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Abstract

HIV-1-specific immunoglobulin G (IgG) subclass antibodies bind to distinct cellular Fc receptors.
Antibodies of the same epitope specificity but of a different subclass therefore can have different
antibody effector functions. The study of 1gG subclass profiles between different vaccine regimens
used in clinical trials with divergent efficacy outcomes can provide information on the quality of
the vaccine-induced B cell response. We show that HIV-1-specific 1gG3 distinguished two HIV-1
vaccine efficacy studies (RV144 and VAXO003 clinical trials) and correlated with decreased risk of
HIV-1 infection in a blinded follow-up case-control study with the RV144 vaccine. HIV-1-
specific IgG3 responses were not long-lived, which was consistent with the waning efficacy of the
RV144 vaccine. These data suggest that specific vaccine-induced HIV-1 IgG3 should be tested in
future studies of immune correlates in HIV-1 vaccine efficacy trials.

INTRODUCTION

The Thai phase 3 (RV144) vaccine regimen, ALVAC prime/bivalent clade B/E recombinant
gp120 boost, provided an estimated 31.2% efficacy against the acquisition of HIV-1
infection at 42 months after vaccination (1). V1-V2 immunoglobulin G (IgG) antibody
responses correlated with decreased risk of HIV-1 infection (2, 3), and a virus sieve analysis
demonstrated immune pressure at position 169 in the V2 loop of gp120 (169K) (4). Notably,
there was 60.5% estimated efficacy at 6 months after vaccination (5), suggestive of an early
vaccine effect that wanes over time. This highlights the need for a better understanding of
the quality of the antibody responses that are induced but not durable, so that further vaccine
studies can be designed to specifically boost particular immune responses. The VAX003
clinical trial, in a high-risk injection drug use cohort, containing the same bivalent clade B/E
gp120 protein immunogen as RV144, without the ALVAC prime did not show protection
(6) despite higher vaccine-elicited neutralizing antibodies (nAbs) compared to RV144 (7).
Identifying potential markers of infection risk, as well as determining the differences in the
quality of the antibody responses among different vaccine regimens, is critical for designing
further immunogens to test specific hypotheses in future efficacy studies.

Antibody subclasses (IgG1 to 1gG4) have distinct affinities for Fc receptors (8). Thus,
antibodies with the same epitope specificity, but of different subclasses, can have different
functional attributes. In particular, IgG3 antibodies can fix complement, have high affinity
for FcyRI, FcyRII, FcyRlIla, and FeyRII, and also have the longest and most flexible hinge
region of the 1gG subclasses. There is precedence for the role of 1gG3 antibodies in immune-
mediated pathogen control. Antigen-specific IgG3 antibodies were associated with long-
term control of malaria caused by the Plasmodium falciparum parasite (9), as well as
clearance and long-term clinical protection from Chikungunya virus (CHIKYV) (10). IgG3
antibodies were responsible for monocyte-mediated cellular inhibition of P. falciparum (11)
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and were associated with CHIKV neutralization (10). Little is known about the potentially
protective role of vaccine-elicited IgG3 antibodies for HIV-1, other than that some HIV-1
broadly nAbs [for example, 2F5 and 4E10 monoclonal antibodies (mAbs)] are of 1gG3
origin (12) and are associated with different effector functions [for example, antibody-
dependent cellular cytotoxicity (ADCC), neutralization (13), and complement fixation (14)].

Here, we demonstrate that Env IgG3 responses mark a qualitative difference in immune
response between two HIV-1 vaccine regimens with divergent efficacy outcomes in human
volunteers. We show that Env 1gG3 responses correlate with decreased infection risk in a
correlates analysis and are part of an immediate vaccine-induced humoral response that
quickly wanes.

IgG subclass profiles between RV144 and VAX003 vaccine regimens are distinct

It was previously reported that nAbs (7) were higher in a protein boost vaccine strategy
(VAX003) compared to vector prime/protein boost (RV144). Thus, we examined whether
there was a form of antibody response that might be higher in RV144 that was not apparent
when measuring total 1gG. We examined each of the 1gG subclass responses (IgG1 to 1gG4)
to HIV-1 envelope proteins (vaccine strain and consensus envelope proteins) for both
RV144 [ALVAC prime and two protein boosts, visit 8 (V8)] and VAX003 [four protein
boosts, visit 9 (V9)] and also after two protein boosts for VAX003 [visit 5 (V5)]. In addition
to examining vaccine strain responses, we also included group M and clade AE consensus
envelopes. ConS is a consensus of the consensus sequences of each subtype, central to all
circulating clades, and reacts well with sera from all subtypes including AE (15-17).
Moreover, the group M consensus envelope was similar to autologous envelopes in
detection of the initial antibody response in acute infections and is sensitive for determining
vaccine immunogenicity in vaccine trials (2, 18). Env 1gG1 response rates were generally
higher in VAX003 (V9) compared to RV144 (V8) (Fig. 1). We examined vaccine strain
antigens (A244 gp120, MN gp120, and 92THO023 gp120), a clade B envelope (GNES8
gp120), and consensus envelope antigens [AE Con gp140 and ConS gp140 (group M)] to
determine the quality of the vaccine-induced antibody response. At V9, the VAX003
vaccine induced significantly higher 1gG2 and 1gG4 response rates (Fig. 1). In contrast, the
frequency of some envelope 1gG3 responses was higher in RV144 compared to VAX003,
most predominantly when compared at V9. Although Env 1gG3 responses were induced by
VAX003 and the frequency of responders was elevated at V5, the Env 1gG3 responses
declined by V9 and were neither maintained nor elevated, after two additional protein
boosts. This decline in the IgG3 response rate was in stark contrast to those for 1gG1, 1gG2,
and 1gG4 that were generally boosted to higher response rates and magnitudes by V9 in
VAX003.

Concentration ranges for HIV-1 antigen—specific 1gG subclasses were 0.1 to 55.3 pg/ml
(19G1), 0.6 to 10.5 pg/ml (1gG2), 6.0 x 1074 to 0.15 pg/ml (IgG3), and 3.0 x 103 t0 6.5
pg/ml (IgG4) for RV144. In both studies, the concentrations of 1gG1 were the highest
among the 1gG subclasses for both RV144 and VAX003, consistent with relative total
concentrations in the blood and HIV-1-specific concentrations found in infected individuals
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(14, 19) (Fig. 2A). The concentrations of 1gG1 specific for the vaccine strain immunogens
and to HIV-1 AE and group M consensus antigens were significantly lower in RV144
compared to VAX003 (Fig. 2A). Among the Env-specific 1gG subclass responses in RV144,
1gG2 and 1gG4 were less frequently elicited, with 1gG2 being the least frequently detected
subclass. The concentrations of Env 1gG2 were, overall, lower in RV144 than in VAX003
(Fig. 2B). Similarly, Env 1gG4 response rates and concentrations were profoundly lower in
RV144 than in VAXO003 (Figs. 1D and 2D).

1gG3 response rates were significantly higher (P = 0.0002 to 0.0084, two-tailed Fisher’s
exact test) in RV144 compared to VAX003 (for ConS gp140, GNES8 gp120, AE Con gp140,
and 92THO023 gp120) at the peak immunogenicity time point based on maximum overall
humoral responses (V8 for RV144 and V9 for VAX003) for each trial (Fig. 1C and Table
1A). Among the vaccinees with HIV-1 Env 1gG3 responses, the concentrations of Env-
specific IgG3 were similar at the peak immunogenicity time point for RV144 and VAX003
(Fig. 2C). Response rates to A244 gp120 and MN gp120, the two proteins used in the
RV144 and VAX003 boost, were more similar between the two regimens. We next
examined the IgG subclass distribution after two protein boosts to compare to RV144
(ALVAC prime + two protein boosts). The magnitude of the Env IgG3 response was
generally elevated after two protein boosts in VAX003 and then declined after four protein
boosts (Fig. 2C). This suggests that continued protein/alum boosting may help drive the
subclass response toward lower 1gG3 and higher IgG4. The IgG antibody avidity score to
the vaccine strain immunogens was overall lower in RV144 compared to VAX003 (Fig. 2E).
Although each time point was after four immunizations for both VAX003 and RV144, the
difference in avidity is likely due to four doses of protein in VAX003 compared to two
doses in RV144. Both the resonance units and dissociation rates (Ky) are lower in RV144
compared to VAX003. Therefore, the difference in avidity is not solely due to higher
binding responses. Because these measurements were performed on purified polyclonal
samples, certain specificities of higher avidity may predominate.

HIV-1 IgG3 antibodies correlate with antiviral function

To determine the functional capacity of the vaccine-induced IgG3 response, we examined
whether there were correlations between the vaccine-induced 1gG3 response and ADCC. We
hypothesized that Env 1gG3 may have improved FcR-mediated effector function, so we
examined the association of high/medium versus low ADCC in association with Env 1gG3.
There was a significant association of Env IgG3 and VV1-V2 antibodies with ADCC levels in
RV144, but not VAX003 (Table 2 and fig. S1). The RV144 data are representative of tests
with nine antigens (three different envelopes and six V1-V2 antigens) that all showed
significant correlations (P = 0.000024 to 0.0172, Wilcoxon rank-based test) with ADCC.
The VAXO003 data are representative of tests with 11 antigens (7 different envelopes and 4
V1-V2 antigens). All tests for the VAX003 comparison were not significant for any antigen.
Only one showed a trend (gp70 B.CaseA2 V1-V2: P = 0.055, Wilcoxon rank-based test).
All P values for the RV144 comparison were significant (P = 0.03 to <0.00001, Wilcoxon
rank-based test). The correlation with ADCC was measured by two different assays, also
strongly correlated with Env and V1-V2 1gG3 responses. These data, along with the study
by Chung et al. (20), indicate an antiviral functional role for these vaccine-elicited
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antibodies. To examine the ability of vaccine-induced 1gG3 antibodies to recognize HIV-1
virions, we also examined correlations of the Env 1gG3 responses with neutralization of two
isolates: MN (clade B RV144 vaccine strain) and C1080 (clade AE, the predominant
subtype circulating in Thailand). C1080 is representative of circulating strains in Thailand
because it is a tier 2 virus in the TZM-bl assay but exhibits a tier 1 phenotype in A3R5
similar to three of seven circulating Thai AE viruses (7). Neutralization of tier 1 viruses
provides some information on the ability of antibodies to recognize virus particles and may
be a marker of another functional antiviral response mediated by envelope-specific
antibodies. Neutralization significantly correlated with 1gG3 antibodies to AE Con gp140
and group M consensus (ConS gp140) (both had an R = 0.52, P < 0.05, Spearman
correlation).

V1-V2 IgG3 responses are higher in vector prime/protein boost compared to protein-only
immunization

Given that V1-V2 IgG antibodies correlated with decreased risk of infection in the RV144
correlates analysis (2), we next tested whether V1-V2 IgG3 binding antibody responses
were greater in RV144 vaccine recipients compared to VAX003 vaccinees. RV144 elicited
significantly higher V1-V2 1gG3 response rates than VAX003 at both time points [P =
0.039 (V5) and P < 0.0001(V9), two-tailed Fisher’s exact test] (Fig. 3A). However, among
those that were positive, the magnitude of the response was higher in VAX003 at V5 (Fig. 3,
B and C) (P = 0.0116 to <0.0001, two-tailed t test).

Overall, vaccine-induced 1gG3 and IgG responses for either the HIV-1 envelope or V1-V2
were not strongly predictive of one another (figs. S2 and S3), indicating that the
measurement of the 1gG3 response is a unique measurement that cannot be inferred from
measuring total 1gG. Thus, we determined whether V1-V2-specific 1gG3 antibodies
correlated with decreased risk of HIV-1 transmission in a blinded follow-up RV144 case-
control study. Rolland et al. (4) reported that position 169 in the V2 sequence was a site of
immune pressure, and vaccine-elicited V2-directed antibodies were sensitive and/or
dependent on this residue (21, 22). We tested whether IgG3 antibodies specific to the V1-
V2 sequence that matched the major circulating strains in Thailand, at a known site of
immune pressure (gp70 B.CaseA2 V1-V2 169K), would correlate with decreased risk of
infection. We modified the V1-V2 fusion protein used in the primary RVV144 correlates
analysis (2), with a mutation at site 169 (V169K). In a blinded case-control study, we tested
plasma drawn 2 weeks after the last vaccination for 205 vaccinees, 41 cases (infected
vaccinees), and 40 HIV-1 uninfected participants enrolled in the placebo arm of the trial by
a validated binding multiplex assay (2, 18) for binding to different V1-V2 antigens (Fig. 3,
D to G, and fig. S4). Both the response rate (Table 3A) and magnitude (Table 3B) to the
indicated V1-V2 antigens resulted in a lowered odds ratio (OR), trending toward decreased
risk of infection (table S1). The analysis was performed with both univariate models
(analysis of one immune variable at a time) and IgA-adjusted models, which include the IgA
score variable (an important independent predictor of infection risk), in addition to the
immune variable of interest. In the IgA-adjusted models, the magnitude of the 1gG3
response to three different V1-V2 antigens significantly correlated with decreased risk of
infection (P < 0.05, logistic regression), suggesting that some of the response could target

Sci Transl Med. Author manuscript; available in PMC 2014 September 19.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Yates et al.

Page 6

multiple V1-V2 sequences. Remarkably, 1gG3 antibodies to gp70 B.CaseA2 V1-V2 169K
significantly correlated with decreased risk of infection in both the univariate and IgA-
adjusted models (P = 0.006 and 0.003, respectively, logistic regression) (Table 3A and Fig.
3,Dt0 G).

We measured the durability of Env and V1-V2 IgG and 1gG3 antibody responses in a
longitudinal follow-up study for RV144 from week 26 to week 182 after vaccination (Table
4). A previous report showed that V2 peptide-specific antibodies declined after RvV144
vaccination (23). We found that the 1gG response rate to the vaccine strain A244 gp120
monomer declined from 100 to 29% between weeks 26 and 182, whereas 1gG responses to
the V1-V2 antigens declined from 97 to 0 to 11% (depending on the antigen) (Table 4A).
There was a trend toward a greater decline in total 1gG antibody responses to the V1-V2
antigens compared to the envelope protein gp120. This may reflect the higher overall
responses to the gp120 protein compared to the V1-V2 region, allowing these responses to
remain above the limit of detection longer than the V1-V2 responses. The IgG3 envelope
response rate declined from 79 to 0% (weeks 26 to 182) (Table 4B). Notably, 1gG3
responses showed a larger decline than the total 1gG responses to the vaccine strain gp120
(45% 1gG versus 0% IgG3 gp120 at week 52), which is also consistent with the shorter
apparent half-life of each IgG3 response. The RV144-induced Env V1-V2 1gG3 apparent
response half-life is 1.6- to 3.7-fold shorter than 1gG (Table 4C). Moreover, envelope 1gG4
responses either remained the same or were elevated at the later visits (table S2), in contrast
to the decline in the 1gG3 responses. 1gG3 responses to V1-V2 antigens also declined from
50 to 84% to 3% between weeks 26 and 52. This is in contrast to 1gG responses to V1-V2
that declined from 97 to 11% to 50% between weeks 26 and 52. Thus, in both vaccine
studies, we identified differential kinetics in the 1gG subclass responses to vaccination over
time, with a vaccine-induced 1gG3 response that waned early after vaccination.

DISCUSSION

Multiple HIV-1 vaccine efficacy studies have been completed, yet only one trial in Thailand
resulted in partial efficacy (RV144) (1). Further understanding of the differences in the
quality of the immune response induced by different vaccine regimens with divergent
outcomes will allow for specific hypotheses to be tested in further vaccine trials. Another
trial in Thailand (VAX003) that used a protein component of the RV144 vaccine showed no
efficacy (6). We identified that the Env 1gG subclass profile was markedly different between
the two Thailand efficacy studies, and we further identified that V1-V2 1gG3 correlated
with decreased infection risk. Moreover, this 1gG3 response waned quickly, corresponding
with the observed waning vaccine efficacy in RV144. Thus, these data provide a rationale
for further testing in HIV-1 vaccine trials for induction and maintenance of specific Env
IgG3 responses, as well as testing in other studies whether the 1gG3 response is a correlate
of infection risk. Here, we found higher 1gG3 Env antibody response rates to the gp70 V1-
V2 clade B-CaseA2 Env fusion protein (gp70 B.CaseA2 V1-V2), as well as to ALVAC
92THO023 Env protein, and consensus AE and group M (ConS gp140) Env proteins in
RV144 compared to VAX003 vaccinees. These 1gG3 response rates at peak immunogenicity
were the only humoral responses that were more frequently detected in RV144 than in
VAXO003; all other antibody responses tested, as well as the previously reported nAb
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responses, were lower in RV144 as compared to VAX003 (7). In our analyses of antibody
binding, we used the envelope proteins that matched the RV144 vaccine immunogen. We
previously reported that these antigens contain an N-terminal Env sequence deletion that
altered the antigenicity of these proteins compared to other proteins (24). Likely, the
differences in the MN gp120 results obtained in the Chung et al. (20) study and our study
are due to differences in epitope exposure on the different types of MN proteins (with and
without the N-terminal deletion sequence).

In addition to the lower number of protein boosts, the ALVAC prime component of the
RV144 vaccine regimen may have stimulated different antibody subclasses and specificities
compared to those stimulated in the protein-only vaccine (VAX003), presumably through
differential antigen presentation and B cell maturation pathways. The hypothesis that the
ALVAC prime drove the preferential induction of particular IgG3 specificities is consistent
with the finding that the most significant difference in the 1gG3 responses between the two
vaccines was identified with 92TH023 envelope (sequence present in the ALVAC prime)
but not with MN and A244 envelopes (present in the protein boost of both vaccine
regimens). Alternatively, differences in immune status, including activation state, of the two
populations participating in the clinical trials (injection drug users for VAX003 versus
community-based for RV144) could have also contributed to the observed differences in
vaccine-elicited 1gG subclass responses. The finding of higher Env 1gG4 responses in the
protein-only vaccine regimen compared to the vector prime/protein boost regimen is
consistent with previous reports that found that MN gp160/gp120 prime boost protein
vaccination elicited high levels of Env 1gG4 (25), whereas the ALVAC (vcpl52) prime with
an MN gp120 boost elicited lower Env 1gG4 relative to IgG1 and IgG3 responses (26).
Repeated protein boosting may induce higher levels of nAbs; however, our study also
indicates that the 1gG subclass distribution can be skewed away from 1gG3 with additional
protein boosts. Moreover, there may be a delayed kinetics of induction of 1gG4 after
vaccination such that the time after initial vaccination may also contribute to the differences
in antibody subclasses.

We previously tested 1gG3 antibody responses to different HIV-1 envelopes as part of the
secondary immune-correlates analyses in RV144 and found that only one 1gG3 Env
response rate, but not magnitude, to A244 gp120 weakly correlated with decreased risk of
infection (P = 0.03) (2). Additional envelope antigens tested here (table S1) also showed
lower OR but did not reach statistical significance. Here, we tested the 1gG3 response to the
V1-V2 sequence, matching the major circulating strains in Thailand and a site of immune
pressure, and report that this 1gG3 response significantly correlated with a decreased risk of
infection. We also show that RV144 induced a breadth of 1gG3 V1-V2 responses such that
clades AE and C V1-V2 (represented by Envs C.1086 and C.97ZA012 in the analysis) also
correlated with reduced transmission risk. Thus, our study also enables a direct comparison
of vaccine-induced antibody responses in efficacy trials including HVTN 505 (27) and
planned South African trials. The clade C.1086 V1-V2 tags (Env subunit protein) (21)
contain the sequences from the subtype C.1086 envelope that has been chosen as the
envelope immunogen for planned HIV-1 efficacy studies in South Africa on the basis of the
antigenicity of the envelope protein as well as originating from a clade C transmitted
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founder virus (28). Thus, responses to these specific V1-V2 antigens in this study may be
used as a minimum benchmark for antibody response rates and magnitudes in further HIV-1
efficacy trials. The blinded follow-up case-control study, together with the RV144 and
VAX003 comparison study, demonstrates that the Env 1gG3 responses may distinguish the
quality of vaccine-induced humoral responses.

Together, these findings suggest that the recombinant canary pox—based priming
immunogen ALVAC-HIV (vCP1521) may have affected the adaptive immune response
elicited by AIDSVAX BJ/E rgp120 subunit formulation through innate signaling or
differential stimulation of the CD4" T cell response, and thereby generated a qualitatively
different Env-specific 1gG subclass profile. The prime-boost RVV144 vaccine efficacy trial
regimen could have elicited a biased class switch recombination to 1gG3 by affecting T cell
cytokine profiles or activated a different population of responder B cells (and marginal zone
B cells). Further studies will examine whether CD27~1gG™* B cells that show a preference
for 1gG3 expression (and that have low somatic mutation) (29) were preferentially elicited in
the RV144 prime/boost regimen compared to protein-only regimens. These B cell
populations could represent a first wave of memory B cells in response to vaccination that
need to be stimulated or redirected to a long-lived memory B cell population (30). The role
of effector cells (with different FCR expression) in mediating antiviral activity together with
vaccine-elicited HIV-1 Env 1gG3 responses is an important area to explore in future HIV-1
vaccine trials. Peripheral blood mononuclear cells (PBMCs) were not stored for VAX003;
however, a follow-up study with the VAX003 regimen (RV328) will collect PBMCs, bone
marrow aspirates, and mucosal biopsies. Similarly, follow-up studies to RVV144 (that is,
RV305 and RV306) will collect similar samples, allowing further comparisons between
RV144 and VAXO003 regimens to understand the induction and ontogeny of HIV-1
envelope—specific 1gG3 responses. Vaccine-induced 1gG3 responses correlated with ADCC,
indicating that this antibody subclass may have effector function. Notably, the association of
Env 1gG3 with medium/high ADCC was significant in RV144, but not in VAX003,
suggesting that the 1gG3 responses are, overall, of a different quality in RV144. ADCC-
mediating antibodies in RV144 targeted multiple epitopes (V2, V3, conformation C1) that
could all contribute to the ADCC responses measured in RV144 plasma (31). It will be
important to investigate the relative contribution of different epitope-specific ADCC
responses induced by further protective versus nonprotective vaccine regimens (like
VAX003).

A limitation of our study on RV144 correlates of risk is that we did not define mechanistic
correlates of protection (32). Thus, additional studies are needed to determine whether the
antibody responses identified here are a marker of HIV-1 risk or whether they play a
mechanistic role in decreased HIV-1 risk. Hence, the role of IgG3 compared to other IgG
subclasses in other functional assays such as assays that measure antiviral functions at
mucosal sites or virion capture (21, 33) will be important to investigate. Another limitation
of our study is that our analyses did not include interrogating the different antibody binding
epitopes comprised within the VV1-V/2 antigens or protein envelopes for the IgG subclass
response. Differences in epitope recognition on HIV-1 virions or infected cells may also
play a role in the different quality of the IgG3 response between RV144 and VAX003, as
well as affecting the functional profile of the antibodies. Finally, whether there is a
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relationship between the early vaccine effect in RV144 (60% early at 12 months waning to
31.2% later at 42 months) and the initial peak and decline in the vaccine-induced envelope
1gG3 response is unknown. The rapid decline in the vaccine-induced 1gG3 response in both
the RV144 and VAXO003 regimens may indicate that this response will be difficult to
maintain. Thus, it will be important to test different adjuvants and immunogens to determine
whether vaccine-induced Env 1gG3 durability can be improved. Together, these data provide
a rationale to investigate 1gG3 responses as correlates of transmission risk in future HIV-1
vaccine trials and to explore whether this response could be tested as a correlate of
protection (32).

MATERIALS AND METHODS

Study design

We tested the hypothesis that the antibody subclass responses would be significantly
different between the two HIV-1 vaccine efficacy trials testing different vaccine regimens in
different risk populations with different efficacy outcomes (RV144 and VAXO003 clinical
trials). Antibody subclass responses were evaluated at baseline and peak immunogenicity for
both trials and also at 2 weeks after the second protein immunization for VAX003.
Statistical analyses of the study results were performed at both the Duke Human Vaccine
Institute (DHVI) and Statistical Center for HIV/AIDS Research and Prevention (SCHARP).
Given the results from this study, we next tested the hypothesis that V1-V2 1gG3 would
correlate with decreased HIV-1 infection risk. We examined 1gG3 binding responses in a
placebo-controlled, case-control study for RV144. HIV-1 1gG3 binding antibodies at weeks
0 and 26 (2 weeks after the last vaccination) were tested, blinded for infection and
vaccination status, on 205 vaccinees, 41 infected vaccinees (cases), and 40 participants
enrolled in the placebo arm of the study. Data were sent to SCHARP for statistical analysis
and unblinding of placebo and infection status and analyzed for risk of infection as
previously described (2). We next hypothesized that Env 1gG3 responses waned more
rapidly than the overall Env 1gG response. To test this hypothesis, we examined longitudinal
follow-up samples from the RV144 vaccine study (38 vaccinees and 19 placebos) to
measure antibody subclass responses (1gG, 1gG3, and 1gG4) at weeks 26, 52, 78, 104, 130,
156, and 182. Data were sent to SCHARP for statistical analysis and unblinding of placebo
and vaccine status and to the DHVI Biostatistics and Bio-informatics Center for the analysis
of apparent half-life.

Clinical trials

Participants in RV144 (1) received vCP1521 (containing HIV-1 gag, env, and protease
genes) and gp120 92THO023 (CRFO1_AE) linked to transmembrane portion of subtype B
gp41 without the gp41 ectodomain (Sanofi Pasteur) at months 0, 1, 3, and 6 with
coadministration of AIDSVAX B/E gp120 [MN gp120 and CRF01_AE CM244 (A244)]
[Global Solutions for Infectious Diseases (GSID)] (34) at months 3 and 6. Participants in
VAXO003 solely received intramuscular injections of AIDSVAX B/E at months 0, 1, 6, 12,
18, 24, and 30 (6). All clinical trials were conducted in accordance with the Declaration of
Helsinki and local institutional review board requirements. Written informed consent was
obtained from all subjects.
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Plasma/serum specimens

Antibody subclasses were measured at baseline and at 2 weeks after the fourth immunization
for RV144 (up to 88 vaccinees and 30 placebos) in a pilot RV144 set and in the RV144
immune correlates set (205 vaccinees, 41 infected cases, and 40 placebos) as previously
described (2) (fig. S5A), and at baseline and at 2 weeks after the second and fourth
immunization for VAX003 (up to 121 vaccinees and 30 placebos) (fig. S5B). All placebo
recipients were negative for HIVV-1-specific 1gG subclass responses.

HIV-1-specific binding antibody assay

Plasma HIV-1-specific antibodies to HIV-1 gp120/gp140 proteins and V1-V2 scaffolds
were measured by a custom HIV-1 binding antibody multiplex assay as previously described
(2, 18, 35). All assays were run under Good Clinical Laboratory Practice—compliant
conditions, including tracking of positive controls by Levy-Jennings charts with 21CFR Part
11 compliant software. Positive controls included a HIVIG titration, CH58 mAb 1gG
titration, and 1gG1 to 1gG4 standard curve titrations. Negative controls included in every
assay were blank beads, HIV-1-negative sera, and baseline (prevaccination) samples. To
control for antigen performance, we used the preset criteria that the positive control titer
(HIVIG) included on each assay (and for assays with V1-V2 antigens, CH58 mAb) had to
be within £3 SDs of the mean for each antigen (tracked with a Levy-Jennings plot with
preset acceptance of titer) (calculated with a four-parameter logistic equation, SigmaPlot,
Systat Software). HIV-specific antibody iso-types were detected with mouse anti-human
IgG1 (BD Pharmingen), mouse anti-human 19gG2 (Southern Biotech), mouse anti-human
1gG3 (Calbiochem), or mouse anti-human 1gG4 (BD Pharmingen) conjugated to biotin, at 4
pg/ml, followed by washing and incubation with streptavidin-phycoerythrin (PE) (BD
Pharmingen). Antibody measurements were acquired on a Bio-Plex instrument (Bio-Rad)
with 21CFR Part 11 compliant software, and the readout is in MFI or ug/ml equivalents
based on titrating purified 1gG1 to 1IgG4 human myeloma proteins (Sigma) on beads coupled
to purified anti-human 1gG1 to 1gG4 antibodies and detecting with goat anti-human x
(Southern Biotech) conjugated to biotin followed by washing and incubation with
streptavidin-PE (BD Pharmingen). Binding antibody pg/ml equivalents were calculated with
a 4PL curve analysis. Both pg/ml concentrations and MFI levels were measured and
compared for each antibody subclass between VAX003 and RV144 with similar results. The
preset assay criteria for sample reporting were as follows: coefficients of variation per
duplicate values for each sample were 15% and >100 beads counted per sample.
Additionally, responders for each 1gG subclass were calculated as MFI =100 and threefold
over baseline. For comparison across assay runs, MFI values are shown as the most robust
comparison. To confirm the findings on the comparison study of 1gG3 binding responses
between RV144 and VAX003, samples were repeated on different days by different
operators, and samples from both studies were examined side by side in the same assay run.

Production of recombinant HIV-1 proteins

RV144 vaccine immunogen proteins A244 gp120, GNES8 gp120, and B.MN gp120 (MN
gp120) were produced, purified, and supplied by GSID. Recombinant HIV-1 gp120 proteins
including the subtype AE A244gDneg, A244 gp120 deltall 293F (referred to as A244
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gp120 monomer in the text), 92TH023 gp120, and B.MN gp120 were expressed in 293F
cells by transfection and purified with lectin-affinity columns (16) followed by size
exclusion chromatography on a Superdex 200 FPLC (GE Healthcare) to homogeneity for
monomeric gp120. Recombinant Envs including consensus Envs (group M CON-S
gp140CFI and AE. con gp140CF) were produced in 293T cells by recombinant vaccinia
viruses (16). gp70 B.CaseA2 V1-V2, gp70 A.92RW020V1-V2 (gp70 V1-V2 A), gp70 C.
97ZA012 V1-V2 (gp70.C. V1-V2), and gp70 B.CaseA2 V1-V2 169K were made as fusion
proteins with murine leukemia virus (MLV) gp70 and produced as described (21, 36). MLV
gp70 carrier protein without V1-V2 sequence was produced in 293F cells, purified by nickel
columns, and used as negative control for gp70 scaffold proteins. Sequences of HIV-1 Envs,
AE.703357 and AE.427299, were derived from RV144 subjects in the placebo arm and
represent infection Envs with wild-type V2 sequences that do not match the AE vaccine
strains A244 and 92THO023. AE.A244 VV1-V2 tags and C.1086 VV1-V/2 tags were designed
with Ig leader (METDTLLLWVLLLWVPGSTGD) serving as a mature protein cleavage
and secretion signal at the N terminus and with the C-terminal avi-tag followed by His6-tag
for purification, produced in 293F cells by transfection, and purified by nickel columns (37).

Plasma IgG purification

IgG was isolated from plasma with the above Protein G HP MultiTrap 96-well plates (GE
Healthcare Inc.) as previously described (2, 38).

Surface plasmon resonance

SPR binding assays were performed on a Biacore 3000 (Biacore Inc.) instrument at 25°C,
and data analyses were performed with the BlAevaluation 4.1 software (Biacore) as
previously described (2, 39).

nAbs and ADCC

Neutralizing assays and ADCC were conducted as previously described (7, 31, 40, 41).
ADCC assays were performed with both an infected cell assay (T cell lines derived from
NKR.CEM-CCRS5 cells were infected with HIV-1 AE.92THO023 as the target) and a gp120-
coated assay (CM243 gp120-coated target cells with granzyme B as the readout, as
previously described).

Statistical analyses

The levels of 1gG subclasses were compared between the RV144 and VAX003 trials with
two-tailed t tests (GraphPad Prism). For IgG subclasses, response rates for each antigen
were compared with two-tailed Fisher’s exact test. To correct for family-wise a inflation, P
values were adjusted with the Benjamini-Hochberg correction (42). 1gG antibody avidity
was compared between the RV144 and VAXO003 trials with the Wilcoxon rank-based test.
The case-control analyses were implemented with the osDesign package in R, which
performed maximum likelihood estimation in a logistic regression model while
accommodating the two-phase sampling design. Gender and baseline behavioral risk were
included in every regression model. The IgG3 continuous readouts were blank-subtracted,
log-transformed, not thresholded by the positivity call criterion, and not baseline-adjusted.

Sci Transl Med. Author manuscript; available in PMC 2014 September 19.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Yates et al.

Page 12

The 1gG3 discrete readouts were dichotomized according to the positivity call. The 1gG3
positivity call criterion was MFI >100, threefold above baseline for both blank-subtracted
and blank-unsubtracted readouts, and blank MFI <5000. The univariate models included
only one immune variable at a time. Besides the univariate model, we also use IgA-adjusted
models, which include the primary IgA score variable assessed previously (1) in addition to
the immune variable of interest. We previously demonstrated that the IgA score is an
important predictor of the case status (1). Adjusting for such variables tends to increase the
statistical power for the inference of interest, and gives the OR for IgG3 an interpretation
that controls for the level of the primary IgA score. We report the P values for the individual
hypothesis tests in the case-control analyses without multiplicity adjustment, because the
different variants of V1-V2 antigens are all closely related to the original V1-V2 antigen
previously studied (2). Details of the case-control sampling designs can be found in (2).
Apparent antibody half-life measurements were determined by an exponential decay model
as previously described (2, 18, 35, 43).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Higher HIV-1 Env IgG3 but lower HIV-1 Env IgG1, 1gG2, and 1gG4 antibody response

rates in RV144 compared to VAX003 vaccinees

(A to D) HIV-1 Envelope antibody response rates for proteins from the vaccine strain
immunogens in the prime (92Th023) and boost (A244, MN) as well as against group M and
clade AE consensus proteins (ConS gp140 and AE Con gp140, respectively) (percent
responders are shown for RV144 V8 and VAX003 V5 and V9) for IgG1 (A), 1gG2 (B),
1gG3 (C), and 1gG4 (D). ***P < 0.0005; **P < 0.005; *P < 0.05. P values were calculated
with the two-tailed Fisher’s exact test and adjusted with the Benjamini-Hochberg correction.
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Fig. 2. HIV-1 Env IgG subclass response magnitude: RV144 versus VAX003
(A) HIV-1 Env IgG1 antibody concentrations were lower in RV144 compared to VAX003.

Antibody response magnitude in mean fluorescence intensity (MFI) is shown for positive
responders only. (B) HIV-1 Env IgG2 antibody responses were higher in VAX003 than in
RV144. (C) HIV-1 Env 1gG3 antibody responses were elevated after two protein boosts
(V5) in VAXO003 and then declined after four protein boosts (V9). (D) HIV-1 Env IgG4
responses were lower in RV144 compared to VAX003. (E) IgG avidity to the vaccine strain
antigen, A244, and also to the group M consensus gp140 was measured by surface plasmon
resonance (SPR). ***P < 0.0005; **P < 0.005; *P < 0.05. P values for (A) to (D) were
calculated with two-tailed t tests. P values for (E) and (F) were calculated with the Wilcoxon
rank-based test.
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Fig. 3. V1-V2 1gG3 antibody responses differ between RV144 and VAX003 and correlate with a

decreased HIV-1 infection risk in a RV144 case-control study

(A) Responders to V1-V2 antigens in RV144 and VAX003. (B and C) Magnitude of V1-
V2 responses to RV144 at V8 and VAX003 at V5 and V9. (D and E) Magnitude of V1-V2
IgG3 responses in the RV144 case-control study. (F and G) Cumulative incidence plots for
V1-V2 1gG3 responses. ***P < 0.0005; **P < 0.005; *P < 0.05. P values in (A) were
calculated with the two-tailed Fisher’s exact test. P values in (B) and (C) were calculated

with two-tailed t tests.
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