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Antibody Fc effector functions and IgG3 associate with
decreased HIV-1risk
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HVTN 505 is a preventative vaccine efficacy trial testing DNA followed by recombinant adenovirus serotype 5 (rAd5) in
circumcised, Ad5-seronegative men and transgendered persons who have sex with men in the United States. Identified
immune correlates of lower HIV-1risk and a virus sieve analysis revealed that, despite lacking overall efficacy, vaccine-elicited
responses exerted pressure on infecting HIV-1 viruses. To interrogate the mechanism of the antibody correlate of HIV-1risk, we
examined antigen-specific antibody recruitment of Fcy receptors (FcyRs), antibody-dependent cellular phagocytosis (ADCP),
and the role of anti-envelope (anti-Env) IgG3. In a prespecified immune correlates analysis, antibody-dependent monocyte
phagocytosis and antibody binding to FcyRlIla correlated with decreased HIV-1 risk. Follow-up analyses revealed that anti-Env
1gG3 breadth correlated with reduced HIV-1risk, anti-Env IgA negatively modified infection risk by Fc effector functions, and
that vaccine recipients with a specific FcyRlIla single-nucleotide polymorphism locus had a stronger correlation with decreased
HIV-1risk when ADCP, Env-FcyRlla, and IgG3 binding were high. Additionally, FcyRlla engagement correlated with decreased
viral load setpoint in vaccine recipients who acquired HIV-1. These data support a role for vaccine-elicited anti-HIV-1 Env 1gG3,
antibody engagement of FcRs, and phagocytosis as potential mechanisms for HIV-1 prevention.
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Introduction

An efficacious vaccine that provides durable immunity remains
a key priority in the fight against HIV-1. One strategy to identify
an efficacious vaccine regimen is the identification of immune
correlates of risk from human efficacy trials and nonhuman pri-
mate studies (1, 2). The most recently concluded HIV-1 efficacy
trial, HIV Vaccine Trials Network (HVTN) 505, tested a DNA/
recombinant adenovirus serotype 5 (rAd5) vaccine regimen in
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US-based men and transgender persons who have sex with men;
the trial reported no overall vaccine efficacy (3). This vaccine reg-
imen did influence acquisition of infection as reported in a virus
sieve analysis by deCamp et al. that revealed that HIV-1 envelope
(Env) gp120 sequences in vaccinees who became infected were
significantly more distant from the vaccine subtype B insert than
infections in the placebo group (4). Moreover, a cellular immune
correlate of risk found that HIV-1 Env CD8* T cell polyfunction-
ality inversely correlated with HIV-1 acquisition (5). Among vac-
cinees with low CD8* T cell polyfunctionality, anti-Env IgG cor-
related with reduced risk for HIV-1 acquisition (6), signifying that
both vaccine-elicited CD8" T cells and antibodies could be use-
ful in efficacious vaccine design. Possible mechanisms for anti-
body-mediated prevention include a variety of antibody effector
functions (reviewed in ref. 7). Given the high response rate for
antibody-dependent cellular phagocytosis (ADCP) (4) elicited
by this vaccine regimen, and the association of antibody effector
function in rhesus macaque challenge studies (8-12), we hypothe-
sized that ADCP and antigen-specific recruitment of Fcy receptors
(FcyRs) were associated with reduced HIV-1 risk in HVTN 505.
Vaccine-elicited antibodies can recruit and activate innate
immune effector cells, which express FcyRs that differentially
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Figure 1. ADCP, FcyRlla, and IgG3 significantly correlate with decreased HIV-1 risk. HIV-1 Env Con S gp140 ADCP magnitude (score) (A), FcyRlla binding
MFI (B), and 1gG3 breadth score (C) by infected/uninfected outcome. ADCP (OR = 0.47, P = 0.001), FcyRlla (OR = 0.48, P < 0.001), and Env IgG3 breadth
(OR =0.326, P < 0.001) were inversely correlated with HIV-1 acquisition risk. Box-and-whisker plots show the median line and interquartile ranges. n = 125

uninfected, 25 infected participants.

engage antibody Fc regions (7). FcyR engagement links the spec-
ificity of the humoral immune response to the effector functions
provided by cells of the innate immune system, as exemplified by
antibody-dependent cell-mediated cytotoxicity (ADCC) (13) and
ADCP (14). Although these potent antiviral activities are regulated
by an interaction of both activating and inhibitory FcyRs, FcyRIIIa
and -IIa are most closely associated with ADCC and ADCP, respec-
tively (7, 13, 14). Although signaling pathways triggered by FcyRs
share downstream targets, ADCP can be blunted through selective
blockade of FcyRI and -II, and this blunting is enhanced with block-
ing of FeyRIII (15). ADCC is mediated predominantly by FcyRIIla;
however, it can be enhanced by FcyRII signaling (16). Interest-
ingly, the expression of FcyRII and FeyRlIlIa is also diminished on
innate immune cells isolated from HIV-1-infected individuals (15),
and Fc-mediated functions were associated with the 31% efficacy
observed in the Thai RV144 vaccine trial (17, 18). Insights into the
antibody mechanisms of HIV-1 correlates of risk from recent HIV-1
vaccine trials will enable advances in vaccine immunogen design
toward a globally efficacious HIV-1 vaccine.

Results

HIV-1 Env IgG-mediated phagocytosis and FcyRIla engagement cor-
relates with decreased HIV-1 risk in a human HIV-1 vaccine efficacy
trial. Given the high response rate and

broad dynamic range in the magnitude

(month 7) (infection cases were diagnosed between month 7 and
month 24). Env IgG ADCP was elicited in 88.0% (81.8%-92.3%
CI) of vaccine recipients, with a median ADCP score of 8.1 (range
0.9-20.4) for uninfected vaccinees and a median ADCP score of
4.0 (range 0.45-14.1) for infected vaccinees (Figure 1, A and B).
The response rate for HIV-1 Env Con S gp140 FcyRIIa was 98.7%
(Supplemental Figure 1 and Supplemental Table 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI126391DS1). In a regression analysis controlling for age, race,
behavior risk, and body mass index (BMI), the primary hypothesis
outcomes of IgG ADCP and FcyRIIa responses to HIV-1 Env gly-
coprotein Con S gp140 were both inversely correlated with HIV-1
acquisition risk (Table 1). Notably, a virus sieve signature previous-
ly reported for this trial (4) was detected using the Env Con S gp140
sequence (Supplemental Figure 3). To test whether these antibody
functions were independent correlates of HIV-1 risk, ADCP and
FcyRIIa were assessed as univariate variables while controlling
for CD4* and CD8" T cell polyfunctionality score (PFS). With this
adjustment, FcyRIIa and ADCP remained significantly correlated
with reduced HIV-1 acquisition risk and there was no interaction
with CD8* T cell polyfunctionality (Figure 1, A and B, and Table 1).

HIV-1 Env IgG3 correlates with decreased HIV-1 risk in a human
HIV-1vaccine efficacy trial. Since we and others previously report-

of ADCP in a pilot study of HVTN 505
immunogenicity (4), we designed an
antibody function immune correlates
analysistotestthe prespecified hypoth-
esis that anti-HIV-1 EnvIgG ADCP and
engagement of FcyRIIa correlates with
decreased HIV-1 acquisition risk. The
response rate and magnitude of these
antibody functions were determined
in a blinded case control study of 125
uninfected and 25 infected vaccinees
at 4 weeks after the final vaccination

Analysis

Univariate®

Univariate w/ cellular adjustment®
(D8 interaction”

Table 1. Primary hypothesis analysis of risk for HIV-1 acquisition among HVTN 505 vaccinees

ADCP FcyRlla H131-Con S gp140*
OR Pvalue  Qvalue OR Pvalue  Qvalue
047 0.001 0.001 048 <0.001 <0.001
0.59 0.026 0.026 0.63 0.010 0.021
1.24 0448 0.672 134 0.280 0.672

ALog-transformed (In[MFI]) values for FcyRIla H131-Con S gp140. BUnivariate analyses to assess if the
variable (ADCP or FcyRIla H131-Con S gp140) was associated with HIV-1 acquisition risk. “The addition of
cellular adjustment adjusts for previously published CD4 and CD8 polyfunctionality scores. °CD8 interaction
assesses for an interaction between CD8 polyfunctionality score and the variable tested.
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Table 2. 1gG3 analysis of HIV-1 acquisition among HVTN 505 participants

Univariate Univariate w/ cellular adjustment
OR Pvalue  Qvalue OR Pvalue  Qvalue OR
A Con gp140 0.330 <0.001 <0.001 0.369 <0.001 0.001 1.281
B Con gp140 0.347 <0.001 <0.001 0433 0.001 0.003 1166
Con S gp140 0.466 0.001 0.002 0.531 0.004 0.012 1.064
C Con gp140 0.391 <0.001 0.001 0402 0.001 0.003 1.292
VRCA gp140 0468 <0.001 0.001 0.517 0.001 0.005 1458
VRC B gp140 0.341 <0.001  <0.001 0.368 <0.001 0.001 1324
VRC Cgp140 0.566 0.007 0.016 0.573 0.017 0.040 1.091
Con 6 gp120 0463 0.018 0.039 0480 0.042 0.088 1.204
VRCA gp70 V1V2 0.981 0.921 0.921 0.998 0.993 0.993 1356
p24 0.674 0.062 0.105 0.662 0.082 0139 1.247
gpdl 0.649 0.047 0.088 0.826 0.382 0464 1433

(D8 interaction

Pvalue
0.316
0.521
0.786
0.315
0190
0.273
0.740
0.573
0176
0472
0.164

O value
0.536
0.681
0.835
0.536
0.536
0.536
0.835
0.695
0.536
0.669
0.536

ic plasma IgA correlated with
increased HIV-1 risk (i.e.,
associated with decreased
vaccine efficacy) in the RV144
clinical trial and reported that
certain specificities may inhib-
it antibody Fc effector func-
tions (17, 18). To determine the
role of HIV-1 Env IgA in this
study, we examined whether
vaccine-elicited IgA respons-
es modified the correlation of
antibody function with HIV-1
acquisition risk. In vaccinees
with low-to-undetectable plas-
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Association of V1V2 IgG3 with HIV-1risk is shown only for the measurement >20% response rate.

ma HIV-1 Env gpl40-specific

ed that HIV-1-specific IgG3 antibodies have improved ADCP
activity over IgG1 (19) and that HIV-specific IgG3 correlated with
reduced HIV-1 acquisition, (20), we next examined the role of
IgG3 as an exploratory hypothesis in this study. Vaccine-matched
gp140 IgG3 response rates were high, ranging from 55% to 90%
(Supplemental Figure 2). Notably, Env IgG3 breadth (odds ratio
[OR] = 0.326, P < 0.001; OR = 0.365, P value < 0.001 with cel-
lular adjustment), as well as individual Env IgG3 measurements
significantly correlated with reduced

risk of HIV-1 acquisition (Figure 1C and

IgA responses, the associa-
tion of ADCP and FcyRIla
binding with risk of HIV-1
acquisition was significantly decreased; the OR for ADCP and
FeyRIlawas 0.16 and 0.37 (P = 0.01 and P < 0.001), respective-
ly (Figure 2, A and B). The OR of 0.16 for ADCP (Table 3) in the
presence of low/undetectable Env IgA is the lowest significant
correlate of risk among the immune correlates reported to date
for this trial (5, 6). We also examined whether IgA modified the
correlations of Env IgG3 with HIV-1 acquisition risk, and saw
no significant interaction.

Table 2). V1V2 IgG3 response rates were A HIV-1 Env IgA positive HIV-1 Env IgA negative
very low (<20%) (Supplemental Figure & o & Status
2) and were not included in the test for o o B3 Uninfected vaccinees
L. R .. S o —9-;7 £ Infected vaccinees
association with HIV-1 acquisition. S o 0% o @ °
- .. . - o - :
IgA modifies the association of anti- 3 © o 2 R S i
body-mediated phagocytosis and FcyRIla *g S g 5 =2 2>
. . . . o 1 o |
function with HIV-1 risk. We previously g - 80 s - °%
. 1S B o& o —e
demonstrated that HIV-1 Env-specif- o S - 2 :
) 0”50 Ci=PE ‘o
a w- o o 0 — |
< 00 S _QQQSEQ_ .
5 '® o o o
0 b o o %R
Figure 2. Envelope-specific IgA modifies the o - | | o - | _el‘e_
association of ADCP and FeyRlla with HIV-1 Uninfected Infected Uninfected Infected
risk. HIV-1 envelope Con S gp140 ADCP mag- vaccinees vaccinees vaccinees vaccinees
nitude (score) (A) and FcyRlla binding MFI (B)
by infected/ uninfected outcome, stratified . .
by Env IgA positivity. The associations B HIV-1 Env IgA positive HIV-1 Env IgA negative
between ADCP/FcyRlla and HIV-1 acquisition ~
risk are stronger among vaccinees without E =8
detectable Env IgA than those with detect- =
able Env IgA (ADCP OR = 0.16, P = 0.006; L o
FcyRlla OR = 0.37, P < 0.001). The interaction 2 :
is significant for ADCP (ratio of ORs = 4.3, P = S o ©
0.039) but not for FcyRlla (ratio of ORs = 1.5, g
P =0.43). ADCP and FcyRlla did impact risk 2 | < ;
in IgA-positive participants (ADCP IgA* OR = -é o
0.68, P = 0.011; FcyRlla IgA* OR = 0.56, P < 3 o E
0.001). Statistics are summarized in Table 3. Y .
P values were calculated using the Wald test. % '
Box-and-whisker plots show the median line L 27 T T ° T T
and interquartile ranges. n = 125, uninfected, Uninfected Infected Uninfected Infected
25 infected participants. vaccinees vaccinees vaccinees vaccinees
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Table 3. Assessment of risk stratified by serum IgA positivity

RESEARCH ARTICLE

were immune responses associated with HIV-1 acquisition risk in
this study or prior studies: Env CD8* T cell PFS (5), Env-specific
IgA (5), gp41- and Env-specific IgG (5), V2-specific IgG (5), ADCP,

ADCP FeyRlla H131-Con S gp140* —— _ 8t
R Palue R Pyalue Env IgG3, and binding to FcyRIIa. The first 2 pr%nc1pal compo-
lgh Posiive? 058 001 056 <0.001 ne.nts. together accounted fqr 63% of t.he total variance. The f%r.st
Igh Negative 016 0.01 0372 <0.001 principal component (PC1) included high Env- and gp41-specific
Ratio of ORs 433 0.04 151 043 IgG, ADCP, IgG3, and binding to FcyRIIa, while PC2 included high

ALog-transformed (In[MFI]) values for FcyRIla H131-Con S gp140. BigA
positivity is defined as 3-fold increase over baseline and above the 95th
percentile of control sera.

Secondary and exploratory analyses. In addition to the primary
hypothesis, we tested an array of HIV-1-specific Env proteins for
FcyRIIa and FcyRIIIa engagement. These variables were examined
as univariate parameters in a predefined secondary-tier (Table 4)
or exploratory-tier (Table 5) analysis with significance defined as a
Pvalue of'less than 0.05 and Q value of less than 0.2, to adjust for
multiple comparisons, in part prioritized based on outcomes from
the binding antibody correlates analysis (6). To understand wheth-
er there was an interplay of cellular and humoral responses, we next
examined antibody interactions with polyfunctional HIV-1-specific
CD4* T cells and CD8" T cells. Although several of the secondary-
and exploratory-tier analytes met significance cutoff for univariate
analyses (P < 0.05, Q < 0.2), none maintained significance follow-
ing adjustment for cellular responses and corrections for multiple
comparisons, suggesting that any effect driven by binding against
these antigens was predominantly associated with one of the other
significant correlates. It is worth noting that all measurements for
FcyR binding were unidirectional; no significant OR for FcyRIla or
FcyRIIIa exceeded 1, meaning none were associated with increased
HIV-1 acquisition. Similarly to the primary-tier analysis, there were
no significant interactions of these antibody-FcR interactions with
measurements of CD8* T cell functions. Since obesity was implicat-
ed in increasing infection risk in the context of influenza vaccination
(21) and was reported to negatively impact seroprotection in the con-
text of hepatitis B vaccination (22, 23), we also explored the role of
BMI (=30 kg/m?) in modulating the correlation of antibody function
and HIV-1 acquisition. There was no significant effect of BMI (P >
0.05 by Wilcoxon’s rank-sum
testand Q> 0.2).

CD8* T cell polyfunctionality, high Env-specific IgG3, and low
Env-specific IgA (Supplemental Table 2). Higher PC1 was inverse-
ly correlated with HIV-1 risk (OR = 0.366, P < 0.001), and higher
PC2 was also inversely correlated with HIV-1risk (OR = 0.409, P <
0.001) in a multivariate analysis (Figure 3A). IgG3 contributed to
both PC1 and PC2 (Supplemental Table 1). We also tested interac-
tion between PC1 and PC2 in a regression model and found evi-
dence for a potential synergistic effect between the two (ratio of
ORs = 1.653, P = 0.040). To further test whether HIV-1 infection
risk in this cohort could be predicted from multiple humoral and
cellular immune responses together, we utilized a SuperLearn-
er (24) approach to predict HIV-1 infection in vaccinees from all
measured immune responses (i.e., CD4"* T cells, CD8" T cells,
IgG, IgA, IgG3, ADCP, FcyRlla, and FeyRIIla) (not conditioning
on being univariate correlates) and baseline variables (age, BMI,
behavioral risk score). In this model, where a cross-validated area
under the curve (CV-AUC) of 1.00 would be perfect prediction and
0.50 would be random prediction, the overall prediction based on
baseline variables and all immune measurements CV-AUC was
0.748 (95% CI 0.652-0.844) (Figure 3B). By differentiating the
importance of different classes in variables (including functional
antibody measures such as FcR binding and ADCP), IgG binding,
IgA binding, IgG3 binding, T cell measures, and permutations
combining these measures), it was observed that (i) IgG and IgA
improved prediction compared with baseline variables alone; (ii)
adding IgG3 variables improved prediction modeling more than
(i); (iii) adding T cell variables enhanced prediction better than (i,
ii); and (iv) adding functional antibodies to T cells improved pre-
diction. The individual cellular immune measurement that best
predicted HIV-1 acquisition was polyfunctional CD8* T cells and
the individual humoral immune measurement that best predicted
HIV-1 acquisition was Env IgG3 breadth. Finally (v), combining
T cell and antibody variables further enhanced prediction more

Systems immunology anal-
ysis: multiple immune respons-

Table 4. Secondary-tier analysis of HIV-1 acquisition among HVTN 505 vaccinees

es among vaccinees contribute Univariate Univariate w/ cellular adjustment (D8 interaction
to pot(?ntia'l protection.  To OR  Pvalue Ovalue OR  Pvalue Ovalue OR  Pvalue Ovalue
determine if a complex rela-  popiapEA244VIV2Tags 1123 0600 0600 1239 0403 0453 1267 0407 0454
tionship existed between all  geypia (.con gpi40 0592 0011 0025 0779 0209 037 1395 0277 0356
known immune measures FcyRilaVRCA gpld0 0598 0006  0.019 0724 0053 0268 1619 0075 0299
established to influence HIV-1  FeyRIlaVRC C gp140 0646 0017  0.031 0824 0341 0453 1754 0.028 0256
acquisitionriskin HVINS05, ¢,y con s gpiag 0565 0006 0019 0687 005 0268 1399 021 0356
aprincipal componentanaly-  peRilaAEA24VIV2Tags 1283 0226 0.254 1327 0371 0453 1229 0454 0454
sis (PCA) and SuperLearner  feyRiila C.Con gp140 0526 0004 0019 0686 0099 0297 1399 0269  0.35
approaches were applied  FeyRillaVRC A gp140 0634 0056  0.084 0767 0144 0323 1531 0100 0299
(Figure 3). Variables included  FeyRillaVRC C gp140 0685 0080 0103 0870 053 053 156 0135 0304
in the PCA analysis (Figure 3A o4 text indicates significant P value (<0.05), with 0 < 0.20.
and Supplemental Table 3),
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Table 5. Exploratory-tier analysis of HIV-1 acquisition among HVTN 505 participants

Univariate Univariate w/ Cellular Adjustment CD8 Interaction

OR Pvalue 0 value OR Pvalue 0 value OR Pvalue 0 value
FecyRIla A1.Con gp140 0.632 0.029 0.075 0.840 0420 0.776 1.261 0471 0.592
FeyRIla B.Con gp 140 0.581 0.009 0.039 0.781 0.224 0.728 1233 0487 0.592
FeyRlla Con 6 gp120 0.842 041 0.598 1.024 0.925 0.991 1.657 0.052 0.247
FeyRIlaVRC B gp140 0.568 0.001 0.031 0.718 0.061 0.394 1453 0.130 0.321
FcyRIla B.MN V3 gp70 0.883 0.568 0.703 0.985 0.953 0.991 1166 0426 0.592
FcyRIla C.1086 V2 Tags 0.684 0.059 0.140 0.749 0.174 0.728 0.816 0.553 0.625
FcyRIla C.1086C V1V2 Tags 0.849 0.488 0.667 0.999 0.997 0.997 1.728 0.057 0.247
FeyRlla B.Case V1V2 1.027 0.897 0.933 1190 0.507 0.776 1.641 0.040 0.247
FeyRlla B.Case V1V2 gp70 169K 0.732 0.147 0.294 0.887 0.604 0.785 1458 0127 0.321
FeyRlla C.1086C V1V2 gp70 0.761 0.217 0403 0.863 0.537 0.776 1433 0.202 0404
FcyRIlaVRCAV1V2 gp70 0.596 0.022 0.063 0.598 0.031 0.379 1294 0472 0.592
FeyRlla gp41 0.613 0.015 0.055 0.805 0.285 0.741 1.589 0.052 0.247
FeyRlla p24 Gag 0.523 0.005 0.039 0.574 0.044 0.379 1.247 0.501 0.592
FeyRllla A1.Con gp140 0.609 0.020 0.063 0.839 0424 0.776 1.293 0379 0.592
FeyRllla B.Con gp 140 0.583 0.009 0.039 0.783 0.256 0.741 1.226 0497 0.592
FeyRllla Con 6 gp120 0.886 0.559 0.703 1.245 0.384 0.776 1454 0n7 0.321
FeyRIlla VRC B gp140 0.566 0.005 0.039 0.733 0.128 0.663 1316 0.277 0.506
FeyRllla B.MN V3 gp70 0.834 0414 0.598 0.929 0.77 0.91 1.029 0.898 0.898
FeyRllla C1086 V2 Tags 11 0.625 0.739 1147 0.530 0.776 0.948 0.814 0.846
FeyRllla C.1086C V1V2 Tags 0.985 0.945 0.945 1106 0.712 0.881 1.819 0.019 0.247
FeyRllla B.Case V1V2 1.091 0.681 0.769 1181 0.519 0.776 1528 0.137 0.321
FeyRllla B.Case V1V2 gp70 169K 0.845 0.406 0.598 0.985 0.948 0.991 1434 0.148 0.321
FcyRIlla C1086C V1V2 gp70 1.068 0.741 0.803 1142 0.573 0.784 1307 0.292 0.506
FeyRIllaVRCAV1V2 gp70 0.790 0.266 0.461 0.805 0.353 0.776 1156 0.615 0.666
FeyRllla gp41 0.61 0.068 0.147 0.778 0.214 0.728 1.641 0.040 0.247
FeyRllla p24 Gag 0.588 0.007 0.039 0.614 0.013 0.350 1461 0.143 0.321

Bold text indicates significant P value (<0.05), with 0 < 0.20.
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potently than (i, ii, iii, or iv) alone, signifying that each of these
immune measures is predictive of HIV-1 risk in this model.

To further examine the relationship of vaccine-elicited immu-
nity across humoral and cellular responses, we modeled vaccine
immune responses at different levels that most strongly correlat-
ed with decreased HIV-1risk (Figure 4). The antibody function of
ADCP and Env IgG3 at month 7, i.e., 4 weeks after the last vacci-
nation, when cut at above and below the median response mag-
nitude stratified vaccinees into vaccine efficacy (VE) greater than
zero and VE near zero at about the same strength as the cut by Env
CD8 T cell PFS (ref. 5 and Figure 4, A-C). VE is defined as 1 minus
the relative risk (vaccine vs. placebo) of infection by month 24. In
particular, based on a causal inference method that estimates VE
in subgroups of vaccine recipients defined by an immune response
measurement if assigned vaccine, VE for vaccinees with an ADCP
response above the median response magnitude was estimated to
range from 62% to 79% and VE for vaccinees with an Env IgG3
breadth score above the median was estimated to range from 69%
to 83%, with identical estimates for Env CD8* T cell PFS (Figure
4C). The causal inference method accounts for uncertainty in
statistical inferences due to potential bias stemming from ana-
lyzing postrandomization subgroups (25). The 95% estimated
uncertainty interval surrounding these ranges of estimates for
Env IgG3 breadth score, which accounts for uncertainty both due
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to sampling variability and to potential selection bias, is 43% to
97% (Figure 4C). This result is remarkable in that it reveals the
potential strength of antibody Fc effector function and Env IgG3
on impacting HIV-1vaccine efficacy.

Human host genotype, FcyRIla GA/AA, related to antibody-medi-
ated phagocytosis correlated with reduced HIV-1 acquisition. Follow-
ing screening (discussed in Methods), 7 single-nucleotide poly-
morphisms (SNPs) in the FcyRIla gene were chosen for assessing
the effect of modification on the correlates of ADCP and FcyRIIa
binding with HIV-1 acquisition risk. Following corrections for mul-
tiple comparisons, an intron SNP (FCGR2A-intron13-645-G/A
[rs2165088]) was found to modify the correlate of ADCP with
HIV-1 acquisition risk (interaction P value = 0.003 and Q value =
0.006, Figure 5 and Table 6). Participants with the GG genotype
had the same odds of HIV-1 acquisition regardless of ADCP (OR
= 1.14, P = 0.726), while participants with GA/AA genotypes had
an ADCP-associated reduced risk of HIV-1 acquisition (OR = 0.16,
P =0.0005). Notably, these findings withstood adjusting for cel-
lular responses (OR = 1.47, P = 0.36 for GG and OR = 0.24, P =
0.005 for GA/AA, interaction P value = 0.006; Figure 5 and Table
6). That FcyRIla SNPs significantly modified the correlation of
ADCP with HIV-1 infection risk demonstrates that the interplay of
host FcR genetics in the population and vaccine-elicited immune
responses can impact the outcome of HIV-1vaccine efficacy trials.
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Figure 3. Multiple immune responses
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Although the SNP-effect modification on the correlate of Fcy-
RIIa binding with HIV-1 acquisition risk was not significant (inter-
action P value = 0.07), the correlate of FcyRIlIa binding with HIV-1
acquisition risk was observed only in the vaccine recipients who
carried GA/AA genotypes (OR= 0.3, P=0.0110or OR=0.48,P =
0.071 with adjusting for cellular responses). Similarly to ADCP
and FcyRIIa, the association of IgG3 and HIV-1 acquisition risk
was significantly lower in the FCGR2A-intron13-645-GA/AA par-
ticipants (OR = 0.25, P = 0.002). However, there was also a trend
for the GG genotype (OR = 0.42, P = 0.086, unadjusted for cellular
measurements) (Figure 5 and Table 6).

Antibody effector function significantly correlated with lower viral
load setpoint in breakthrough infections. Although it is known that
vaccine-elicited CD8* T cells can exert selective pressure on HIV-1
infection in breakthrough human vaccinees (26), it is unknown
if antibody Fc effector functions can play a protective role after
acquisition in humans. We examined the relationship of the mag-
nitude of antibody Fc effector functions with the viral load (VL)
setpoint in those vaccinees who became infected (Table 7). VL set-
point was calculated as the mean plasma HIV-1 RNA level 10 to 20
weeks after diagnosis. Three regression models were performed
for the 2 primary immune variables prespecified in the case con-
trol analysis in order to examine each one individually as well as
in a combined model. While ADCP was found not to associate
with VL setpoint in either model, FcyRIIa correlated with lower
VL setpoint in both the individual and combined models (Figure

0.7 0.8 0.9 1

6). Remarkably, there was an estimated 0.53 log,, lower VL set-
point (95% CI 0.06-1.00 log,, lower) per standard deviation (SD)
increase in HIV-1 Env IgG binding to FcyRIIa (P = 0.027). In sep-
arate models controlling for the same terms, IgG3 breadth and
CD8* T cell Env polyfunctionality were not observed to influence
VL setpoint (P=0.963 and P = 0.565, respectively).

Discussion

The correlates of protection for currently licensed vaccines in
humans are predominantly attributed to IgG binding antibodies
(2, 27, 28). However, the underlying mechanisms of these patho-
gen-specific immune responses remain largely unknown. Critical
to the advancement of improved vaccine regimens is determining
mechanistic correlates of protection (2, 27, 28). For pathogens like
HIV-1 that lack an efficacious and licensed vaccine, identifica-
tion of immune mechanisms of protection will inform practical
improvements in vaccine immunogens toward eliciting protec-
tive responses. There is a sense of urgency for defining antibody
mechanisms of protection to provide a roadmap for advancing the
most promising vaccine candidates.

Vaccine-elicited antibody Fc effector functions were associat-
ed with decreased HIV-1 risk in human trials, including antibody-
dependent cell-mediated virus inhibition (ADCVI) in VAX004
(29) and ADCC in the presence of low plasma IgA in RV144 (18).
We previously reported that no significant ADCC responses were
elicited in HVTN 505 (6). However, given the FcyRIII association
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Figure 4. Antibody Fc effector function, 1gG3, and CD8* T cells
stratify vaccinees into vaccine efficacy greater than zero and

— at (or near) zero. The ADCP immune measurement stratifies

i vaccinees into vaccine efficacy >0 (VE [1]) (black lines) and vac-

\ cine efficacy near 0 (VE [0]) (red lines), similar to CD8" T cell Env
4 polyfunctionality score. Ignorance intervals (solid lines) and 95%
estimated uncertainty intervals (EUIs) (dashed lines) for VE by
subgroup of vaccinees were defined by cutting above and below
the median response magnitude of each of the immune response
measurements of ADCP, FcyRlla, and CD8 Env method of Gilbert
et al. (25). Each panel assumes no (A), medium (B), or high (C)
potential selection bias. The amount of potential selection bias
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with decreased risk of HIV-1 acquisition in this study, further stud-
ies with ADCC methods that include HIV-1 isolates from infect-
ed vaccinees and placebos could provide improved detection of
these responses. Moreover, in nonhuman primate models of HIV,
Env-specific IgG ADCP correlated or associated with delayed
acquisition from virus challenge (8-12). Additionally, in nonhuman
primate studies, non-neutralizing antibodies were associated with
decreased VL after infection (30-32) and limiting founder viruses
(33). Phagocytic activity is mediated by antibody immune complex
signaling through FcyRIIa on effector cells (1, 34). Consequently,
ADCP and FcR engagement are emerging hypotheses that can
be tested as a protective antibody mechanism upon completion
of the ongoing vaccine efficacy trials including HVTN 702 and
705 (11, 35). FeyR interactions with Fc regions of antibodies lead-
ing to antiviral functions depend on a variety of factors including
antigen specificity, antibody isotype and subclass (19), Fc region
glycosylation (1, 36), allosteric interactions upon immune complex
formation (37, 38), and FcR genetic polymorphisms (39). An effi-
cient method to capture both precise antigen specificity and func-
tional activity through FcyR is via a combined approach of a mul-
tiplexed FcyR binding assay to rapidly quantify FcyR engagement

is specified by a model that varies defined sensitivity parameters
over the range [0, 0], [-0.5, 0.5], or [-1, 1], respectively. n = 25
infected and 125 uninfected participants.

of individual antibody specificities in polyclonal specimens (40)
and measuring phagocytosis of antigen-specific antibody immune
complexes by monocytes (i.e., ADCP) (19, 41).

In this most recently completed HIV-1 vaccine efficacy study,
we sought to examine the role of ADCP and FcyRIIa engagement
to evaluate antibody effector functions underlying IgG binding
correlates of risk. We prespecified a primary hypothesis on the
blinded case control analysis that HIV-1 Env glycoprotein-specific
FcyRIIaengagement and ADCP function would inversely correlate
with HIV-1 acquisition risk. Our primary hypothesis was support-
ed in that Env-specific FeyRIIa activity and ADCP each correlated
significantly with decreased HIV-1 risk in HVTN 505 (OR = 0.48,
P <0.001 and OR = 0.47, P = 0.001, respectively) and remained
significant after correction for CD8* T cell polyfunctionality.
To the best of our knowledge, these are the first and only anti-
body-mediated functional correlates of risk for HVTN 505 to date.

Unexpectedly, we also observed that the risk of HIV-1 infec-
tion was dramatically lower in those vaccinees with low/unde-
tectable serum HIV-1 Env IgA (OR = 0.16 and 0.37, P= 0.006 and
P < 0.001) for ADCP and FcyRIIa, respectively. Although there
was no direct impact of serum Env IgA on infection risk in HVTN
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Figure 5. Host genetics (FcyRIla SNPs) significantly modified the correlation of ADCP with HIV-1 infection risk. **Interaction P = 0.0006 and Q value =
0.026, *within genotype group P < 0.05 after adjusting for all covariates and 2 cellular variables. P values were calculated based on the Wald test. Con S
gp140 phagocytosis (A), FcyRlla binding (B), and Env 1gG3 (C) associations with FCGR2A-intron13-645-G/A. O value was adjusted for 7 x 2 statistical tests
with respect to 7 FcyRlIla SNPs and 2 primary Fc effector functions. In the first analysis, we adjusted for age, race, behavior risk, and BMI. In the second
analysis, in addition to adjusting these covariates, we also adjusted for 2 cellular responses, Env CD4* T cell polyfunctionality score (PFS) and Env CD8* T
cell PFS. Box-and-whisker plots show the median line and interquartile ranges. There are 9 infected and 60 uninfected vaccinees with the GG genotype and

16 infected and 62 uninfected in the GA/AA genotype group.
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Table 6. Host genetic analysis of risk for HIV-1 acquisition among
HVTN 505 participants

OR P Int. P*

ADCP GG 114 0.726 0.003
GA/AA 016 0.0005

Adj.cel® GG 147 0.361 0.006
GA/AA 0.24 0.005

FoyRila GG m 0.849 0.072
GA/AA 03 0.01

Adj.cel® GG 15 0.517 0.12
GA/AA 048 0.07

1gG3 GG 042 0.086 0.444
GA/AA 0.25 0.002

Adj.cel® GG 051 0.2 0.368
GA/AA 0.26 0.007

Alnteraction assesses for an interaction between FcyRlla genotypes and
the variable tested. BCellular adjustment adjusts for previously published
CD4 and CD8 polyfunctionality scores.

505 (6), this finding is consistent with the hypothesis that emerged
from the RV144 HIV-1 vaccine trial that Env IgA circulating in the
blood was either a surrogate for another response associated with
increased HIV-1 risk or that Env IgA could compete with Env IgG
for Fc effector functions (17, 18). It is important to note that anti-
viral functions of circulating IgA are likely different from antiviral
functions of mucosal IgA, and that other antiviral [gA mechanisms
(19, 42-45) not tested here could be involved in protective effica-
cy. Given our systems immunology analysis, a possible synergis-
tic effect between FcyRIIa binding, ADCP, IgG3, serum IgA, and
CD8" T cells may also explain potential protection; absence of
serum IgA may enable FcyRIla-mediated phagocytosis to elim-
inate infectious virions and/or cells in parallel with CD8* T cell-
mediated antiviral functions such as virus inhibition elicited by
this vaccine regimen (46) and/or through mechanisms associated
with the polyfunctional responses by these vaccine-elicited CD8*
T cells (5). The observed heterogeneity in vaccine-elicited immune
responses among vaccine recipients and the distinct immune
measurements that correlate with HIV-1 acquisition suggest that
low levels of one protective immune response may be compen-
sated for by the presence of another protective immune response.

RESEARCH ARTICLE

Notably, of the humoral responses, ADCP and IgG3 were among
the strongest correlates of decreased HIV-1 acquisition; however,
FeyRIla engagement was the only correlate of decreased VL in
infected vaccinees. We previously reported that vaccine-elicited
Env IgG3 had a short response half-life (47), so the lack of cor-
relation with VL could be due to the vaccine-elicited IgG3 decline
by the time of infection. Alternatively, different sets of humoral
responses could be responsible for prevention of infection versus
control of viremia once infected. This suggests that HIV vaccines
that induce a combination of humoral responses including ADCP,
Env IgG3, and antibodies that engage FcyRIIa can impact both or
either virus acquisition and VL setpoint.

Given that FcyRIIa binding correlated with HIV-1 risk in this
study and that host FcR genetic polymorphisms can directly influ-
ence antibody Fc effector functions at the individual level in vivo,
we then asked whether polymorphisms in FcyRIIa genes impacted
the correlation of antibody functions with HIV-1 risk. We found
that FcyRIIa genotype in association with vaccine-elicited antibody
responses significantly correlated with HIV-1 acquisition risk, pro-
viding a profound link between circulating vaccine-elicited anti-
bodies and the impact of individual genetic variation in effector
cells that can serve to engage vaccine-elicited responses for pro-
tective efficacy. There is a precedent for other FcR polymorphisms
playing a role in HIV-1 acquisition risk in vaccine efficacy studies
(48). In this study, ADCP- and FcyRIla binding-associated reduc-
tion in risk of HIV-1 acquisition was only evident in individuals with
the GA/AA SNP, while an IgG3 Env-associated reduction in risk
also trended with the GG SNP when unadjusted for CD4* and CD8*
T cell polyfunctionality. Like all intron SNP associations, these find-
ings may be explained through random chance, altered expression
levels of the associated gene, splice variants in the associate protein,
or in linkage disequilibrium with a causal variant outside of the con-
sidered regions. Certain FcyR haplotypes have also been associat-
ed with enhanced rate of infection (49). Therefore, future studies
should test replication of these findings in another cohort by direct-
ly examining these FCR SNPs and interrogating autologous FcR-
expressing effector cells with vaccine-elicited antibodies inimmune
correlates analyses of vaccine efficacy trials. To further interrogate
potency and breadth of mechanisms of protection, recent HIV-1
sequences circulating in the population need to be included in
assays as part of the evaluation of correlates of protection (50, 51).
Although we examined vaccine-matched Env among other diverse

Table 7. Linear regression models looking at the association between log, viral load setpoint and the primary immune measurements

Model 1
Analysis Est. Std error 95% Cl Est.
Hispanic/Other (non-White) -1.25 0.106 -2.77,0.27 -112
White -0.08 0.901 -1.35,1.19 -0.32
Pre-seroconversion -0.52 0408 -1.74,0.71 -0.74
ADCP -0.27 0.253 -0.74,0.20
FoyRlla -0.55

Model 2 Model 3
Std error 95% Cl Est. Std error 95% Cl
0.103 -246,0.22 -114 0.109 -2.55,0.26
0.596 -149, 0.86 -0.36 0.573 -1.61,0.89
0.213 -191,043 -0.76 0.214 -197,044
-0.06 0.797 -0.52,040
0.011* -0.98,-0.12 -0.53 0.027% -1.00, -0.06

Race (non-White [Hispanic/other] and White) and the indicator of whether diagnosis was made prior to seroconversion are adjusted (pre-seroconversion).
The Ab functional markers are scaled to have a standard deviation of 1. Estimates, standard errors, and 95% confidence intervals are shown. *Significant
impact of marker on VL setpoint is indicated in bold. Model 3 is adjusted for both biomarkers.
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Figure 6. Host setpoint viral load
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proteins for FcyR analysis, we selected the consensus HIV-1 Env gly-
coprotein, Con S gpl140, as part of the primary hypothesis for both
FcR and ADCP analysis, since inherently as a consensus sequence
it may best represent diverse strains of Env. This selection was also
informed by our prior analysis demonstrating an independent role
for Con S gp140 IgG in modulating HIV-1 acquisition risk in HVTN
505, an effect which was not observed in any clade B gp140 exam-
ined, including both vaccine (VRC B gp140) and consensus (B.con.
env03 gp140) (6). Antibodies that bind HIV-1 Env on intact infec-
tious virions as well as on the surface of infected cells are strong
candidates for effective antiviral Fc effector function, through their
recruitment of cellular FcRs. Further immune correlates analyses
to test antibody Fc effector functions would be strengthened by
examining HIV-1 virus sequences from infected vaccinees (4, 52)
to examine whether FcyRIIa binding and ADCP directly exerted
immune pressure and selectively eliminated certain sequences
from being transmitted. Immune pressure by non-neutralizing
antibodies of the type elicited by the HVTN 505 trial (i.e., anti-gp41
IgG) was reported in a humanized mouse model (53), indicating the
potential of vaccine-elicited non-neutralizing antibodies to control
infection in humans.

One limitation of our study, which can be examined in future
analyses, is to examine HVTN 505 breakthrough virus sequences
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as part of the reagents in the humoral assays. The immune mecha-
nism(s) driving the HVTN 505 sieve effect (4) is unknown; howev-
er, the findings from this current study suggest Env IgG3 breadth
and Fc effector functions (i.e., ADCP, FcyRIla engagement) of
antibodies directed against specific Env sieve sites as a possibility.

A comprehensive analysis of humoral and cellular respons-
es revealed the different roles of humoral and cellular immunity
in HIV-1 risk and revealed that among the functional immune
responses examined, ADCP, Env IgG3, and CD8"* T cell polyfunc-
tionality are strong modifiers of vaccine efficacy. This study also
revealed the role of FcR host genetics in modifying vaccine effi-
cacy by antibody Fc effector functions. An additional important
finding from this study is the evidence of postinfection control of
viremia, lower VL setpoint, associated with the magnitude of IgG
engagement of FcyRIIa. Since the study was not designed to sam-
ple acute infection, insufficient samples were collected during the
acute phase to reliably observe peak VL across participants. Anti-
body Fc effector functions were associated with VL control in vac-
cinated rhesus macaques (30-32) and the data presented in this
report provide evidence in humans that functional antibodies, spe-
cifically Env gp140 antibodies that engage FcyRIIa elicited by vac-
cination, may impact viremia. Conceptually, antibody-mediated
Fc effector functions could work in a number of ways to prevent
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systemic HIV-1 infection, including clearance of virions that may
decrease the number of functionally infectious virions to infect
new cells and phagocytosis or trogocytosis of infected cells (54,
55) that may limit their capacity to produce and spread new viri-
ons. Although our analysis showed no impact from IgG3, timing of
exposure may be important to any impact on VL due to the rapid
decline of Env IgG3 following vaccination (47).

The findings from this study underscore the importance of
correlates-based immunogen design and suggest that a potential
target for HIV vaccine strategies is the elicitation of IgG ADCP
and FcyRlIIa. Insights into effective strategies for inducing specific
HIV epitope-reactive, FcyR-reactive, and functional antibodies are
emerging from preclinical and clinical trial comparisons of different
adjuvants and prime-boost strategies. Further work to understand
the biological role of antibody Fc effector functions in vivo and
how to best measure these functions in clinical trials is critical for
informing immunogen design aimed to improve the breadth, mag-
nitude, and population coverage of future HIV-1 vaccines. Design-
ing and testing immunogen regimens that reliably induce immune
correlates of interest will allow future vaccine efforts to focus on
honing immune responses to optimal protection and to determine if
they are correlates of protection. The results reported here on anti-
body effector functions and HIV-1 risk provide strong rationale to
test ADCP, Env IgG3, and FcR engagement as mechanistic immune
correlates of protection in upcoming vaccine efficacy trials.

Methods

HVTN 505 trial. The HVTN 505 clinical trial was previously described
and participants (Clinicaltrials.gov ID: NCT00865566) provided writ-
ten informed consent (3, 6). Immune responses to vaccination were
assessed at 7 months, which was 4 weeks after the final vaccination, in
25 primary endpoint vaccine cases (diagnosed with HIV-1 infections
between month 7 and month 24), and 125 randomly sampled frequency-
matched vaccine controls (HIV-1 negative at month 24).

ADCP. ADCP was performed as previously described (19, 41).
Briefly, quantification of ADCP was performed by covalently bind-
ing Con S gp140 Env glycoprotein to fluorescent beads and forming
immune complexes by incubating in the presence of 1:50 dilution of
serum. Immune complexes were then incubated in the presence of
THP-1 cells (human-derived monocyte line, ATCC TIB-201), and
the fluorescence of the cells was detected using flow cytometry (BD
LSRII). The magnitude of the ADCP immune response was calculat-
ed as an ADCP score by multiplying the mean fluorescence intensity
(MFI) and frequency of phagocytosis-positive cells and dividing by the
MFT and frequency of the bead-positive cells in an antibody-negative
(PBS) control well. To assess sensitivity, 2 independent experiments
were conducted and analyzed independently with similar results for
correlates of HIV-1 risk. CH31 mADb (Catalent, catalog 3412, 25 pg/
mL), a CD4bs broadly neutralizing antibody (56), was included as a
positive control and the non-HIV-specific CH65 IgG1 mAb (Catalent,
catalog 3369, 25 pg/mL) (57) was included as a negative control.

FeyRIla and FeyRIlla, IgG3 binding-antibody multiplex assay. Mul-
tiplexed human Fc receptor binding assays were a modified version
of the binding-antibody multiplex assay (BAMA) (17, 20, 58, 59) and
adapted from previously described methods (36, 40, 60). Avi-tagged
high-affinity FcR proteins, FcyRIIa H131 and FcyRIIIa F158, were pro-
vided by Hua-Xin Liao, James Peacock, and Barton Haynes (Duke
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Protein Production Facility). Briefly, antigen-coupled beads were incu-
bated in the presence of 1:50 vaccinee serum, followed by a detection
tetramer constructed from biotinylated FcyRs and streptavidin-PE.
Fluorescence intensity was resolved using the flow-based Luminex 3D
Platform. Positive controls included polyclonal HIVIG (provided by
the NIH AIDS Reagent Program), VRCO1 IgG1 mAb (provided by John
Mascola, Vaccine Research Center, NIAID), and CH58 IgG1 mAD (pro-
vided by Hu-Xin Liao and Barton Haynes, Duke University [ref. 61]).
HIV-1-negative human serum (MilliporeSigma) served as a negative
control, and bead binding was controlled by subtracting the fluores-
cence of blank or MulVgp70-coated beads. HIV-1 Env glycoproteins
tested include the vaccine strains (VRC A gp140, VRC B gp140, and
VRC C gpl40), and a cross-clade panel of consensus gp140 proteins
(Alcon.env03 CF, B.con.env03 140 CF, C.con.env03 140 CF); consen-
sus gp120 and gp140 proteins (Con 6 gp120, Con S gpl40CFI); V1V2
proteins (AE.A244 V1V2 Tags, C.1086 V2 Tags, C.1086 V1V2 Tags,
VRC A gp70V1V2 [provided by Gary Nabel, Vaccine Research Center,
NIAID], gp70_B.CaseA2 V1/V2, gp70_B.CaseA2 V1/V2/169K, and
gp70_C.1086 V1/V2) (20, 61); gp41 (clade B, Immunodiagnostics); p24
Gag (clade B, BD Biosciences); and B.MN V3 gp70. Each experimental
condition was performed in duplicate, and the results were repeated
and confirmed by a second operator in an independent experiment.

FcyR SNP genotyping. A total of 193 samples, DNA from the periph-
eral blood mononuclear cells, from 145 uninfected vaccinees (defined
as HIV negative at month 24) and 48 infected vaccinees (defined as
becoming HIV infected sometime between week 28 and month 24)
were genotyped for FCGR2A as previously described (48). Indels,
double mutations, and SNPs that did not pass the minor allele fre-
quency threshold (25%) and the Hardy-Weinberg equilibrium test (P
>0.00001) based on the control samples were excluded. After exclu-
sion, 7 SNPs remained for this analysis.

Statistics. To evaluate HIV-1 Env ADCP and log-transformed FcyR-
BAMA fluorescence intensities measured at month 7 among vaccinees as
correlates of HIV-1 infection through month 24, based on follow-up data
collected prior to study unblinding on April 22, 2013, logistic regression
methods (62) accounting for the nested case-control biomarker sampling
design were used (osDesign R package, Comprehensive Archive R Net-
work). Pseudo likelihood-based inference methods were used to evaluate
statistical significance. Before regression analysis, immune response vari-
ables were mean-centered and SD-scaled (based on distributions among
vaccinees); thus, a unit change in the variable represents a change of 1 SD.
All regression models included the following baseline covariates to adjust
for potential confounding: participant age, race (White vs. Black vs. His-
panic/Other), BMI, and a behavioral risk score (3, 6). Regression hypoth-
eses were structured a priori into a hierarchy of primary, secondary, and
exploratory tiers based on scientific importance. To account for multiple
testing, P values were adjusted to form Q values by controlling for false
discovery rate (63). For a sensitivity analysis of the influence of the 2 vac-
cinees with FeyRlIIa binding below 4 In(MFI), we truncated their values to
6, avalue much closer to the bulk of the data (Figure 1). A Pvalue less than
0.05 was considered statistically significant. The association of FcyRIla
binding with HIV-1risk remained significant (OR = 0.54, P= 0.002); how-
ever, adjustment for CD8" T cell polyfunctionality in the sensitivity analy-
sisincreased the OR and P value (OR = 0.72, P= 0.113). The association of
FeyRlIIa binding with HIV-1risk also remained significant in the IgA inter-
action model (OR = 0.405 [IgA], P= 0.001; OR=0.682 [IgA*], P=0.002)
with the interaction P value being 0.200. Env IgG3 breadth is a weight-
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ed combination of the Env immune response measurements (consensus
gp140 Env glycoproteins for subtypes Al, B, and C, the vaccine-matched
Env glycoproteins [VRC A, VRC B, and VRC CJ, group M Con S gp140,
and Con 6 gp120), where the weights are the product of variance stan-
dardization weights and tree-based diversity maximization weights (18).
This is the same procedure used for the score variables in Fong et al. (6).

Ignorance intervals were calculated as previously described (64).
All analyses were performed in the R programming system (https://
cran.r-project.org/). SuperLearner, an ensemble, loss-based, cross-vali-
dated statistical method for developing predictive models (24), included
allimmune measurements with a positive response call, greater than 20%
vaccine group response rate, and a greater response in vaccine versus pla-
cebo group. Measurements that were highly correlated (Spearman’s rtho >
0.9) and that had a low dynamic range across vaccinees were not includ-
ed. All models included the baseline variables of age, BMI, and baseline
risk score. The measurements included in the SuperLearner analysis were
specified in a plan before analysis (see supplemental material).

VL analysis. The association of antibody function with VL set-
point was performed on the 25 cases (diagnosed with HIV-1 infection)
in the vaccine arm. Table 7 includes results from 3 linear regression
models, one for each of the 2 primary variables and one adjusted for
both biomarkers. The standard errors take into consideration uncer-
tainties resulting from imputation with the help of R package mitools.
For the 5 vaccinees with missing VL data, 100 imputed data sets were
developed. The variables to impute missing VL setpoint values includ-
ed age, race, baseline behavioral risk score, diagnosis year, number of
DNA vaccinations, indicator of Ad5 vaccination, Env-specific CD8" T
cell PFS (5), BMI, an indicator of whether diagnosis was made prior to
seroconversion, log VL at diagnosis, and early VL.

Study approval. All participants in HVTN 505 (ClinicalTrials.gov
ID: NCT00865566) provided written and informed consent prior to
inclusion in the study as reported (3). Testing of HVTN 505 samples
reported here were approved through the Institutional Review Board
at Duke University (IRB Pro00004500, Immunologic and Biologic
Testing of HVTN Specimens).
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