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Abstract
A major priority in HIV vaccine research is the development of an immunogen to elicit broadly
neutralizing antibodies (NAbs). Monoclonal antibody (mAb) b12 is one of now several broadly
neutralizing mAbs that bind epitopes overlapping the CD4-binding site (CD4bs) on HIV-1 gp120
and that serve as templates to engineer effective immunogens. We are exploring a strategy
whereby extra glycans are incorporated onto gp120 to occlude the epitopes of non-neutralizing
mAbs while maintaining exposure of the b12 site. Immunizing with these so-called
hyperglycosylated gp120s is hypothesized to preferentially elicit b12-like NAbs. Here, the effects
of two adjuvants, monophosphoryl lipid A (MPL) and Quil A, on eliciting b12-like responses
when formulated with a new hyperglycosylated mutant, ΔN2mCHO(Q105N), is presented. Sera
from ΔN2mCHO(Q105N)_MPL immunized animals bound the homologous antigen
ΔN2mCHO(Q105N) with greater preference than sera from ΔN2mCHO(Q105N) QuilA
immunized animals, demonstrating the modulation of antibody fine specificity by these two
adjuvants. We also found that sera from ΔN2mCHO(Q105N)_QuilA immunized animals bound
best to a resurfaced HIV gp120 core protein on which non-CD4bs epitopes are substituted with
non-HIV residues, suggesting that these sera contain a relatively larger fraction of CD4bs-specific
antibodies. Consistent with these data, inhibition assays revealed epitope overlap with the binding
sites of the CD4bs-specific antibodies b12, b13 and VRC03. Unexpectedly, these sera did not
exhibit significant neutralizing activity against a set of HIV-1 primary strains. Our results show
that although formulating mutant ΔN2mCHO(Q105N) with Quil A promotes the elicitation of
CD4bs-directed antibodies relative to wild-type gp120, tweaking of the immunization regimen is
needed to yield robust, CD4bs-focused NAbs.
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1. Introduction
The surface unit gp120 of the HIV envelope spike (Env) is a principal target for anti-viral
neutralizing antibodies (NAbs) [1,2] and therefore of particular interest for the design of an
HIV vaccine. However, the extensive antigenic diversity exhibited by gp120 poses
significant challenges for formulating a vaccine immunogen capable of eliciting NAb
responses that are effective against the many different HIV strains that a vaccinee might be
exposed to. To address this challenge, novel vaccine design strategies are being explored.
One major avenue of research has been made to delineate sites on Env that are most
conserved among virus strains yet accessible for antibody recognition (reviewed in [1,3,4]).
The CD4-binding site (CD4bs) on gp120 is one of the sites that is of considerable interest
for vaccine design purposes because (a) its structure is relatively conserved as necessitated
by its role in viral host entry [5], (b) of the occurrence of anti-CD4bs NAbs with exceptional
activity in the sera of select long-term infected HIV+ individuals [6–19], and (c) of the
results from passive antibody transfer studies in macaques demonstrating protection against
chimeric simian–human immunodeficiency virus (SHIV) challenge upon administration of
the broadly neutralizing CD4bs-specific monoclonal antibody (mAb) b12 [20–24].
Screening and mapping of sera from HIV-infected individuals has recently led to the
discovery of a number of additional broadly neutralizing CD4bs-specific mAbs, including
VRC01, VRC03, HJ16, VRC-PG04 and 3BCN60 [7,14–17,25]. Armed with an increasingly
better understanding of how CD4bs antibodies structurally and functionally interact with
gp120 [17,26–31], the focus has turned largely to the structure-based design of immunogens
to elicit NAbs of equivalent activity (reviewed in [32,33]), supplemented by studies
characterizing B cell responses at the cellular level[34–36].

Among the avenues under investigation are strategies to focus antibody responses on the
epitopes of broadly neutralizing CD4bs antibodies such as b12 [37–39]. In earlier work, we
reported on a panel of gp120 mutants engineered to elicit antibodies targeted to the b12
epitope [28,38,40]. The design of these mutants began with the identification of four
residues – Gly473-Asp474-Met475-Arg476 (dubbed GDMR) – at the heart of the CD4bs that
are generally important for the binding of several non-neutralizing CD4bs antibodies, but
unnecessary for b12 binding [28,41]. Substitution of this string of 4 residues with alanines
abrogated the binding of several non-neutralizing CD4bs antibodies; the design of this so-
called GDMR mutant was meant to reduce the likelihood of eliciting non-neutralizing
CD4bs antibodies upon immunization [28,42]. Binding of antibodies to other regions on
monomeric gp120 was further eliminated by truncation of the N terminus and masking other
unwanted epitopes via the incorporation of extra glycans [38,40]. We have dubbed this
approach hyperglycosylation and hypothesize, as have others [43–46], that immunizing with
these molecules will result in antibody responses preferentially directed at sites that remain
accessible, most desirably the b12 binding site. While most mutants designed so far have not
exhibited a reduction in immunogenicity relative to wild-type gp120, their antigenic design
has not translated into the elicitation of high levels of CD4bs-specific NAbs ([42] and
unpublished data). We have focused therefore on ‘fine tuning’ exposure of the CD4bs and
are exploring immunization regimens that will promote the elicitation of the desired CD4bs-
specific antibodies.

One factor that may impact the elicitation of CD4bs responses is the choice of adjuvant.
Adjuvants are known to increase robustness of humoral responses to immunogens and have
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now become a key component in most vaccine formulations [47–50]. We therefore
conducted a pilot study with wild-type gp120 (gp120wt) in mice using six different
adjuvants and adjuvant mixtures – Alum, Quil A, CpG-ODN, monophosphoryl lipid A
(MPL), Alum plus CpG, and Quil A plus MPL. Based on the results of this pilot study,
which are reported here, Quil A and MPL were moved forward for closer investigation.

This report focuses on the head-to-head comparison of the ability of MPL and Quil A to
promote CD4bs-specific antibody responses in mice immunized with the engineered mutant
Q105N compared to gp120wt. To dissect the specificities of the elicited serum antibodies,
three gp120 derivatives were used: (i) a truncated gp120 outer domain construct (XOD6)
lacking the N-terminus, V1/V2 loops and half of the gp120 bridging sheet formed by the
inner domain, (ii) a resurfaced gp120 core (RSC3) that specifically presents the neutralizing
face of the CD4bs but largely eliminates other antigenic faces through non-HIV-1 residue
substitution [25], and (iii) a mutant of RSC3 containing a deletion of Ile371 that eliminates
binding of several CD4bs antibodies (RSC3Δ371I; also termed ΔRSC3 [25]). Overall, the
data indicate that mutant Q105N elicits greater CD4bs-specific antibody responses when
formulated with the adjuvant Quil A. Although the elicited antibodies did not exhibit
significant neutralizing activity, this study shows the significance of adjuvant on the
magnitude of CD4bs-directed responses and provides an incremental step in understanding
molecular and physiological features that might promote antibody responses to the CD4bs.

2. Materials and methods
2.1. Construction, expression and purification of the truncated outer domain protein XOD6

XOD6 is a gp120 outer domain construct comprised of residues 249–485 of JR-CSF gp120.
A plasmid encoding codon-optimized JR-CSF gp120 (kindly gifted by Maxygen) was used
as template to amplify the relevant segment by standard PCR. The reverse primer encoded
also a 6-HIS tag sequence to facilitate protein purification. The resulting fragment was
cloned into a modified pRMHa Drosophila expression vector (Maxygen) and checked by
DNA sequencing. To express the protein, the plasmid was transfected into Drosophila S2
cells along with plasmid pCoBlast (Invitrogen) at a 20:1 ratio. Stably transfected cells were
selected by serially passaging the cells in S2 media containing 25 μg/ml blastidicin
(Invivogen). Stably transfected clones were expanded in multi-level Cell Factories (Nunc)
and allowed to grow until near full-confluency. CuSO4 (0.5 mM final concentration) was
then added to induce protein expression. Supernatant was harvested 3–4 days later and
stored at 4 °C until needed.

XOD6 was purified in a 2-step process. Culture supernatant was first passed over a
Galanthus nivalis lectin (Vector Labs) column. Non-specifically bound protein was removed
by washing and bound glycoproteins eluted with buffer supplemented with 1 M methyl
mannoside. The eluate was then passed over a Ni2+-NTA agarose (Qiagen) column. After
washing, HIS-tagged XOD6 was eluted with buffer containing a high concentration of
imidazole (200–300 mM). The eluate was dialyzed against PBS and purity assessed by SDS-
PAGE.

2.2. Construction, expression and purification of JR-FL gp120wt and Q105N
Mutant Q105N was generated by QuikChange mutagenesis (Agilent Technologies) using
mutant ΔN2mCHO [40] as template. The mutagenesis primers were designed to insert the
glycosylation signal sequence Asn-(X)-Thr at positions 105–107. The sequence of the
Q105N mutant was verified by DNA sequencing. To facilitate recombinant protein
purification, the sequences for JR-FL gp120wt [28] and mutant Q105N were appended with
a C-terminal 8-HIS tag by standard PCR. Following digestion with EcoRI and XhoI, the
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PCR products were cloned into a previously described pCMV-tag4 expression vector
(Agilent Technologies) containing a tissue plasminogen activator leader sequence for
recombinant protein secretion [28]. After confirming addition of the HIS tag by DNA
sequencing, CHO-K1 cells were stably transfected with each construct using FuGENE
(Roche). Stably transfected clones were selected by two rounds of limiting dilution in
selection media (Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (Invitrogen)
supplemented with 5% FBS and 200 μg/ml G418). Clones producing the highest levels of
protein from the limiting dilution rounds were sub-cultured to select the best-growing clone
that produced the highest amount of protein. Cultures of the best clones were then expanded.
To maximize production, stably transfected clones were cultured in multi-level Cell
Factories (Nunc). Supernatants were normally harvested at 10-day intervals, filtered to
remove cell debris and then purified on Ni2+-NTA columns (Qiagen) as described above for
protein XOD6. Protein purity was determined as described above.

2.3. Immunizations
Groups of roughly six-week old female BALB/c mice (Jackson), with 8 animals per group,
were used for immunizations. Each animal received 20 μg of antigen per injection
formulated with adjuvant. For the pilot adjuvant study with gp120wt we used 6 different
adjuvants and adjuvant combinations: (1) Alhydrogel (Accurate Chemical and Scientific
Corp.; 50 μl per animal of 1.3% aluminum hydroxide formulation); (2) Quil A (Accurate
Chemical and Scientific Corp.; 20 μg per animal); (3) CpG-ODN 2006 [51–53]
(Invitrogen); (4) monophosphoryl lipid A (MPL; 50 Sigma Adjuvant System, 20 μg per
animal); (5) Alhydrogel plus CpG; and (6) Quil A plus MPL. For the MPL formulations,
adjuvant was pre-heated at 45 °C for 5 min and then mixed with antigen. For all other
formulations, adjuvant solubilised in PBS was mixed directly with antigen. Ca2+/Mg2+-free
PBS was used to make up a final volume of 200 μl per animal, and formulations were mixed
for 1 h at RT. All formulations were prepared on the day of immunization. Each animal
received two 100 μl subcutaneous injections of immunogen at each immunization time
point. The animals received a first booster injection at 4 weeks after priming and a second
boost 8 weeks later. Bleeds were taken 2 weeks after each injection. Sera from the final
bleeds were used for all analyses reported here. All experiments were approved by and
followed the guidelines set out by the University Animal Care Committee.

2.4. Enzyme-linked immunosorbent assay (ELISA)
ELISA’s were performed as described previously [28]. To assess the antigenic profile of
Q105N, microtiter plates were coated with Q105N at 2 μg/ml (in PBS) and serially diluted
mAbs (F105, b6, b12, b13, VRC01, VRC03, CD4-IgG2, B4e8 and 2G12) assessed for
binding starting at 5 μg/ml. Plates were allowed to develop for 30 min in the dark and then
read at 405 nm.

To determine serum antibody titres and to dissect serum antibody specificities, 96-well
ELISA plates were coated with antigen as described above and serially diluted sera assessed
for binding starting at 1:500. Serum antibody titres were defined as the serum dilution that
yielded an OD405 signal > 0.2 after 30 min. This cutoff is twice above the average
background OD405 signal (0.1) based upon binding of pre-bleed samples and corresponding
blank controls. To determine the IgG subclasses of the elicited serum antibodies, assays
were set up as described above and binding detected with subclass-specific secondary
antibodies.

Inhibition assays were performed in 2 ways. For the analysis of sera from the pilot
immunization with gp120wt, serially diluted sera were added to gp120-coated microtiter
plates that had been pre-incubated for 1 h with F(ab’)2 b12. F(ab’)2 b12 was made by
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digestion of IgG b12 with pepsin (Sigma) following a previously described procedure [54].
Serum binding was quantified with a rabbit Fc-specific secondary antibody and ELISA titres
determined relative to buffer-only control wells. For the analysis of sera from the head-to-
head comparison between gp120wt and Q105N, sera were serially diluted (starting at 1:50)
and incubated on plates for 1 h. MAbs (diluted to 10 μg/ml) were then added to the plates
and these incubated for a further 1 h. MAb binding was quantified using AP-conjugated
anti-human F(ab’)2-specific secondary antibody (Jackson ImmunoResearch). A F(ab’)2-
specific secondary antibody was used to ensure specific detection of the mAbs. Relative
changes in mAb binding were calculated by subtracting the OD values of no serum blank
controls from the OD values of the corresponding serum samples.

2.5. Neutralization assay
Pseudovirus neutralization assays with luciferase read-out were performed with U87 CD4+

CCR5+ target cells essentially as described before [28,55]. Heat-inactivated (56 °C, 30 min)
pooled sera from each immunization group were diluted 1:10 in media and pre-incubated
with an equal volume of pseudovirus for 1 h at 37 °C. The sera/virus mixture was then
added to U87 CD4+ CCR5+ cells. Luciferase activity in cell lysates was assessed on a Viktor
X5 luminometer. Percentage neutralization was calculated relative to cell-only and virus-
only controls.

2.6. Statistical analyses
All statistical analyses were performed using GraphPad Prism 5. Differences between
groups were assessed using one-way ANOVA, with p < 0.05 being considered significant.

3. Results
3.1. Hyperglycosylated mutant Q105N limits access of select CD4bs antibodies

The design of previous hyperglycosylated mutants has focused mostly on masking the
epitopes of antibodies to non-CD4bs epitopes, in particular the V1/V2 and V3 regions,
through the introduction of extra glycans at those locations [38,40]. Although these mutants
also contained a 4-string alanine substitution of residues 473–476 (the GDMR region) that
prevented the binding of non-neutralizing CD4bs antibodies, access to the CD4bs was not
specifically constrained by glycans. We reasoned that elicitation of CD4bs-focused
responses might be improved by replacing the GDMR/AAAA mutation with a glycan that
would restrict access to the target site. Combining insight from the b12:gp120 complex
structure [56] and alanine mutagenesis data [28], we inserted a glycan at position 105 (Gln)
on JR-FL gp120 (Fig. 1). Residues at position 105 are highly variable [28,57] and thus it
seemed likely that our mutation would not be substantially disruptive. Furthermore, we
reasoned that a glycan on the left perimeter of the b12 epitope near the non-neutralizing
face/inner domain of gp120 [58] (Fig. 1) would limit antibody access to the CD4bs from that
unwanted angle. The resulting mutant, ΔN2mCHO(Q105N), has a total of 11 extra glycans
on gp120 relative to the wild-type sequence.

To assess CD4bs exposure on mutant Q105N, the binding of a panel of mAbs was evaluated
relative to wild-type JR-FL gp120. Neutralizing and non-neutralizing antibodies targeting
three areas on gp120 – the CD4bs (F105, b6, b12, b13, VRC01, VRC03 and CD4-IgG2), the
glycosylated ‘silent face’ (2G12) and the V3 loop (B4e8) – were assessed for binding. As
expected, the mAbs bound at high levels and with high affinity to gp120wt (Fig. 2A). The
only exception was VRC03. BIAcore measurements show that VRC03 binds with
reasonable affinity but at poor saturation levels to monomeric gp120 [25], congruent with
the results obtained here. The antibodies b6, b12, b13, VRC01 and 2G12 bound best to
mutant Q105N, albeit with lower affinities than to gp120wt (Fig. 2B). Retention of b6 and
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b13 binding was not expected, but can be explained by their very similar mode of interaction
with the CD4bs compared to b12[25,27,28,56]. CD4-IgG2, which used here as a surrogate
for CD4, bound poorly to Q105N relative to gp120wt and mAbs F105 and VRC03 did not
bind Q105N at all. The V3-specific antibody B4e8 did not bind to Q105N as expected given
its inability to bind the parental mutant ΔN2mCHO [40].

To assess whether the changes in mAb binding were due to a glycan insertion, we also
generated ΔN2mCHO variants with only an Asn at position 105 or only a Thr at position
107. The binding of b12, F105 and CD4-IgG2 was no different between the mutant
ΔN2mCHO and these 2 variants (Fig. S1). From these results we concluded that it is likely
indeed the specific insertion of a glycan at position 105 on gp120 that restricts access to the
CD4bs. However, unlike the ΔN2mCHO-GDMR mutant, Q105N does not eliminate
binding of all non-neutralizing CD4bs mAbs [40].

3.2. Adjuvants Quil A and MPL promote the elicitation of CD4bs-directed responses
Given the antigenicity of Q105N, we wished to assess the impact of adjuvant formulation on
the magnitude of antibody responses. We first conducted a pilot study with gp120wt to
compare the adjuvanticity of Alum (Alhydrogel) to formulations of Quil A, CpG-ODN,
MPL, Alum + CpG and Quil A + MPL. As a source of MPL we used the Sigma Adjuvant
System, a squalene oil-in-water emulsion containing MPL and synthetic trehalose
dicorynomycolate. The composition of the Sigma Adjuvant System is analogous to that of
the more commonly known Ribi Adjuvant System. The adjuvant activity of these systems is
likely mediated primarily by the interaction of MPL with TLR4 [59]. Quil A is a complex
mixture of chemically related saponins extracted from the bark of the Quillaja saponaria tree
[60]. The adjuvant activity of Quil A, and its purified derivative QS-21, is thought to be
mediated through a chemical reaction between an aldehyde group on the saponin and amino
groups on certain T cell receptor molecules [61]. Except for CpG-ODN, all adjuvant
formulations elicited more robust antibody responses than Alum (Fig. S2); Quil A and a
mixture of Quil A plus MPL gave the most robust antibody responses. However, animals
that received the latter mixture also developed swelling at the injection sites (data not
shown) and thus this mixture was not considered further. We next assessed which of the
adjuvants might best promote the elicitation of CD4bs antibodies by performing inhibition
ELISAs with F(ab’)2 b12. The largest (and statistically significant) reduction in serum
binding in the presence of F(ab’)2 b12 was observed with sera from the Quil A-only
formulation (Fig. S3). Of the remaining sera, those from animals immunized with MPL
showed the greatest reduction in binding in the presence of F(ab’)2 b12. However, the level
of diminution was not statistically significant.

The pilot study thus favoured MPL and Quil A for improving CD4bs responses. We
therefore conducted a head-to-head comparison of MPL and Quil A. We found that both
gp120wt and Q105N formulated with Quil A elicited higher titres on average than when
formulated with MPL (Fig. 3). However, these differences were not statistically significant.
Serum antibodies elicited by gp120wt formulated in MPL as well as in Quil A bound
preferentially to gp120wt (Fig. 3A), suggesting that the elicited antibodies recognize
predominantly epitopes exclusive to this antigen. Anti-Q105N MPL sera also bound its
homologous antigen (ΔN2mCHO(Q105N)) preferentially, suggesting the possible creation
of neo-epitopes when Q105N is mixed with MPL. However, this preference was less
pronounced with Q105N_QuilA sera (Fig. 3B).

In addition to overall titres we also assessed IgG subclass composition. Sera from both Quil
A-adjuvanted groups elicited strong IgG1, IgG2a and IgG2b titres whereas most MPL-
adjuvanted animals only produced IgG1 antibodies (Fig. 4). These results are in accordance
with Quil A’s ability to stimulate both Th1 and Th2 responses [61].
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3.3. Q105N in Quil A adjuvant elicits higher levels of CD4bs-specific antibodies
To determine the proportion of CD4bs-specific antibodies elicited by each immunogen, we
assessed serum binding to XOD6, RSC3 and RSC3Δ371I. XOD6 is a gp120 outer domain
construct comprised of residues 249–485 of JR-CSF gp120; it is bound by mAbs VRC01
and b13 with moderate affinity but is not bound at all by mAbs VRC03 or b12 (Fig. S4).
RSC3 is an antigenically resurfaced, conformationally stabilized gp120 core protein that
exclusively presents the structurally most conserved part of the CD4bs [25]. Variant
RSC3Δ371I contains a residue deletion (Ile371) that knocks out the binding of most CD4bs
antibodies capable of binding RSC3 [25].

Because these three gp120 derivatives present the CD4bs in different ways, we reasoned that
they would allow us to gain insight into how the elicited antibodies might be interacting with
their epitopes. We found that sera from all groups bound XOD6 with reasonable affinity
(Fig. 5A), though sera from Q105N_QuilA animals bound slightly better relative to sera
from the 3 other groups, suggesting the somewhat greater presence of antibodies with
epitopes overlapping the gp120 outer domain in this group of immunized animals. Most
notably, Q105N_QuilA sera bound significantly better to RSC3 than sera from the other 3
serum groups (Fig. 5B), indicating that a comparatively larger fraction of CD4bs-specific
antibodies had been elicited by specifically combining mutant Q105N with Quil A. No
substantial diminution of serum binding to mutant RSC3Δ371I relative to RSC3 was
observed (Fig. 5C), suggesting that the elicited antibodies do not require the presence of
Ile371 for efficient binding.

3.4. Serum antibodies elicited by Q105N bind epitopes that partially overlap the CD4bs on
gp120

To obtain further insight into the specificity of the elicited CD4bs-specific antibodies we
conducted inhibition ELISAs with CD4bs-specific mAbs. The percentage change in the
binding of mAbs b12, b13, VRC01, and VRC03 to RSC3 in the presence of pooled sera was
used as a measure of the antibody specificities contained in the sera. Sera from all 4 animal
groups inhibited b12 binding to roughly the same extent, with the level of inhibition by the
Q105N_MPL sera somewhat greater than the other 3 sera. Sera from both the Q105N_MPL
and Q105N_QuilA animals inhibited the binding of mAbs b13 and VRC03 to a greater
extent (30–40%) than sera from the gp120wt groups (10–20%) (Fig. 6), suggesting that the
Q105N-immunized animals contain a greater abundance of antibodies to epitopes
overlapping the epitopes of those two mAbs. Unexpectedly, no inhibition of VRC01 binding
was observed, despite significant overlap in the binding footprint of VRC01 and VRC03 on
gp120 [17]. This result is not explained by differences in affinity for RSC3 between VRC01
and VRC03; VRC01 only binds with 3-fold better affinity to RSC3 than VRC03 (5.6 nM vs.
16.1 nM), and only 5-fold better than b12 (22.4 nM) [25]. We interpret the results therefore
as suggesting that the epitopes of elicited serum antibodies only partially overlap the CD4bs.
MAbs binding to epitopes that partially overlap the CD4bs can inhibit the binding of some
CD4bs antibodies but enhance the binding of others [62] and similar observations have been
made recently with mAbs from macaques immunized with gp140 [63].

3.5. Serum antibodies elicited by immunization with Q105N do not show neutralizing
activity

Having determined that some level of CD4bs-directed responses was elicited with Q105N
formulated with Quil A, we assessed the neutralizing activity of sera from all 4
immunization groups by testing them on tier 1B and 2 subtype B viruses, SS1196 and JR-
FL, and the tier 1B subtype C virus ZM197M. All 3 viruses are sensitive, albeit at different
levels, to neutralization by b12 and other CD4bs antibodies. SIVmac239 was used as a
negative control. We observed low levels of neutralization with all sera against all three
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viruses (Fig. 7). However, neutralizing activity was also observed against the SIVmac239
control, with no statistical difference between test viruses and control. These results suggest
that despite the presence of a fraction of CD4bs-like antibodies in Q105N_QuilA sera, the
elicited antibodies may not be sufficiently abundant to neutralize virus effectively.

4. Discussion
In this study we have investigated the influence of adjuvant on the elicitation of CD4bs-
specific antibody responses in combination with an immunogen hyperglycosylation strategy
to focus the response. Our results show that the hyperglycosylated gp120 mutant Q105N
selectively limits exposure of the CD4bs without loss of immunogenicity. Formulating this
mutant with adjuvant Quil A, but not the adjuvant MPL, elicited greater CD4bs-directed
antibody responses than wild-type gp120 formulated in either of the two adjuvants.
However, this apparently greater response did not translate effectively into better
neutralizing activity.

We should note that there is some uncertainty around the use of mice for immunization
studies, as they may not be able to make the desired type of antibodies. Human and mouse
antibody germline repertoires share broad similarities [64,65], providing some rationale for
the use of mice. On the other hand, a significant difference between mice and human
antibodies is the length of the third complementary determining region (CDR H3). Mice are
known to generate antibodies with CDR H3s that are shorter relative to those characteristic
of human antibodies [64,66], including those of most anti-HIV antibodies [67]. The
b12:gp120 structure shows that it is the base, not the tip, of b12’s CDR H3 that makes
extensive contacts with gp120, specifically with the CD4-binding loop [56]. The CDR H3 of
murine antibodies, with a mean length of 12 residues [66], should be sufficiently long to
make contacts with the vulnerable CD4-binding loop. Notably, the CDR H3’s of more
recently isolated CD4bs antibodies such as VRC01 and 3BNC60 also exhibit lengths (12
and 10 residues, respectively) that easily fall within the capacity of the mouse antibody
repertoire, demonstrating that a long CDR H3 is not an absolute requirement for a CD4bs
antibody to gain effective access to gp120 on the virus. Other laboratories exploring HIV
immunogen design have favoured the use of rabbits, in large part probably because rabbits
can produce antibodies with longer CDR H3s [68]. However, rabbits have a limited heavy
chain VHDHJH repertoire due to preferential usage of their VH1 gene segment [69–71],
which may equally hamper the elicitation of the desired NAb response. A good alternative
would be to immunize monkeys given that their antibody repertoire is very similar, though
not identical, to that of humans [72,73]. However, larger scale immunization of monkeys is
clearly impractical from a cost and availability perspective.

Our data are in general agreement with the noted influence of adjuvant on the quality of
antibody responses to HIV immunogens. For example, Li et al. [74] found that certain
GlaxoSmithKline adjuvants elicited higher NAb responses relative to formulations with Ribi
adjuvant, which is similar in composition to the MPL adjuvant used here. Along with
adjuvant, the glycosylation pattern of gp120 has been reported to impact immunogenicity
[75,76]. Grundner et al. [76] showed that gp120 expressed from HEK293 cells, which
impart a mixture of complex/hybrid and high-mannose glycans [77,78], elicited higher anti-
gp120 antibody titres when formulated with Ribi adjuvant than gp120 from insect cells that
impart mainly paucimannosidic glycans. Kong et al. [75] however observed the opposite
effect, with insect cell-derived gp120 being more immunogenic than HEK293-gp120, with
the notable difference that the Kong et al. study used a different set of adjuvants (Freund’s
and CpG) compared to the adjuvant used in the Grunder et al. study (Ribi). We did not
observe any difference in the overall level of antibody titres between gp120wt and Q105N
(Fig. 3), regardless of whether formulated in MPL or Quil A adjuvant, when expressed in
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CHO-K1 cells. These cells impart a higher abundance of high-mannose glycans on gp120
than complex/hybrid glycans [77]. Whether the glycosylation pattern of Q105N played a
pivotal role in the quality of the antibody responses elicited here remains to be determined.

Although our goal was to design an antigen that prevents binding of all poorly neutralizing
CD4bs mAbs, the ability of mAbs b6 and b13, both of which neutralize poorly, to recognize
mutant Q105N suggests that future studies may need to explore strategies such as
heterologous prime-boosting to selectively promote antibody responses to the b12 site. Two
recent reports using a prime-boosting strategy with a set of 2F5 epitope scaffolds show that
such an approach can help to focus antibodies to the target epitope [79,80]. Guenaga et al.
[80] also showed that attaching a promiscuous T-helper epitope to their epitope scaffolds
improved titres against the target epitope, demonstrating how weak immunogenicity of a
target epitope may be enhanced with certain immunopotentiators. Similar strategies may
prove beneficial in promoting CD4bs-focused antibody responses.

Despite the suboptimal antigenic profile of mutant Q105N, Q105N_QuilA sera did bind
strongest overall to RSC3, providing support for the use of Q105N to preferentially
stimulate CD4bs responses. The observation that antibodies elicited with Q105N_QuilA
bound the RSC3Δ371I mutant to similar levels as the parent molecule RSC3 was
unexpected given that this residue is normally a critical binding residue for CD4bs
antibodies [28]. However, we have found that the recently described broadly neutralizing
CD4bs antibody HJ16 [7] also is not sensitive to the I371 deletion, demonstrating that not all
CD4bs antibodies necessarily interact with this residue. Unfortunately, due to serum volume
limitations we were not able to assess whether HJ16 binding was also blocked by the
Q105N_QuilA serum antibodies.

Disappointingly, we observed no significant neutralizing activity with the Q105N_QuilA
sera or any of the other 3 sera against the tier 1 and 2 subtype B and C pseudoviruses tested.
The lack of significant neutralizing activity may be due to the relatively low abundance of
CD4bs-specific antibodies that were elicited, as suggested by the shallow slope of the
binding curves for the resurfaced core protein RSC3 (Fig. 5). Our analyses were confounded
by apparent neutralizing activity against the control virus SIVmac239. Due to volume
limitations we were unable to investigate the possible reason(s) for this phenomenon,
including purification of serum IgG for follow-up experiments. However, it has been
suggested that complement activation may lead to lysis and inactivation of virus, including
SIV, particularly with sera from animals such as mice and rabbits [81,82]. Longer heat-
inactivation times (1 h rather than the more common 30 min as used here) may therefore be
necessary to ensure complete inactivation of complement prior to performing neutralization
assays.

In summary, we have shown that hyperglycosylated gp120 mutant Q105N can be used to
induce relatively greater responses to the CD4bs, particularly when formulated with
adjuvant Quil A. However, the level of CD4bs-directed antibodies was not as high as would
be desired. Future studies will therefore explore additional immunostimulants and
immunogen formulations to boost the desired CD4bs-specific antibody response.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Locations of modifications on HIV-1 gp120 to focus CD4bs antibody responses: Structure
of the JR-FL gp120 core (PDB ID 2B4C) denoting the locations of glycan attachment sites
(naturally occurring (yellow) and those inserted for hyperglycosylation (orange)) and
engineered Ala substitutions (light blue). The location of residues that upon alanine
substitution result in ≥50% reduction in b12 binding to gp120 (ref. [28]) are shown in green.
The location of Gly-Asp-Met-Arg (GDMR) residues at the center of the CD4bs that are
necessary for binding of several non-NAbs, but not b12 (ref. [28]), is also marked (dark
khaki).
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Fig. 2.
Mutant Q105N limits exposure of antibody epitopes overlapping the CD4bs. The
antigenicity of hyperglycosylated mutant Q105N relative to gp120wt (JR-FL) was
determined using mAbs F105, b6, VRC01, b13, B4e8, b12, 2G12, CD4-IgG2 and VRC0.
CD4-IgG2 was used as a surrogate for CD4. Error bars denote the signal ranges from
replicate wells.
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Fig. 3.
Serum antibody binding to JR-FL gp120wt and Q105N antigens. Antibodies elicited by
gp120wt or Q105N formulated in adjuvant MPL bind preferentially to their respective
homologous antigen. Sera from gp120wt_QuilA animals also bind preferentially to JR-FL
gp120wt. Filled symbols indicate serum binding to the respective homologous antigen
whereas open symbols indicate binding to heterologous antigen. Error bars denote the
standard error of mean from replicate wells. Statistical analyses show that Quil A induces
higher overall antibody titres regardless of antigen. **, p < 0.01; ****, p < 0.0001.
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Fig. 4.
Subclass profile of immune sera. Binding of sera from mice immunized with gp120wt or
Q105N was detected with noted subclass-specific secondary antibodies. The results show
that Quil A elicited higher levels of IgG2 when formulated with either gp120wt or Q105N.
Error bars denote the standard error of mean from replicate wells. *, p < 0.05; ****, p <
0.0001.
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Fig. 5.
Sera from animals immunized with hyperglycosylated mutant Q105N mixed with Quil A
elicit greater CD4bs-directed responses. (A) All sera bind fairly equally to construct XOD6,
indicating that all contain antibodies to the outer domain portion of gp120. (B) The
Q105N_QuilA formulation elicited a significantly higher proportion of antibodies to
epitopes overlapping the CD4bs relative to gp120wt mixed with the same adjuvant as judged
by stronger affinity for the RSC3 mutant. **, p < 0.01; ***, p < 0.001. (C) None of the sera
bound significantly less to mutant RSC3Δ371I compared to RSC3, suggesting that the
elicited CD4bs-specific antibodies do not require Ile371 for binding. Error bars denote the
signal ranges from replicate wells.
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Fig. 6.
Dissection of the CD4bs specificities of serum antibodies. Sera were serially diluted
(starting at 1:50) and incubated on plates for 1 h. The indicated mAbs (diluted to 10 μg/ml)
were then added to the plates and these incubated for a further 1 h. MAb binding was
quantified using AP-conjugated anti-human F(ab’)2-specific secondary antibody (Jackson
ImmunoResearch). Sera from animals immunized with Q105N inhibited the binding of
mAbs b12, b13 and VRC03 to a greater extent than gp120wt animals, suggesting that the
epitopes of the serum antibodies overlap most with the epitopes of these CD4bs mAbs. Error
bars denote the signal ranges from replicate wells.
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Fig. 7.
Sera from gp120wt and Q105N animals exhibit poor neutralizing activity. The neutralizing
activity of the immune sera was assessed using the tier 1B viruses SS1196 (subtype B) and
ZM197M (subtype C) and the tier 2 virus JR-FL (subtype B). SIVmac239 was used as a
control for non-specific neutralizing activity. The sera (1:10) were mixed with an equal
volume of virus and incubated for 1 h at 37 °C before adding to target cells. The dashed line
denotes 50% neutralization. Error bars denote the signal ranges from replicate wells.
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