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Abstract
The capacity of immune complexes to augment antibody (Ab) responses is well established. The
enhancing effects of immune complexes have been attributed mainly to Fc-mediated adjuvant
activity, while the ability of Abs to induce antigenic alterations of specific epitopes as a result of
immune complex formation have been less well studied. Previously we have shown that the
interaction of anti-CD4-binding site (CD4bs) Abs with HIV-1 gp120 induces conformation changes
that lead to enhanced antigenicity and immunogenicity of neutralizing epitopes in the V3 loop. The
present study shows that significant increases in the antigenicity of the V3 and C1 regions of gp120
were attained for several subtype B gp120s and a subtype C gp120 upon immune complex formation
with the anti-CD4bs monoclonal Ab (mAb) 654-D. Such enhancement was observed with immune
complexes made with other anti-CD4bs mAbs and anti-V2 mAbs, but not with anti-C2 mAbs,
indicating this activity is determined by antigen specificity of the mAb that formed the immune
complex. When immune complexes of gp120LAI/654-D and gp120JRFL/654-D were tested as
immunogens in mice, serum Abs to gp120 and V3 were generated at significantly higher titers than
those induced by the respective uncomplexed gp120s. Notably, the anti-V3 Ab responses had distinct
fine specificities; gp120JRFL/654-D stimulated more cross-reactive anti-V3 Abs than gp120LAI/654-
D. Neutralizing activities against viruses with heterologous envelope were also detected in sera of
mice immunized with gp120JRFL/654-D, although the neutralization breadth was still limited. Overall
this study shows the potential use of gp120/Ab complexes to augment the immunogenicity of HIV-1
envelope gp120, but further improvements are needed to elicit virus-neutralizing Ab responses with
higher potency and breadth.
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Introduction
Immune complexes have been tested as vaccines to augment protective immune responses
against various viral and bacterial pathogens, including HIV-1 [1–3], hepatitis B surface
antigen [4–6], infectious bursal disease virus [7], equine herpesvirus 1 [8], porcine parvovirus
[9], and Francisella tularensis [10]. The enhancing effects of these immune complexes have
been attributed mainly to the specific Fc receptor targeting. The capacity of Abs to alter the
conformation and exposure of specific epitopes on antigens has not been exploited as much.
A number of studies from our lab and others have demonstrated that Abs can shield specific
antigenic sites [11–14] or alter the overall antigen stability to affect the antigen processing by
antigen-presenting cells [15,16], resulting in modulation of T cell epitope presentation. In terms
of Ab responses, immunization with immune complexes has also been shown to elicit
qualitatively different Ab responses with distinct antigenic specificities from those elicited by
antigens alone [17–19].

HIV-1 envelope glycoproteins gp120 and gp41 are key targets for neutralizing antibodies
against the virus. However, the envelope glycoproteins expressed by HIV-1 isolates are
extremely variable, and very few conserved neutralizing epitopes have been identified on
gp120 and gp41 [20–22]. During natural infection with HIV-1, the vast majority of serum
antibodies generated against the virus have no neutralizing activity or display highly restricted
specificities effective only against selected virus strains, as the antibodies bind to antigenic
sites irrelevant for virus infectivity or target the variable regions on gp120 and gp41 [23–27].
Considering the capacity of certain antibodies to better expose or stabilize selective antigenic
sites on gp120, immune complexes have been evaluated as an approach to redirect Abs toward
critical neutralizing epitopes on this antigen. An earlier effort to immunize animals using HIV-1
envelope glycoprotein gp120 complexed with mAb A32, which specifically induces the mAb
binding to the chemokine-receptor binding site, did not enhance the production of cross-
reactive neutralizing Abs against this conserved region on gp120 [3]. However, immune
complexes made of gp120 and the CD4-binding site (CD4bs) mAbs were found to be potent
immunogens that stimulated higher Ab titers especially to the V3 loop than the uncomplexed
gp120 [1,2]. Significantly, neutralizing Abs against V3 and other undefined epitopes were
induced by the immune complexes but not by gp120 alone, although the neutralizing activity
was highly restricted to HIV-1 bearing the homologous gp120 strain [1].

In the present study, we examined immune complexes made of different gp120s in order to
broaden the neutralizing Ab responses toward heterologous HIV-1 isolates. The anti-
CD4bs975 mAb 654-D was reactive with many of the gp120s tested and the gp120/654-D
complexes displayed enhanced reactivity with anti-V3 and anti-C1 mAbs. The complexes
made of gp120LAI or gp120JRFL were subsequently tested to immunize BALB/c mice in the
presence or absence of adjuvant. Anti-gp120 and anti-V3 Ab responses elicited in sera of mice
immunized with immune complexes vs. uncomplexed gp120 were compared. Enhanced titers
of Ab binding and neutralization against heterologous viruses were induced by immunization
with the gp120JRFL/654-D complex in the presence of adjuvant, but the neutralization was still
limited to relatively sensitive viruses. This study provides clear evidence for the superior
capacity of the gp120/Ab complexes to direct Ab responses toward specific neutralizing
epitopes on gp120, but more research efforts are needed to improve the immune complex design
and the immunization regimen in order to attain the Ab titers and breadth required to tackle
the more resistant HIV-1 isolates.
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Materials and Methods
HIV-1 gp120, mAbs, and immune complexes

Recombinant soluble gp120 proteins were obtained from the following sources: Perkin Elmer
at Boston, MA (LAI), Immunodiagnostics at Wolburn, MA (MN), Dr. Abraham Pinter at PHRI
(BaL), Dr. Richard Wyatt at the Vaccine Research Center, NIH (YU-2), Dr. James Arthos at
the NIH, NIAID (TH14-12, 93MW959, AN1, 92UG21-9), Vaccine Research and
Development Branch of Division of AIDS, NIAID, NIH (JRFL), the AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH (93TH975). The following
peptides were used: V3LAI/HXB-2 (aa 272-291), V3SF162 (aa 272–291), V3JRFL (aa 272–296),
and V3MN (aa 272–296), pooled C1MN (aa 1–20, aa 23–30, aa 27–35, aa 31–50, aa 41–60, aa
61–80, aa 84–96, aa 91–110). The peptides were obtained from NIBSC Centre for AIDS
Reagents (EU Programme EVA/AVIP), the NIH AIDS Research and Reference Reagent
Program, or purchased commercially. Human mAbs were gifts from Drs. Susan Zolla-Pazner
at New York University and James Robinson at Tulane University.

Ab binding to immune complexes
Measurement of mAb reactivity with immune complexes vs. gp120 was done as described
previously [1]. Immune complexes were prepared at molar gp120/mAb ratios of ~1:2. Immune
complexes or gp120 alone were serially diluted in phosphate buffered saline and used to coat
ELISA plates. MAb binding was detected using biotinylated mAbs, followed by alkaline
phosphatase-conjugated streptavidin and substrate.

Immunization with immune complexes
BALB/c mice (female, >6 weeks old from Jackson lab, 4–5 animals per group) were injected
intraperitoneally with immune complexes, gp120 alone or gp120 + control mAb (3 µg gp120
and 9 µg mAb in 100 µl per animal). When adjuvant was used, the immunogens were mixed
with 25 µg of MPL and 250 µg DDA per animal per dose (Sigma, St. Louis, MO). Animals
were immunized at 3x at 2–3 weeks intervals. Blood was collected a week after the last
immunization, and the sera from each group pooled. The animal studies were carried out
according to the protocol approved by the VA and NYU IACUC.

Assessment of serum Ab titers in immunized mice
The levels of gp120- and V3-specific Abs in immune sera were measured by ELISA as
described previously [1].

HIV-1 neutralization assays with TZM/bl target cells
Neutralizing activities of the immune sera were tested in two different neutralization assays
using fully infectious HIV-1 strains and single cycle infectious pseudoviruses. HIV-1 LAI and
MN were grown in mitogen-activated PBMCs, while pseudoviruses with HIV-1 envelopes of
SF162, SS1196.1, 3988.25, HXB-2, and JRFL were produced by co-transfecting 293T cells
with plasmids containing env (18 µg), rev (2 µg), and the env-deficient HIV-1 backbone
pNL4-3.Luc.R-E– using the ProFection mammalian transfection system (Promega, Madison,
WI). The plasmids bearing env genes of HIV-1 isolates SS1196.1 and 3988.25 were kindly
given by Dr. D. Montefiori (Duke University). The viruses (200 TCID50) were mixed with
sera at the designated dilutions for 2 hrs at 37°C, and then tested for infectivity in the TZM-bl
target cells based on luciferase activity as described previously [1]. Indinavir (1 µM) was added
for testing HIV-1 LAI and MN. Pseudoviruses with envelopes of YU-2 and NL4.3, on the other
hand, were generated to express the enhanced green fluorescence protein reporter gene with
the env-defective NL4.3 backbone NLENG1-ES-IRES [28]. These viruses were pre-treated
with the immune sera as above, and their infectivity levels measured in TZM/bl cells by flow
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cytometry at day 2 or day 3. In each experiment, normal or pre-bleed sera were tested as
negative controls. All sera were heat-inactivated at 56°C for 30 min prior to use in the assays.
The neutralizing anti-V3 mAb 447-52D was also tested for comparison.

Results
Anti-CD4bs mAb 654-D binds to recombinant gp120 proteins of different HIV-1 strains and
enhances Ab binding to multiple antigen sites on gp120

Our previous study has shown that gp120LAI complexed with different anti-CD4bs mAbs,
including 654-D, displays increased antigenicity of the different regions of gp120, particularly
the amino terminal C1 region and neutralizing epitopes in the V3 loop [1]. The levels of
enhancement observed with the gp120/anti-CD4bs mAb complexes were markedly greater
than those seen with complexes made of other anti-gp120 mAbs, such as the anti-C2 mAb. To
investigate whether enhanced V3 antigenicity was also evident on immune complexes made
of mAb 654-D and gp120 from different HIV-1 strains, we first tested a panel of 10 recombinant
gp120 proteins for reactivity with mAb 654-D (Fig. 1) and then evaluated the binding capacity
of the anti-V3 mAb 694/98-D to the complexes made of different gp120 and mAb 654-D as
compared to the respective uncomplexed gp120 (Fig. 2). Similar to many cross-reactive anti-
CD4bs mAbs isolated from HIV-1-infected subjects [29,30], mAb 654-D was highly reactive
against six gp120 proteins from subtype B viruses (LAI, BAL, YU-2, MN, TH14-12, JRFL)
and one subtype C protein (93MW959). The synthetic ancestral subtype B gp120 (AN1) and
a subtype D gp120 (92UG21-9) were recognized weakly, while a subtype E gp120 (93TH975)
failed to show any reactivity with the mAb.

Six of the highly reactive gp120 proteins were subsequently tested on their own or as immune
complexes with mAb 654-D for reactivity with a biotinylated anti-V3 mAb 694/98-D. Each
of the six gp120/654-D complexes had higher reactivity with the anti-V3 mAb relative to
uncomplexed gp120 (Fig. 2A). The mAb binding curves were shifted down by as much as 16
folds for gp120JRFL and gp120LAI, with statistically significant differences of p<0.01 for the
highest 5–6 concentrations tested. For the other gp120 proteins including the subtype C gp120
93MW959, 2–4 fold improvement was observed, with p<0.01 at some of the tested
concentrations. The V3 loop has been shown to be shielded, at varying degrees depending on
the virus strains, due to masking by N-glycans, the V1/V2 loop, and other undefined elements
[31–33]. Whether these factors account for the different degrees by which the mAb 654-D is
capable of exposing V3 on these monomeric gp120 proteins remain unclear. Similarly the N-
terminal C1 region of gp120 was also better recognized by mAb EH21 when the gp120 proteins
were bound by mAb 654-D (Fig. 2B; p<0.05), whereas Ab reactivity with C5 at the C-terminus
was not altered ([1] and data not shown). Hence, the antigenicity of V3 and C1 were specifically
enhanced on the various gp120/654-D complexes, most likely due to conformational changes
induced by the mAb 654-D that better expose or stabilize these gp120 antigenic regions.

To further evaluate the specific contribution of anti-CD4bs mAb in enhancing gp120
antigenicity, we tested mAb reactivity to V3 on gp120/mAb complexes formed with other anti-
gp120 mAbs (Fig. 2C). Each of these human mAbs is of IgG1 subtype. All complexes made
with anti-CD4bs mAbs (654-D, 559/64-D, 1570, 1027-30D) displayed significantly higher
levels of anti-V3 reactivity than uncomplexed gp120, whereas gp120 complexed with anti-C2
mAbs (1006-30D and 847-D) did not. As expected, we detected poor to no binding of the
biotinylated anti-V3 mAb to gp120 already in complex with the same anti-V3 mAb, due to
steric hindrance. Interestingly, enhanced V3 reactivity was also observed with gp120
complexed with anti-V2 mAbs (697-D and 2158). Hence, not all gp120/mAb complexes
display enhanced V3 antigenicity and the enhancing activity is determined mainly by the
antigen specificity of the mAb used to form the complex.
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Immunization with the gp120/654-D complex elicits virus-neutralizing antibody responses
but an additional adjuvant is required

In addition to the capacity to alter epitope exposure, immune complexes have been shown to
have adjuvant properties that augment the induction of the overall antibody responses to the
specific antigens [6,34]. To examine whether the gp120/654-D complex could be sufficiently
immunogenic to elicit gp120-specific antibodies without additional adjuvant, we immunized
BALB/c mice with the gp120/654-D complex with or without MPL/DDA adjuvant. The
complex was made with gp120LAI, as the gp120LAI/654-D complex has been found previously
to stimulate robust anti-gp120 Ab responses when administered with an adjuvant [1]. For
comparison, we also immunized mice with uncomplexed gp120LAI mixed with an irrelevant
anti-parvovirus mAb 1418 in the presence or absence of adjuvant MPL/DDA. Fig. 3A (top
panel) shows that the gp120/654-D complex could elicit antibodies specific for gp120 either
with or without MPL/DDA (half max of 27,800 vs. 9,200, respectively), while the uncomplexed
gp120 and 1418 requires adjuvant to elicit anti-gp120 responses (half max of 17,100). In the
absence of MPL/DDA, the gp120 and 1418 mixture did not generate any detectable gp120-
specific antibodies. The gp120/654-D complex alone was also capable of eliciting antibodies
to V3, albeit at lower titers than the complex with adjuvant (half max of 120 vs. 5900; Fig. 3A
middle panel). In contrast, the antibody responses to C1 were weak in all of the groups (Fig.
3A lower panel), even though both V3 and C1 regions on the gp120/654-D complex was better
recognized by mAbs (Fig. 2). Hence, the anti-gp120 and anti-V3 titers induced by the
gp120/654-D complex with MPL/DDA were 1–2 logs higher than those achieved following
immunization with the gp120/654-D complex without the adjuvant. Consistent with our
previous findings [1], when administered with MPL/DDA, the gp120/654-D complex also
elicited higher levels of Ab responses to gp120 and particularly to V3 than the gp120 and 1418
mixture.

However, the anti-V3 Abs induced by the gp120/654-D complex, in the presence or absence
of MPL/DDA, were reactive mainly with the homologous V3 LAI and did not recognize other
V3 peptides (Fig. 3B and data not shown). The immune sera were then tested for the capacity
to neutralize pseudovirus bearing a cloned env gene (HXB-2) from HIV-1LAI. Sera from mice
immunized with gp120/654-D in the presence of MPL/DDA neutralize the virus more potently
than sera from mice immunized with the uncomplexed gp120/1418 plus MPL/DDA (IC50 of
225 and 100, respectively). By contrast, sera from mice immunized with gp120/654-D in the
absence of adjuvant did not mediate neutralization above 50% (IC50 of <50, Fig. 3C).
Immunization with the uncomplexed gp120 in the absence of adjuvant (gp120/1418) did not
elicit neutralizing activity above the background level observed with the PBS control group
(Fig. 3C). Similar findings were observed when the sera were tested for neutralization of the
infectious HIV-1LAI strain (data not shown). These results demonstrate that the gp120/654-D
complex was a potent immunogen for inducing anti-gp120 binding Abs, but an additional
adjuvant was still needed to generate virus-neutralizing Abs.

Immunization with the gp120JRFL/654-D complex elicits high titers of serum Abs against the
homologous and heterologous gp120, but the serum neutralizing activity remains highly
restricted

Since the gp120LAI sequence, especially in the V3 loop, deviates significantly from the
consensus subtype B sequence (Fig. 3 and [1]), we sought to examine the use of a more
representative subtype B gp120 antigen as an immunogen in order to generate anti-gp120 Abs
that are more cross-reactive among a larger array of subtype B viruses. The V3JRFL is identical
to that of the consensus subtype B (Fig. 3), and gp120JRFL sequence shows 91% similarity
with the consensus B gp120. Moreover, as shown in Fig. 2A, the antigenicity of the
gp120JRFL/654-D complex was much improved as compared to the uncomplexed
gp120JRFL. Hence, we compared the immunogenicity of gp120JRFL alone or as a complex with
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mAb 654-D in the BALB/c mice. All immunogens were administered i.p. 3x with MPL/DDA.
The data clearly show that consistent with the findings observed with gp120LAI/654-D, the
gp120JRFL/654-D complex was a superior immunogen as compared to uncomplexed
gp120JRFL in term of inducing Ab responses to the whole gp120 and to the V3 loop (Fig. 4A).
Ab response to the C1 region was again unaltered, even though the C1 epitope was better
recognized on the gp120JRFL/654-D complex by mAb EH21. These data indicate that enhanced
in vitro antigenicity of a given epitope does not necessarily result in improvement of its
immunogenicity in vivo. The anti-gp120 Ab responses induced by gp120JRFL/654-D were
highest against the homologous gp120JRFL, but were reactive, in a descending order, with
gp120 of SF162, MN, and LAI (Fig. 4B top). The anti-V3 Ab responses were also much more
cross-reactive (Fig. 4B bottom). Interestingly, the Abs induced by gp120JRFL/654-D
recognized V3MN best, while the homologous V3JRFL was recognized at lower levels,
comparable to V3SF162. No reactivity to V3LAI was detected above background. This pattern
is completely opposite from that observed with the gp120LAI/654-D complex, which induced
Abs highly specific for V3LAI (Fig. 4B bottom vs. Fig. 3B). For comparison, the anti-gp120
and anti-V3 responses elicited by immunization with the uncomplexed gp120JRFL were much
poorer regardless of the gp120 and V3 strains tested (Fig. 4C).

The sera from mice immunized with the gp120JRFL/654-D complex were then tested for
neutralizing activities against eight viruses expressing different HIV-1 envelopes: HXB-2,
NL4.3, SF162, SS1196.1, 3988.25, MN, YU-2, and JRFL (Fig. 5A–B). The first six viruses
are considered to be highly sensitive to neutralization by various polyclonal and monoclonal
Abs (Fig. 5A), while the last two viruses are relatively resistant (Fig. 5B) [35]. HXB-2 and
NL4.3 are molecular clones whose envelopes are derived from HIV-1LAI. Sera from mice
receiving PBS and MPL/DDA were also tested to determine the background neutralization
level of the assays (IC50 of <50 against all eight viruses tested; Fig. 5C). Consistent with poor
serum Ab binding detected in ELISA to gp120LAI and V3LAI, the sera from gp120JRFL/654-
D-immunized mice had little or no neutralizing activity against HXB-2 and NL4.3. Potent
neutralization was detected against SF162 (IC50 of 260), but not against the homologous JRFL,
even though high levels of serum Abs binding to gp120 and V3 of these two virus strains were
detected (Fig. 4B). Neutralization was also detected against SS1196.1, 3988.25, and MN
(IC50 of 290, 80, and 106, respectively), but not against YU-2. Hence, the neutralizing Ab
response elicited by the gp120JRFL/654-D complex was cross-reactive and effective against
highly sensitive HIV-1 viruses, but they were ineffective against resistant viruses, including
virus with the homologous JRFL envelope. For comparison, we tested the anti-V3 mAb
447-52D, which was able to neutralize four of the highly sensitive viruses (SF162, SS1196.1,
HXB-2, and MN) at IC50 <1 µg/ml and the resistant virus JRFL at IC50 of 20 µg/ml, but not
3988.25 (IC50 >50 µg/ml).

To determine the contribution of anti-V3 Abs in mediating the neutralizing activity observed
with sera from mice immunized with the gp120JRFL/654-D complex, V3 peptides were used
to block the activity of anti-V3 Abs present in the sera. Serially diluted sera were pre-treated
with a fixed amount of peptide (40 µg/ml), and tested for the capacity to neutralize SF162. Pre-
treatment with the serum-reactive V3MN peptide significantly reduced the neutralizing activity.
In contrast, the non-reactive V3LAI peptide had no inhibitory activity, comparable to the control
peptide. These data clearly demonstrate that the neutralizing activity elicited by immunization
with the gp120JRFL/654-D complex was to a large extent due to anti-V3 Abs. Hence, in
correlation to the enhanced V3 antigenicity observed on the gp120/654-D complex, the
immune complex is also a potent immunogen for eliciting and directing Ab responses against
neutralizing epitopes in the V3 loop.
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Discussion
The HIV-1 envelope gp120 is a critical target for neutralizing Ab responses against HIV-1, but
gp120 is poorly immunogenic, and designing immunogens that stimulate Ab responses against
the conserved neutralizing epitopes on gp120 has been a formidable challenge. This study
demonstrates that gp120 antigenicity and immunogenicity are significantly enhanced when
gp120 is presented as an immune complex with the anti-CD4bs mAb 654-D rather than as
uncomplexed gp120. Significantly, we show for the first time that the enhanced antigenicity
and immunogenicity can be observed with gp120s from different HIV-1 strains, indicating that
the approach is applicable to a wide array of gp120s. The enhanced Ab reactivity is directed
toward the V3 region of gp120 that needs to adopt a conserved structure for interacting with
the chemokine receptors CCR5 or CXCR4 and contains multiple neutralizing epitopes, some
of which are broadly cross-reactive [36–38]. However, the V3 region also includes highly
variable elements, and many anti-V3 mAbs target these variable sites and display narrow
specificities [38]. Indeed, immunization with immune complexes made of gp120LAI with an
unusual V3 sequence results in induction of serum Abs that are highly specific for V3LAI and
fail to recognize any other V3 sequences (Fig. 3B and [1]). The gp120LAI/654-D complex also
induces potent neutralizing activity but the neutralization is only effective against the
homologous HIV-1 LAI (Fig. 3C and [1]). In the current study, we tested an immune complex
made of gp120JRFL that expresses the HIV-1 subtype B consensus V3 sequence and observed
that anti-V3 Abs with broader reactivity were generated, as indicated with serum IgG binding
to the homologous V3JRFL and the heterologous V3 of MN and SF162 (Fig. 4B). In contrast
to the gp120LAI/654-D complex, the gp120JRFL/654-D complex did not elicit Abs reactive
with V3LAI, demonstrating the completely distinct specificities of anti-V3 Ab responses
induced by the two complexes.

Although anti-gp120 and anti-V3 Abs were produced to higher titers and with broader
reactivities upon immunization with the gp120JRFL/654-D complex, the Ab responses were
effective in neutralizing only HIV-1 isolates that belong to the highly sensitive Tier 1 category
(SF162, MN, SS1196.1 and 3988.25) (Fig. 5A). Neutralization was not achieved against the
more resistant viruses, including the homologous JRFL (Fig. 5B). The neutralizing activity
elicited by the gp120/654-D complex is mediated in large part by anti-V3 Abs, as it can be
significantly reduced by pretreatment with the relevant V3 peptide (Fig. 5D and [1]). We further
showed that JRFL neutralization was achievable by the anti-V3 mAb 447-52D, albeit with
IC50 that was many folds higher than those for the Tier 1 viruses such as SF162 and SS1196.1
(Fig. 5E). Nevertheless, the Ab responses induced by the gp120JRFL/654-D complex did not
display a mAb 447-52D-like neutralizing specificity since the immune serum neutralized
3988.25, which was relatively resistant to mAb 447-52D. These results indicate that JRFL can
be neutralized by anti-V3 Abs, but such anti-V3 Abs may not be elicited by the gp120JRFL/
654-D complex. Alternatively, much higher titers of anti-V3 Abs are required and such high
Ab levels were not reached by the current immunization regimen used with the gp120JRFL/
654-D complex. It is of interest to note that the Ab titer elicited by the gp120JRFL/654-D
complex against V3MN was ~100x higher than that against the homologous V3JRFL, and
neutralization was achieved against MN. While the reason for this is still unclear, the data
suggest that significantly higher Ab titers against V3 can be induced, although improvements
on the immune complex design are required to further boost and re-direct the Ab responses
toward common epitopes on V3JRFL that represents a subtype B consensus V3 sequence.

Although the gp120/654-D complexes have been shown consistently to be superior
immunogens as compared to gp120 alone, the use of anti-CD4bs mAb 654-D to form the
immune complexes may not be ideal. The mAb 654-D has been selected because of its capacity
to enhance the antigenicity of gp120 and especially of the V3 loop. However, the mAb 654-D
blocks the binding of other mAbs to the CD4 binding site and the bridging sheet, which are
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two highly conserved gp120 regions required for HIV-1 interaction with CD4 and the
chemokine receptor, respectively ([39,40] and unpublished data). Indeed, our previous studies
show that antibodies to these two regions were not detected in sera of animals immunized with
the gp120/654-D complex [1]. Moreover, the binding of mAb 654-D and several other mAbs
to the CD4bs has been shown to inhibit antigen processing and MHC class II presentation of
gp120 from several HIV-1 isolates, resulting in poor recognition of these gp120 antigens by
CD4 T cells [15,16,41]. Consistent with these in vitro findings, our recent study further shows
that immunization of mice with the gp120LAI/654-D complex resulted in lower levels of
lymphoproliferation than immunization with uncomplexed gp120LAI [2]. Nevertheless, further
studies are needed to determine if in vivo helper T cell responses to gp120JRFL is similarly
suppressed by mAb 654-D. In future studies, mAbs with other specificities should also be
evaluated in order to identify those that can augment the immunogenicity of specific
neutralizing epitopes on gp120 without preventing access and induction of Abs to the binding
sites for CD4 and the chemokine receptors and without negative effects on anti-gp120 helper
T cell responses. Since the CD4 binding site and the chemokine receptor binding site which
includes both V3 and the bridging sheet are masked to different degrees and are not fully
accessible to Abs in the vast majority of primary HIV-1 isolates [31,42,43], mAbs that better
expose epitopes in these three critical regions of gp120 will be good candidates. The potential
candidates are anti-V2 mAbs, some of which have been shown to enhance the exposure of
certain epitopes on V3 and the CD4bs [44]. In agreement with this earlier report, our study
demonstrates that the binding of anti-V2 mAbs indeed enhances V3 antigenicity, without
blocking the CD4bs (Fig. 2C and data not shown). The work to test immunogenicity of immune
complexes made of anti-V2 mAbs is now in progress.

This study also demonstrates that the gp120/654-D complex alone is inadequate to elicit virus-
neutralizing Abs when administered by parenteral route of immunization without any adjuvant
(Fig. 3C). This contrasts with previous reports on immune complex vaccines against F.
tularensis, infectious bursal disease virus, and hepatitis B virus that elicited protective
immunity even without any additional adjuvant [4,7,10]. Notably, the immune complex
vaccine against F. tularensis was administered intranasally to elicit mucosal immunity for
protection against this virulent intracellular mucosal pathogen [10]. In case of the immune
complex vaccine against hepatitis B virus, adjuvants could be added to skew the anti-viral
immune responses from Th2-like toward Th1-like [4]. The reason for the difference is not
known at the moment. One likely explanation is our use of a human mAb 654-D (IgG1) to
form the immune complex, which was tested in the murine system. Human IgG1 may not bind
as efficiently to mouse FcRs, as the association constant of human IgG1 Fc binding to mouse
splenic macrophages was found to be ~30x lower than that to human peripheral monocytes
[45]. Moreover, different binding modes were reported for human IgG1 Fc binding to mouse
vs. human Fc receptors expressed on mononuclear cells [45,46]. Hence, the enhancing effects
observed with the gp120/654-D complexes may be in large part only due to the Fab-mediated
activity of mAb 654-D to better expose or stabilize of the neutralizing epitopes on gp120 and
particularly the V3 loop. If this idea is proven to be correct, immune complexes made with
human anti-gp120 mAbs are expected to be much more potent immunogens in humans, where
the Fc-mediated activity would work optimally. Nevertheless, the contribution of Fab vs. Fc
fragments in enhancing the immunogenicity of the gp120/mAb complexes remains unclear
and needs further investigation.

In summary, the gp120/mAb complexes are superior immunogens as compared to gp120 alone.
The immune complexes display enhanced antigenicity and immunogenicity of the neutralizing
V3 epitopes. The use of gp120JRFL bearing the subtype B consensus V3 sequence to form the
immune complex vaccine increases the cross-reactivity of Abs generated in the immune sera,
but the neutralization is restricted to the highly sensitive viruses. Therefore, in order to construct
more effective immune complex-based vaccines, further improvements on this vaccine
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platform are warranted to significantly boost the Ab titers and expand the breadth of
neutralizing Abs toward the more resistant HIV-1 isolates.
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Fig. 1.
Cross reactivity of anti-CD4bs mAb 654-D with a panel of HIV-1 gp120 proteins. Gp120 was
coated on 96-microwell plates and reacted with human anti-gp120 654-D mAb (1 µg/ml). The
following gp120 proteins were tested: LAI, BAL, YU-2, MN, TH14-12 (TH14), JRFL,
93MW959 (MW), ancestral subtype B (AN1), 92UG21-9 (UG), 93TH975 (TH975). Alkaline
phosphatase-labeled anti-human IgG was used to detect the mAb binding. The bars in each set
represent 2-fold serial dilutions of the gp120 from 1 to 0.125 µg/ml. Means and standard
deviations from triplicates wells are presented in graph. OD405, optical density at 405 nm.
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Fig. 2.
Enhanced gp120 antigenicity upon immune complex formation. (A) The binding of anti-V3
mAb to gp120/654-D complexes made of different HIV-1 gp120s. (B) The binding of anti-C1
mAb to gp120/654-D complexes made of different HIV-1 gp120s. (C) The binding of anti-V3
mAb to gp120 complexed with different anti-gp120 mAbs. The gp120/mAb complexes or
gp120s alone were coated onto 96-microwell plates and reacted with biotinylated mAbs
specific for V3 (694/98-D) (A and C) and C1 (EH21) (B). The binding of the biotinylated mAbs
was determined using alkaline phosphatase-conjugated-streptavidin. The x-axis shows
equivalent concentrations of gp120, on its own and in the gp120/mAb complexes. Means and
standard deviations from duplicate wells are presented in graph. Representative results from
one set of experiments are shown. * p<0.05 as compared to gp120 alone. OD405, optical density
at 405 nm. Statistical analyses were performed using two-way ANOVA with Dunnett’s
multiple comparision test (Graph Pad Prism).
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Fig. 3.
Reactivity of serum Abs from mice immunized with the gp120LAI/mAb complex with or
without MPL/DDA adjuvant. (A) Serum Ab titers to the whole gp120LAI protein (top), the
V3LAI peptide (middle), and the N-terminal C1 peptides (bottom). BALB/c mice were
immunized with the gp120LAI/654-D complex or the mixture of gp120LAI + control mAb 1418
in the presence or absence of adjuvant MPL/DDA (Adj). For controls, a group of animals was
also immunized with PBS and MPL/DDA. Immune sera were serially diluted and tested in
ELISA for reactivity with recombinant gp120LAI protein, V3 peptide and C1 peptides coated
directly on the microwell plates. Alkaline phosphatase-conjugated anti-mouse IgG was used
as the secondary antibody. (B) Reactivity of serum Abs from mice immunized with the
gp120LAI/654-D complex and MPL/DDA with different V3 peptides. To detect cross reactivity
of anti-V3 Abs induced by the gp120LAI/654-D complex, V3 peptides with sequences of LAI,
JRFL, MN, and SF162 strains were coated on the microwell plates and reacted with serially
diluted sera from the gp120LAI/654-D + MPL/DDA-immunized animals. (C) Neutralization
of HIV-1 pseudovirus expressing the homologous envelope by sera from immunized animals.
Sera were serially diluted 3 fold starting from 1:50, pre-incubated with the virus, and tested
for virus neutralizing activity in the single round infection assay with TZM-bl cells. Means
and standard deviations were derived from duplicate wells. Data from one of two repeated
experiments are shown. OD405, optical density at 405 nm.
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Fig. 4.
Induction of cross-reactive anti-gp120 Ab responses in sera of mice immunized with the
gp120JRFL/654-D complex. (A) Serum Abs specific for homologous gp120 (left), V3 (middle)
and C1 (right) induced in BALB/c mice immunized with gp120JRFL alone or the gp120 JRFL/
654-D complex along with adjuvant MPL/DDA. For controls, animals were also immunized
with PBS and MPL/DDA. (B) Cross-reactivity of anti-gp120 and anti-V3 mAbs induced by
the gp120JRFL/654-D complex. (C) Cross-reactivity of anti-gp120 and anti-V3 mAbs induced
by gp120JRFL alone. The whole gp120 proteins of JRFL, LAI, MN and SF162, and the C1 or
V3 peptides were coated on the microwell plates and reacted with serially diluted sera. Alkaline
phosphatase-conjugated anti-mouse IgG was used as the secondary antibody to detect serum
IgG binding to gp120 or V3. Means and standard deviations were derived from duplicate wells.
Data from one of two independent experiments are shown. OD405, optical density at 405 nm

Hioe et al. Page 16

Vaccine. Author manuscript; available in PMC 2010 December 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Virus neutralization by sera from mice immunized with the gp120JRFL/654-D complex. (A–
B) Sera collected after the final immunization with the gp120JRFL/654-D complex and MPL/
DDA was serially diluted and tested for neutralizing activity with TZM-bl target cells against
viruses expressing different HIV-1 envelope proteins in two different assays described in the
Materials and Methods section. (C) Sera from control animals immunized with PBS and MPL/
DDA were also tested against the same set of viruses to establish the background neutralization
levels. (D) Sera from mice immunized with the gp120JRFL/654-D complex were pre-treated
with serum-reactive V3MN peptide, non-reactive V3LAI peptide, or control peptide (40 µg/ml)
and tested for the capacity to neutralize SF162. (E) For comparison, neutralization activity of
the anti-V3 mAb 447-52D was assessed against viruses expressing envelope proteins of SF162,
SS1196.1, 3988.25, MN, HXB-2 and JRFL. The averages and standard deviations are shown,
and each experiment was repeated at least twice.
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