempts to develop glycoconjugate
vaccine immunogens that structurally mimic the HMP and
might elicit bnAbs targeting this conserved neutralization
epitope. Herein, we report on the immunogenicity of
glycopeptides, designed by in vitro selection, that bind tightly to anti-HMP antibody 2G12. By analyzing the fine carbohydrate
specificity of rabbit antibodies elicited by these immunogens, we found that they differ from some natural human bnAbs, such as
2G12 and PGT128, in that they bind primarily to the core structures within the glycan, rather than to the Manα1 → 2Man
termini (2G12) or to the whole glycan (PGT128). Antibody specificity for the glycan core may result from extensive serum
mannosidase trimming of the immunogen in the vaccinated animals. This finding has broad implications for vaccine design
aiming to target glycan-dependent HIV neutralizing antibodies.

■ INTRODUCTION

Despite decades of effort, no HIV vaccine candidates tested so
far elicit substantial breadth of protection against the diverse
viral strains in circulation.1 However, over the last ∼20 years, a
vast amount of data has accumulated about broadly
neutralizing antibodies (bnAbs), which are found in up to
20% of infected individuals.2 These antibodies neutralize
diverse strains of HIV, are often protective in animal models of
infection, and provide clues for vaccine design.
Structural studies of bnAbs in complex with the HIV

envelope (Env) glycoproteins gp120 and gp41 reveal which
epitopes can be targeted by antibodies to achieve broad
neutralization. This information can then be used for “epitope-
focused” vaccine design,3−11 in which whole or truncated Env,
or even glycopeptide fragments thereof,12−22 are engineered to
maximize presentation of the epitope, while minimizing or
excluding “distracting” epitopes that may lead to development
of non-neutralizing or strain-specific antibodies (Figure 1a).
In particular, the dense array of glycans on HIV Env has

been of great interest in vaccine design23 because most bnAbs
whose structures have been determined bind to epitopes
containing glycans,24 and around 60% of elite neutralizers’ sera

exhibit glycan-dependent neutralization.25 Although the
glycans serve to block much of the polypeptide surface from
antibody recognition,5 they frequently become a target of
recognition themselves.24,26−35 In a study of ∼60 patients with
broad neutralizing sera, over half exhibited glycan-dependent
neutralization, with 38% targeting the “high-mannose patch”
(HMP) on Env protein gp120.25 The HMP is a cluster of high-
mannose glycans centered on the N332 residue36−38 and
recognized by bnAbs such as the PGT121 and PGT128
families,28,39 as well as 2G12.27 2G12 was among the first HIV
bnAbs to be discovered,40 and contains an unusual domain-
swapped dimer of Fabs that recognizes a solely carbohydrate
epitope on the HMP. Our laboratory has created directed
evolution-based techniques for design of glycan clusters that
may mimic such epitopes (Figure 1b), enabling us to discover
structures with high antigenicity (low nM KD) for 2G12.

41−46

Herein, we report structural studies and immunogenicity of
these synthetically glycosylated peptides in rabbits.
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■ RESULTS
Antigen Design by in Vitro Selection. The in vitro

selection and synthesis of our highly antigenic 2G12-binding
glycopeptides have been described in detail previously.44,47 In
summary, we generated random libraries of ∼1013 Man9-
decorated glycopeptides, covalently fused to their encoding
mRNAs.48 The library fraction that bound to 2G12 was
isolated, then amplified by PCR. The PCR product was then
used to produce a new library, and this process was repeated
for 10 cycles, yielding tight 2G12 binders (low nM KD).
Importantly, the attachment of glycans to such highly diverse
libraries was facilitated by the use of copper-assisted alkyne−
azide cycloaddition (CuAAC) “click” chemistry.49 Thus, Man9
units bearing an azidocyclohexyl linker were attached to the
alkyne side chains of homopropargylglycine (HPG) residues in
the peptides.50 The resulting glycan−peptide linkages differ
from the GlcNAc2−Asn linkages present in natural N-linked
glycosylation; however, despite the unnatural core, these

glycopeptide libraries provided highly antigenic binders for
2G12, which binds to the Man1α−2Man nonreducing termini,
and not the core, of glycans.27

Pilot Immunogenicity Study. To recruit T cell help that
would result in high-affinity class-switched IgG responses to
our carbohydrate immunogens, we conjugated our glycopep-
tides to the carrier protein CRM197.

51 This carrier is a nontoxic
mutant of diphtheria toxin (DT) and is used in commercial-
ized polysaccharide vaccines to elicit T-cell-dependent anti-
body responses against bacterial pathogens such as Haemophi-
lus inf luenzae type b (“Hib”).52 We opted to use Adjuplex
adjuvant, which has been tested in rabbit immunizations with
other glycosylated immunogens.8 To verify that high antigen-
specific titers could be obtained using this carrier/adjuvant
combination and to determine the optimum dose, we
conducted a pilot study in which small groups of rabbits (n
= 3) were given doses of conjugate containing 10, 50, or 100
μg of glycopeptide.
For the pilot study, we chose 10V1, a glycopeptide clone

that was selected from our libraries and binds to 2G12 IgG
with a KD of 1.9 ± 0.2 nM (Figure 1c).44 We mutated the
unpaired cysteine within the 10V1 sequence to serine and
introduced a C-terminal linker containing a cysteine to be used
in conjugation to maleimide-functionalized CRM197. This
“10V1S” mutant exhibited a 2G12 KD that was similar to
10V1 (SI, Table S1), and conjugation to the carrier protein
proceeded well using methods that we have reported
previously (Figure 2a).47

Immunization of New Zealand white rabbits at 4 week
intervals resulted in IgG ELISA EC50 titers for glycopeptide
immunogen that reached a maximum of ∼20 000 after three
doses (Figure 2c). Titers were measured against glycopeptide
conjugated to BSA via a linker different from that in the
immunogen (SI, Figure S1) to detect antibodies specific for
glycopeptide and not CRM197 or linker. Glycopeptide-specific
titers were consistently in the ∼104 range, and no difference
was observed between groups receiving 10, 50, or 100 μg
doses. Importantly, titers against glycopeptide were signifi-
cantly higher than those against the unglycosylated peptide or
the carrier protein itself (Figure 2d), giving us reason to
proceed with this carrier/adjuvant combination in more
detailed studies.

Structural Studies of Glycopeptide−2G12 Binding
Interactions. Having verified that glycopeptide 10V1S−
CRM197 conjugates are immunogenic and elicit high
glycopeptide-specific titers, we next wished to design a larger
study to evaluate and compare several different glycopeptide
immunogens derived from our in vitro selection experiments.44

Those selections had yielded 2G12-binding glycopeptides of
which many, including 10V1, contained a family of related
peptide motifs, SIPxYTY (x = variable amino acid). During the
design of this larger study, a crystal structure was determined
for the 10V1S glycopeptide (40 amino acid residues with three
Man9 glycans covalently attached by a linker as shown in
Figure 1c,d) in complex with the 2G12 domain-swapped dimer
(Fab)2,

27 revealing a 2:1 stoichiometry with one glycopeptide
occupying each side of the Fab dimer (Figure 3a). Ordered
electron density was observed for 16 peptide residues (18−33;
TIXRSIPWYTYRWLPN, where X is the click-glycosylated
homopropargylglycine residue), and one Man9. For each
glycopeptide, the D3 arm of Man9 binds in the primary glycan
binding pocket of the Fab, whereas the 21RSIPWYTYRW30

sequence of the peptide forms a hairpin structure that occupies

Figure 1. Selection-based design of 2G12-targeted HMP mimetic
glycopeptides used in this study. (a) “Epitope-focused” vaccine
design: many broadly neutralizing antibodies (bnAbs) bind to
particular configurations of glycans in the “high-mannose patch”
(HMP) on HIV gp120, usually in combination with conserved
polypeptide residues (shown as a triangle). (b) In previous work,44,47

we used our laboratory’s glycopeptide mRNA display technique to
evolve carbohydrate cluster HIV antigens. Libraries of ∼1013 peptide
backbones were tagged with their encoding mRNAs and glycosylated
with Man9 using alkyne/azide “click” chemistry.49 HMP-binding
bnAb 2G12 was then used as an affinity reagent to select HMP
epitope mimics from the libraries. (c) Sequences of selected
glycopeptide immunogens tested in this study. KD values were
previously reported,44,47 for glycopeptides appended with a GSGS-
LGHHHHHHRDYKDDDDK C-terminal tag. Synthetic glycopep-
tides used in the present study all contain a GSGSGCA C-terminal
tag, in which cysteine is either StBu disulfide-protected (for
crystallographic studies), linked to biotin (for BLI), or conjugated
to carrier. (d) “Click” chemistry attachment of oligomannose-
cyclohexyl-azide to homopropargylglycine residues of peptides, and
structure of resulting linkage.
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the secondary glycan binding pocket27,53 at the Fab dimer
interface. 2G12 recognition of the D3 arm in glycopeptide−
Man9 contrasts with recognition of free Man9GlcNAc2, where a
cocrystal structure shows the D1 arm in the primary binding
pocket (PDB 1OP5). However, an analogous structure with
free Man8 (PDB 6MNF) shows a D3 arm in one primary
binding pocket and a D1 arm in the other, illustrating the
flexibility of 2G12 to bind either arm of the glycan. The D3
arm of 10V1S binds to this pocket through contacts that are
essentially identical to those observed in 6MNF (see the SI,

Figure S14). In the peptide moiety of 10V1S, Pro24 and Trp25
are the i + 1 and i + 2 residues of a type VIII reverse turn at the
tip of the hairpin, with Pro24 adopting a cis-peptide
conformation. Two hydrogen bonds are formed within the
peptide hairpin, one between Arg21 O and Thr27 NH, and the
other across the hairpin from the backbone NH of Arg29 to
the triazole moiety of residue 20. The hydrophobic indole of
the glycopeptide Trp30 makes contact with the hydrophobic α
face of the reducing-terminal core mannose (Figure 3b). The
Fab−glycopeptide interface is extensive, with 854 and 884 Å2

Figure 2. Pilot immunogenicity study and time course of serum IgG response to glycopeptide 10V1S. (a) Conjugation of glycopeptide 10V1S to
maleimide-activated CRM197. (b) Groups of New Zealand rabbits (n = 3) each were immunized with CRM197−glycopeptide 10V1S conjugate in
10, 50, or 100 μg doses with Adjuplex adjuvant. (c) Graph shows time course of EC50 ELISA IgG titers binding to glycopeptide 10V1S conjugated
to BSA. Arrows indicate immunization time points, and the horizontal dotted line indicates the lowest serum dilution tested. (d) Comparison of
dose 3 (week 10) serum IgG ELISA against three coating antigens: CRM197+linker, peptide 10V1S−BSA, and glycopeptide 10V1S−BSA. Data
from low-, medium-, and high-dose groups were combined for analysis and presented with geometric mean and geometric standard deviation.
Statistical significance was determined by one-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons.

Figure 3. The 10V1S-2G12 crystal structure and binding interaction. (a) Overall view of domain-swapped (Fab)2 2G12 in complex with
glycopeptide 10V1S. Two glycopeptides bind per Fab dimer. There is no symmetry-related glycan binding at the VH−VH′ interface, although the
peptide component binds at this interface. 2G12 and peptide are shown as ribbons, and the glycan portion of the glycopeptide in a stick
representation. The two light chains are shown in cyan, and two heavy chains in red and pink. One glycopeptide is colored yellow for the glycan,
green for the peptide portion and orange for the glycan linkers, whereas the other glycopeptide is colored gray. (b) Close-up view of one of the
10V1S glycopeptides bound to (Fab)2 2G12. The glycopeptide is shown as sticks, with hydrogen bonds shown as dotted lines.
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buried on the glycopeptide and Fab, respectively (SI, Tables S2
and S3), and 60% of the glycopeptide contribution is from the
peptide residues. Although all of the mannose moieties of the
bound glycan are visible in the electron density, the additional
two Man9 glycans and 24 peptide residues are not observed,
and likely do not participate in the interaction with 2G12.
In contrast with 10V1S, the structure of glycopeptide

10F5M (40 amino acids with 4 Man9 glycans (Figure 1c)
lacking the SIPWYTY motif of 10V1) in complex with 2G12
revealed a multivalent glycan interaction, with Man9 glycans
bound to the two canonical and two noncanonical VH−VH′
interface glycan binding sites in the Fab dimer (Figure 4).

Although the structure is of low to moderate resolution (3.6
Å), with no visible electron density for the peptide, there is
clear density for all of the mannose residues, and the glycan−
antibody interactions are identical to those observed for the
Man9GlcNAc2/2G12 complex.27,53 Incubation of 10F5M in
crystallization buffer resulted in no detectable cleavage of
glycans from the peptide (SI, Figure S15), suggesting that the
peptide is present but disordered in the crystal. There is also a
large void above the combining site in the crystal that could
presumably accommodate the disordered peptide, or alter-
natively, more than one peptide bridging multiple 2G12
molecules.
Multi-Immunogen Study. Because glycopeptides con-

taining the SIPxYTY sequence bind 2G12 via both glycan and
peptide contacts, distinct from the glycan-only contacts with
gp120,27,54 we opted to conduct subsequent immunogenicity
studies primarily on glycopeptides lacking that sequence
(10F5M, 10F2, 10F6), with just one glycopeptide containing
that sequence for comparison (10F8). In this experiment,
rabbits in each of four groups received 50 μg doses of one
glycopeptide (conjugated to CRM197) at weeks 0, 4, 8, and 12.
A control group received linker-functionalized CRM197 at the

same time points, and a sixth group received a sequence of all
four glycopeptides (Figure 5a). For the sixth group, we
reasoned that sequential immunization with four glycopeptides
that share similar antigenic presentations of glycans on
differing scaffolds might focus the antibody response on the
glycans, without boosting antibodies that bind to any of the
peptide scaffold structures.
Consistent with the pilot study, all glycopeptide-immunized

groups produced autologous glycopeptide-reactive IgG anti-
bodies with EC50 titers in the range ∼10 000−20 000 following
the third immunization (Figure 5b). Dose 4 sera from all
glycopeptide-immunized groups exhibited 10−100-fold selec-
tivity in mean serum reactivity for glycopeptide over peptide
alone, and most exhibited 6−9-fold selectivity for binding to
glycopeptide over CRM197 carrier (Figure 5b); however, the
sequentially immunized Group 6 exhibited slightly lower
selectivity for glycopeptides vs peptides or CRM197, as
glycopeptide-specific titers were slightly lower than in other
groups (SI, Figure S2).
For each group immunized repeatedly with a single

glycopeptide (Groups 2−5), a high degree of cross-reactivity
was evident between glycopeptides: sera from each group
bound almost as strongly to any of the three glycopeptides
used to immunize the other groups (Figure 5c). As sera of all
groups bound 10−100-fold more weakly to peptides without
glycans (Figure 5b) and still lower to the BSA and linker in the
coating antigens (SI, Figure S1), these data suggest that this
cross-reactivity is due to antibodies that bind the glycan, or
possibly to a common glycan presentation. While sera were
mostly cross-reactive for all glycopeptides, Groups 2, 4, and 5
exhibited modest (∼1.8−3-fold), but statistically significant (p
< 0.05; SI, Table S8), serum selectivity for the particular
glycopeptide used to immunize that group. As expected,
rabbits that were sequentially immunized with all glycopep-
tides (Group 6) exhibited no apparent difference in titers to
the four glycopeptide immunogens.

Boosting with Env SOSIP Trimers. Since the immuno-
genicity data suggested elicitation of antibodies that bind to
oligomannose moieties, we next tested whether these sera
would bind to native-like soluble trimeric HIV Env protein
(BG505.SOSIP.664 (T332N)), which has been optimized for
near-native folding and glycosylation, and is highly decorated
with oligomannose.55,56 Env-specific ELISA titers were close to
background, when measured at the 12 ng/well coating
concentration used for screening all sera (Figure 6a, dose 0−
4 time points). However, when a higher 200 ng/well coating
concentration of SOSIP trimer was used in the ELISA of dose
4 sera, above-background binding was observed for several
animals in Groups 3 and 4 (Figure 6b and SI, Figure S16).
Nevertheless, since the glycopeptide-elicited Env-specific titers
were modest and sporadic, we next tested whether the Env-
binding response could be boosted by Env immunizations.
Thus, at weeks 16 and 20, all animals were boosted with 50 μg
doses of BG505.SOSIP.664 (T332N) in Adjuplex adjuvant
(Figure 5a). Two boosts were sufficient to elicit ELISA EC50
titers of ∼103−104 for autologous Env trimer (Figure 6a,
green). Anti-Env titers were similar for Group 1 compared with
Groups 2−6, indicating that glycopeptide priming did not
influence development of antibodies against the SOSIP
immunogen. To test for Env-specific antibodies that bind to
oligomannose glycans, we also measured binding to SOSIP
trimers grown in the presence of kifunensine (bearing only
Man8−9 glycans) or grown in HEK293S cells (GnTI−/− cells

Figure 4. Overall view of crystal structure of (Fab)2 2G12 in complex
with glycopeptide 10F5M. Ordered electron density was only visible
for the glycan portion of the glycopeptide. Coloring is as in Figure 3.
Similar to the previously published structure of 2G12 in complex with
Man9GlcNAc2 (PDB 1OP5), there is one Man9 binding at each
canonical Fab binding site, and two Man9 moieties (“sym”) binding at
the VH−VH′ interface, that bridge to symmetry-related 2G12
molecules in the crystal.

ACS Central Science Research Article

DOI: 10.1021/acscentsci.8b00588
ACS Cent. Sci. 2019, 5, 237−249

240

http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://dx.doi.org/10.1021/acscentsci.8b00588


producing only Man5−9 glycans) (Figure 6a, blue and red).
Unlike monoclonal antibodies PGT128, 2G12, or DH501,
which exhibit 10- to 40-fold binding enhancements to
hypermannosylated Env variants,57 the vaccinated rabbit sera
bound with equal titers to Env variants with all three levels of
mannosylation. Moreover, serum binding to Env was not
particularly affected by addition of 500 mM mannose
competitor, in comparison with control antibodies (SI, Table
S9). These data suggest that the serum antibodies primarily
responsible for the observed Env titers are not heavily
dependent on binding to mannose motifs.
We also performed a neutralization screen on a small panel

of test viruses (SI, Tables S5a,b). Neutralization of the
sensitive Tier 1 clade C strain MW965.26 was observed for
nearly all rabbits after the second SOSIP boost (dose 6) and

weakly detected for two rabbits from Groups 3 and 4 after
immunizations with glycopeptide conjugate alone (dose 4).
Post-dose 6 neutralization of autologous Tier 2 clade A BG505
(T332N) strain was detected in only a few animals; albeit one
rabbit also weakly neutralized heterologous Tier 2 strain JR-FL.
More consistent autologous Tier 2 neutralization has
previously been detected in rabbits immunized with three
doses of the same SOSIP construct, but neutralization in that
study was similarly sporadic after the second dose.7 To assay
for mannose-dependent neutralization, heterologous Tier 2 JR-
FL was tested in comparison with the same strain grown in
GnTI−/− cells (in which complex glycans are replaced with
Man5GlcNAc2). Whereas only one animal’s serum neutralized
WT JR-FL, all sera neutralized GnTI−/− JR-FL, possibly
suggesting that mannose- or Man5-binding antibodies are

Figure 5. Immunogenicity of four glycopeptide conjugates. (a) Immunization regimen. Groups of rabbits (n = 6) were immunized with linker-
functionalized carrier or glycopeptide conjugates. Groups 2−5 repeatedly received 50 μg of glycopeptides 10F5M, 10F2, 10F6, and 10F8
(conjugated to CRM197 carrier), respectively, at weeks 0, 4, 8, and 12. Group 1 received CRM197+linker, and Group 6 received all four glycopeptide
conjugates sequentially. All groups received two “boost” immunizations with native-like Env trimer BG505.SOSIP.664 (T332N) at weeks 16 and
20. Sera were collected 2 weeks after each immunization. (b) Comparison of dose 4 serum IgG ELISA EC50 titers against CRM197+linker vs
peptide−BSA vs glycopeptide−BSA. Statistical significance was determined by matched one-way ANOVA followed by Tukey’s post-hoc test for
multiple comparisons. (c) Time course of rabbit serum IgG binding to autologous and heterologous glycopeptides (geometric mean ELISA EC50
titers). Arrow colors indicate the glycopeptide used for immunization, while the color of each line represents the glycopeptide−BSA. The horizontal
dotted line represents the lowest serum dilution tested.
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responsible for neutralizing activity; however, enhanced
neutralization of GnTI−/− virus was observed with sera from
all groups, with and without a glycopeptide prime. Therefore,
mannose-binding anti-Env antibodies, if present after dose 6,
do not result from the glycopeptide prime. The enhanced
neutralization of GnTI−/− virus may be due to increased
exposure of protein epitopes when complex glycans are
replaced with Man5.

58

Fine Carbohydrate Specificity of the Immune
Response. Since our glycopeptide-elicited sera bound to
glycans in our glycopeptides, but did not exhibit strong
evidence of mannose-dependent Env binding, we performed
further experiments to determine the fine carbohydrate
specificity. To detect antibodies specific for different parts of
the glycan, but not the peptide scaffold, we produced a panel of
ELISA coating antigens in which various glycan fragments
(Figure 7) were attached to 10F12M (Figure 8a), a peptide
backbone that differs from those present in the immunogens.

Man1, Man2, and Man3 isomers, Man4, Man5, and Man9, were
attached to peptide via the cyclohexyl triazole linker (as in the
immunogens used); however, we also tested a Man9GlcNAc2−
triazole variant, 10F12M peptide alone, and 10F12M bearing
the cyclohexyl triazole linker only. For all glycopeptide-
immunized groups, serum reactivity (Figure 8b) to
Man9GlcNAc2−triazole peptide was low, about equal to that
for 10F12M peptide alone, indicating the absence of antibodies
that can bind to the mannose residues alone or to the triazole
alone. ELISA against various oligomannose fragments revealed
a general trend: in all glycopeptide-immunized groups, most
sera bound with statistically indistinguishable titers (Figure 8c,
p = 0.4−1, green cells) to all glycans containing two or more
mannose residues (Man2(1 → 3), Man3, Man4, Man5, Man9)
linked via the cyclohexyl core (Cy) present in the
immunogens. An exception was Man2(1 → 6)Cy, which was
recognized with an intermediate avidity. In the aggregate of
Groups 2−5, binding clearly decreased in the order Man2-Cy >

Figure 6. Env binding of immunized rabbit sera. (a) Time course of rabbit serum IgG binding to three glycosylation variants of soluble trimeric Env
BG505.SOSIP.664 (T332N) before and after boost with trimeric Env (measured at 12 ng SOSIP/well coating concentration). Arrows indicate
immunization time points; horizontal lines indicate the lowest serum dilution tested. (b) ELISA of post-dose 4 sera binding to 293F SOSIP trimer
at higher coating concentration (200 ng/well). Groups 1 (CRM197+linker control) and 4 (10F6) are shown in the figure. Colors represent
individual rabbits, with solid lines for postdose 4 sera and dotted lines for prebleed sera. Data for all groups are presented in SI, Figure S16, with
individual rabbit identifier numbers. (c) Schematic of glycosylation patterns on Env constructs grown in 293F cells (native, used in immunization),
293S cells (GnTI−/−), and in the presence of kifunensine. Data in (a) and (b) are averages of three replicates.
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Man1-Cy > HO-Cy (p < 0.0001 and p = 0.011, respectively; SI,
Table S6). Among individual groups, this trend was less
statistically significant. Taken together, these results suggest
that the majority of serum reactivity to the Man9Cy structure
in the immunogens results from antibodies focused on its
reducing-terminal “core” (Figure 9a); this includes the
reducing-terminal mannose residue of the D1 arm, the core
mannose, and the cyclohexyl linker. Very little binding was
observed to glycopeptides containing Man9GlcNAc2 (natural
GlcNAc2 core instead of Cy), and was highly variable toward
the Cy linker alone (Figure 8b); thus, the cyclohexyl group is a
necessary, but not always a sufficient, binding determinant of
the elicited sera.

■ DISCUSSION

This study has demonstrated that Man9-functionalized
glycopeptide−CRM197 conjugates elicit robust antibody titers
against the attached glycans. However, antibody binding is
focused on the reducing-terminal residues of the oligomannose
structure, including the hydrophobic linker present in the
immunogen, rather than the Manα1 → 2Man termini of the
glycans. This finding has implications for HIV carbohydrate
vaccine studies because prototypical HMP-targeting antibodies
(2G12, PGT128, PGT122) bind, at least in part, to Manα1 →
2Man termini.27,28,38 Although various oligomannose struc-
tures have previously been tested as immunogens,17,21−23,59−61

only a few studies describe the fine carbohydrate specificity of
the elicited sera.57,62−66 Manα1 → 2Man binding antibodies
with 2G12-blocking activity have been elicited by a 3 year

Figure 7. Synthesis of glycan fragments for fine specificity studies. Reagents: (a) DDQ, CH2Cl2/H2O, 0 °C; (b) Na0, THF, −78 °C, NH3(l); (c)
TfN3, K2CO3, CuSO4, H2O/MeOH/CH2Cl2, rt; (d) AgOTf, 4 Å MS, di-tert-butylpyridine, toluene, −20 °C; (e) NaOMe/MeOH, rt; (f) Sinaÿ
Reagent ((4−Br-C6H4)3N

+SbF6
−), 4 Å MS, MeCN, 0 °C; (g) Et3SiH, PhBCl2, −78 °C; and (h) 4 Å MS, CH2Cl2, AgOTf, N-iodosuccinimide, −

20 °C.
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immunization regimen with both DNA and protein Env
constructs.57 Previously, vaccination with hypermannosylated
yeast and yeast glycoproteins elicited sera in which modest
Manα1 → 2Man binding was detected in enriched fractions of
IgG.64,66 In studies most comparable to ours, BSA or Qβ phage
particles were functionalized with Man9 or Man4 containing an
α-linked n-pentyl linker, and the resulting vaccinated rabbit
sera were characterized on a glycan array;62,63 binding was
observed to numerous synthetic oligomannose glycans
containing an α-linked n-alkyl linker analogous to the
immunogen, but not to high-mannose glycans containing the
natural GlcNAc2 core.
In those reports, it was proposed that the hydrophobic linker

alters the conformation of the oligomannose moiety so as to
render it antigenically distinct from Man9GlcNAc2. While this
may be the case, the data reported here, together with the
previous studies,62,63 are also consistent with a simpler
interpretation, that antibodies are preferentially generated
against the core residues of the glycan, including the linker,
rather than against the terminal Manα1→ 2Man “tips” (Figure
9a). If this is true, then why should the “tips” of the
oligomannose moiety fail to elicit antibodies? A conventional
explanation is lack of immunogenicity: B cells whose antibody
receptors are specific for Manα1 → 2Man moiety may be rare
or nonexistent, or inactivated by tolerance mechanisms; the
desired specificity exhibited by 2G12 and PGT128 might arise
only after extensive affinity maturation, sometimes including
domain exchange,27,67,68 which may not be sufficiently driven
by this vaccination regimen. An alternative hypothesis

consistent with the data is that the vaccine pharmacokinetics
alter the immune response: the lack of antibodies to Manα1→
2Man, particularly in synthetic immunogens, might reflect
rapid mannosidase trimming of these structures in the
vaccinated animal, on a time scale that is competitive with
the development of the antibody response (Figure 9b). Thus,
germinal centers would be presented primarily with truncated
glycan immunogens, resulting in affinity maturation that favors
antibodies focused on the glycan core structures.
Supporting this hypothesis, serum mannosidase activity has

been observed in several species, including rabbits, both in vivo
and ex vivo.69−72 In an antibody pharmacokinetic study in
mice,69 Man9GlcNAc2 on the Rituximab Fc was found to be
truncated in vivo to Man5/6 with a half-life of ∼6 h, and nearly
complete conversion was observed within ∼2 days, well before
the establishment of mature germinal centers (∼7 days).73 To
assess whether our glycoconjugates are similarly trimmed, we
prepared an alkyne-labeled version of the 10F6 glycoconjugate
that could be retrieved for mass spectrometric analysis after
incubation in serum ex vivo (Figure 9c). At various time points,
conjugate in each serum sample was selectively tagged by
“click” with an azide biotin tag, then captured on NeutrAvidin
resin and specifically eluted by hydrazine cleavage of the linker.
Trypsin digests of the retrieved conjugate were analyzed by
nanoUPLC-MS and MS/MS to identify and determine relative
quantities of truncated 10F6 glycoforms. Significant trimming
was observed within 48 h, with up to ∼24% of glycans trimmed
to Man6 (Figure 9d; SI, Figure S18 and Table S10).

Figure 8. Glycan microspecificity of glycopeptide-elicited sera. (a) “Click” attachment of glycans to 10F12M peptide and conjugation to BSA.
10F12M (XSYVTVIPAXNXPEARLGIVSHXPGIRRGKALYGSGSGC(StBu)A, X = Man9-HPG, see Figure 1) is a derivative of evolved 2G12-
binding glycopeptide 10F12, containing a pair of C → S mutations (in bold) that weaken 2G12 binding from 0.77 nM44 to >20 nM KD (SI, Figure
S17). (b) ELISA EC50 IgG titers of dose 4 sera against different glycans clustered on 10F12M. Bars represent geometric means and geometric
standard deviations. Data from all glycopeptide-immunized groups (2−5) are pooled for analysis. (c) Differences in serum binding to various
glycans, represented by p values of pairwise comparisons of the data shown in part b. p values are determined by matched one-way ANOVA,
followed by Tukey’s post-hoc test for multiple comparisons. *** denotes p < 0.0001. Green cells represent pairs of glycan antigens to which serum
binding is statistically indistinguishable, whereas red cells represent glycan antigen pairs to which serum binding is well differentiated (p < 0.0001).
Intermediate colors represent intermediate p values (orange, p = 0.001−0.05; yellow, p = 0.05−0.15).
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Thus, mannosidase trimming of our vaccine glycans occurs
on a time scale that may affect the glycan microspecificity of
vaccine-elicited antibodies. In natural HIV infection as well,
analogous mannosidase trimming of the virus may contribute
to the heterogeneity of HIV glycosylation and similarly retard
the development of Manα1 → 2Man-specific antibodies; bnAb
responses would thus be more likely to begin against conserved
peptide motifs and the GlcNAc2 core common to the glycans.
Over years, persistent exposure to intact Man9GlcNAc2 on
freshly produced viral Env, especially the most sterically
protected glycans in the HMP, may favor evolution of bnAbs
that accommodate or depend on Manα1 → 2Man motifs.
Similarly, in very long immunization regimens with Env
protein or DNA,57 or with hypermannosylated yeast or
glycoproteins that contain dense configurations of man-
nose,64,66 exposure to intact Manα1 → 2Man motifs may be
more prolonged and more likely to stimulate mannose-binding
antibodies. In light of these considerations, it is important to
routinely evaluate the glycan microspecificity of sera elicited by
glycosylated immunogens, and to test alternative immunization
regimens and strategies including sustained release of
immunogen74,75 or the use of mannosidase inhibitors.

■ CONCLUSION

This study has demonstrated that evolved Man9−glycopeptide
immunogens, conjugated to CRM197 carrier, elicit a glycan-
dependent IgG immune response. However, these antibodies
preferentially target the reducing-terminal structures within the
glycans of the immunogen, including a hydrophobic linker

moiety, readily providing an explanation for low reactivity to
Man9GlcNAc2 glycans on HIV Env. Mannosidase trimming of
the immunogen glycan “tips” was observed in serum and may
contribute to the generation of antibodies focused on the
glycan core. This study provides insight into the design of
vaccines and immunization strategies targeting the glycan
shield of HIV.

■ METHODS

Synthetic glycan azides and peptides were synthesized,
coupled, and characterized by LC-ESI-MS as detailed in the
SI, Materials and Methods. Glycopeptides were conjugated to
CRM197 (for immunizations) or to BSA (for ELISA antigens)
using distinct linkers, and loading was characterized by
MALDI-TOF MS, as detailed in the SI, Materials and
Methods. Serum mannosidase trimming of conjugates was
monitored by nanoUPLC-MS and MS/MS, as detailed in the
SI, Materials and Methods. New Zealand white rabbits were
housed at Prosci, Inc., and immunized with glycopeptide−
CRM197 conjugates or SOSIP Env trimers, with Adjuplex
adjuvant according to Brandeis University IACUC-approved
protocols, as detailed in the SI, Materials and Methods. ELISAs
were performed in triplicate, and statistical analyses were
performed in Graphpad Prism on log-transformed EC50 titer
values using ANOVA with Tukey’s post-hoc test for multiple
comparisons, as detailed in the SI, Materials and Methods.
Crystal structure determination methods are detailed in the SI,
Materials and Methods, and coordinates for 2G12 + 10V1S

Figure 9. Serum mannosidase activity may account for preferential targeting of glycan core by elicited antibodies. (a) Depiction of glycan residues
preferentially targeted by the glycopeptide-elicited response. Antibodies elicited in this study bind preferentially to the cyclohexyl and core mannose
residues of the glycopeptide immunogens, but not to the Manα1→ 2Man termini. (b) Hypothesis that serum mannosidase trimming of Manα1→
2Man in vivo leads to lack of antibodies elicited against Manα1→ 2Man. Similar trimming of Man9GlcNAc2 on kif-Rituximab has been measured in
vivo.69 (c, d) Experiment to assess mannosidase trimming of 10F6 glycopeptide conjugate in serum. An alkyne-tagged version of the 10F6−CRM197
glycoconjugate was incubated in serum, and aliquots were “quenched” by addition of mannosidase inhibitors kifunensine and swainsonine.
Conjugate was retrieved from samples by “click” biotinylation, affinity capture on NeutrAvidin beads, and elution by dilute hydrazine cleavage of
the linker. Trypsin digestion followed by nanoUPLC-MS and MS/MS enabled identification and relative quantification of glycoforms of 10F6
tryptic glycopeptides, showing cleavage of ca. 3 mannose residues per glycan after 2 days. Similar data for a different tryptic glycopeptide can be
found in the SI, Figure S18 and Table S10.

ACS Central Science Research Article

DOI: 10.1021/acscentsci.8b00588
ACS Cent. Sci. 2019, 5, 237−249

245

http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00588/suppl_file/oc8b00588_si_001.pdf
http://dx.doi.org/10.1021/acscentsci.8b00588


and 2G12 + 10F5M have been deposited to the worldwide
Protein Data Bank76 with IDs 6CXG and 6CXL, respectively.
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