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Background: Antibody-dependent cellular cytotoxicity (ADCC) has been associated with improved infant out-
come in mother-to-child transmission (MTCT) of HIV-1. Epitopes of these ADCC-mediating antibodies remain
unidentified. CD4-inducible (CD4i) epitopes on gp120 are common ADCC targets in natural infection and vacci-
nation. We tested whether CD4i epitope-specific ADCC mediated by maternal antibodies or passively-acquired
antibodies in infants is associated with reduced MTCT and improved infant survival.
Methods:We used variants of CD4i cluster A-specific antibodies, A32 and C11, and a cluster C-specific antibody,
17b, with mutations abolishing Fc–Fc receptor interactions as inhibitors in a competition rapid and fluorometric
ADCC assay using gp120-coated CEM-nkr target cells with plasma from 51 non-transmitting and 21 transmitting
breastfeeding mother-infant pairs.
Findings: Cluster A-specific ADCCwas common. Individually, neither A32-like nor C11-like ADCCwas statistically
significantly associated with risk of MTCT or infected infant survival. In combination, total maternal cluster A-
specific ADCC was statistically significantly associated with decreased infected infant survival in a log-rank test
(p = 0·017). There was a non-significant association for infant passively-acquired total cluster A-specific
ADCC and decreased infected infant survival (p = 0·14). Surprisingly, plasma ADCC was enhanced in the pres-
ence of the defective Fc 17b competitor. Defective Fc 17b competitor-mediated maternal ADCC enhancement
was statistically significantly associated with reduced infected infant survival (p=0·011). A non-significant as-
sociation was observed for passively-acquired infant ADCC enhancement and decreased survival (p = 0·19).
Interpretations: These data suggest that ADCC targeting CD4i epitopes is not associated with protection against
breast milk HIV transmission but is associated with decreased survival of infected infants.
Fund: This study was funded by NIH grant R01AI076105 and NIH fellowship F30AI136636.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Designing a preventive HIV vaccine remains a major, yet elusive,
goal. While there has been some success in preventing infection in
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macaque vaccination studies, where the challenge is often a single de-
fined viral strain [1–3], success in the more complex setting of human
vaccination has been much more modest [4]. In the RV144 trial, the
only human vaccine trial showing any efficacy to date, non-
neutralizing antibodies appeared to play a protective role, while the
neutralizing antibody response was weakly elicited and not correlated
with protection [5–7]. In a subsequent analysis, antibody-dependent
cellular cytotoxicity (ADCC), a non-neutralizing Fc-mediated antibody
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context
Evidence before this study

ADCC was implicated in protection in the modestly efficacious
RV144 HIV-1 vaccine trial. This trial showed that pre-existing
HIV-specific antibodies were associated with reduced HIV infec-
tion, but the specific nature of protective ADCC-mediating anti-
bodies has not been defined. Breastfeeding transmission of HIV
is a natural setting in which HIV-specific antibodies are present
at the time of HIV exposure and is therefore an ideal context in
which to study the effect of pre-existing antibodies on HIV trans-
mission risk and clinical outcome. ADCC has been associated
with protection and improved outcome in the setting of
breastfeeding HIV transmission.
A number of epitopes of ADCC-mediating antibodies have been
identified, including the commonly targeted CD4-inducible epi-
topes on gp120, but the epitopes of ADCC-mediating antibodies
that correlate with protection and improved clinical outcome are
largely undefined. A better understanding of the epitopes targeted
by protective antibodies could improve vaccine efficacy.

Added value of this study

This study was designed to directly assess whether ADCC
targeting several common CD4-inducible epitopes on gp120 is as-
sociated with improved outcomes among breastfeeding infants
born to HIV-infected mothers. These infants have HIV-specific an-
tibodies present prior to breastfeeding exposure. The data pre-
sented here indicate that ADCC targeting the CD4-inducible
epitopes is not associated with reduced risk of MTCT or improved
infected infant survival. Rather, our results suggest that ADCC
specific for theCD4-inducible epitopesmay be associatedwith de-
creased infant survival.

Implications of all the available evidence

CD4-inducible epitope-specific ADCC-mediating antibodies are a
dominant ADCC response; however, it is unclear whether these
responses are protective or beneficial. Other studies by Richard,
Lee, and colleagues have shown that ADCC-mediating antibodies
targeting CD4-inducible epitopes predominantly kill uninfected by-
stander cells that have become coated with shed gp120 and are
not effective at clearing virally infected cells. Our data suggest
that CD4i epitope-specificADCC-mediating antibodies are not pro-
tective and may be associated with worse infant disease progres-
sion.Whether this association is a direct effect of ADCC targeting
CD4i epitopes or amarker of another aspect of the response needs
to be examined.
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function that targets infected cells for destruction by innate effector
cells, was correlated with protection in vaccinees that had low circulat-
ing IgA [6]. However, the RV144 trial was only modestly efficacious [5];
thus, an improved knowledge of the correlates of protection from HIV
transmission and disease progression is necessary to improve rational
vaccine and therapeutic design.

Mother-to-child transmission (MTCT) is a natural setting in which
correlates of protection fromHIV transmission as well as impact on dis-
ease progression and outcome can be investigated. MTCT can occur in
utero, peripartum, or via breastfeeding [8]. Mothers passively transfer
antibodies to their infants in utero via placental transfer, and these an-
tibodies remain in infant circulation for months after birth [9–16].
Breastfeeding infants who are uninfected at birth have pre-existing
HIV-specific antibodies circulating prior to HIV breastmilk exposure,
analogous to what is expected as a result of vaccination. Importantly,
while breastmilk contains antibodies that act in the infant gut,
breastmilk antibodies generally do not cross the gut barrier [17]. There-
fore, pre-existing passively-acquired maternal antibodies present in in-
fant circulation were acquired via placental transfer.

Our lab has previously reported that ADCC activity, but not neutral-
ization, correlated with improved infant outcomes in the setting of
breastfeeding. In a cohort of high-risk mother-infant pairs, breast milk
ADCC activity was correlated with reduced risk of MTCT [18]. In a larger
cohort of breastfeedingmother-infant pairs, passively-acquired ADCC in
infant plasmawas significantly associated with improved survival of in-
fected infants and associated with trends toward protection fromMTCT
and reduced set point viral load [9]. Studies from other groups have also
shown ADCC to be associated with improved infant outcomes, such as
reduced disease progression to AIDS or death [19–21]. These studies
measured total ADCC; however, the epitopes of the ADCC-mediating an-
tibodies that correlate with improved outcomes have not been investi-
gated in the context of MTCT.

Major targets of ADCC-mediating antibodies are CD4-inducible
(CD4i) epitopes, which are epitopes in the HIV envelope (Env) pro-
tein that are typically not well exposed in the native Env trimer
[22,23]. CD4i epitopes become exposed as a result of a conforma-
tional change in Env after CD4 binding that is necessary to complete
subsequent steps in entry, including co-receptor binding [22,24,25].
CD4i epitopes have been further divided into clusters based on the
specific epitope target in the CD4-induced state of Env, with cluster
A, which targets the gp41-interactive region of gp120, and cluster
C, which targets the co-receptor binding site, being the subject of in-
tensive study [26–43]. ADCC activities targeting these epitopes are
both common and potent [26–29,33,41,43,44]. In multiple studies
that directly measured the amount of CD4i epitope-specific ADCC in
plasma from small cohorts of infected individuals (N = 9–14), over
90% of the participants had detectable cluster A-specific ADCC
[27,28,43]. The epitopes of two cluster A-defining antibodies, A32
and C11, are nearby each other but do not overlap [23]. In the afore-
mentioned studies, plasma ADCC specific for the A32 and C11 epi-
topes was dominant and ranged from 14–87% and 18–78% of total
plasma ADCC from each participant, respectively [27,28]. The major-
ity of the participants also had some detectable plasma ADCC activity
to the CD4i cluster C co-receptor binding site epitope, as measured
by ADCC specific for the epitope of a prototypical cluster C antibody,
17b [26,27,43]. While less dominant than cluster A-specific ADCC re-
sponses, ADCC targeting the 17b epitope accounted for 0–53% of total
plasma ADCC in a cohort of infected individuals [27].

While CD4i epitope-specific ADCC is common and potent, especially
cluster A-specific activity, the role of CD4i epitope-specific ADCC in pro-
tection or clinical outcome in humans has not been defined. A handful
of non-human primate (NHP) studies have shown that antibodies
targeting CD4i epitopes can provide protection fromSHIV challenge, con-
trol viremia, and reduce transmitted/founder variants providing proof-
of-concept that CD4i epitope-specific ADCC-mediating antibodies have
the potential to play an important role in HIV vaccines and antibody-
based therapies [45–47]. We hypothesized that maternal and passively-
acquired ADCC activity targeting cluster A (A32 and C11) and/or cluster
C (17b)CD4i epitopes is correlatedwith reduced transmissionandslower
disease progression in the setting of MTCT. We utilized samples from a
unique cohort of 72 antiretroviral (ART)-naïve breastfeeding mother-
infant pairs from the Nairobi Breastfeeding Clinical Trial in which
passively-acquiredADCCwas significantly associatedwith improved sur-
vival of infected infants and a trend toward protection from transmission
[9,48]. In the present study, we investigated whether ADCC targeting the
cluster A and C CD4i epitopes is associated with reduced risk of MTCT
and/or improved infected infant outcome in this cohort.
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2. Materials and methods

2.1. Study design and plasma samples

Plasma samples were from the Nairobi Breastfeeding Clinical Trial,
conducted in Nairobi between 1992 and 1998, prior to the use of ART
[48]. HIV-1 positive mothers were enrolled during the third trimester,
atwhich timematernal blood sampleswere collected. Infant blood sam-
ples were collected at birth and at regular intervals thereafter until
2 years of age. Infant PBMC sampleswere tested for HIV infection by sin-
gle copy detection DNA PCR [49]. Infants testing positive for HIV DNA,
were retrospectively tested for HIV RNA using a prototype Gen-Probe/
Hologic HIV viral load assay that detects diverse subtypes from samples
collected from previous timepoints [50]. For this study, estimated time
of infection was defined as the midpoint between the last HIV-
negative and first HIV DNA and/or RNA-positive test [9]. The Kenyan
Ministry of Health gave permission for the Nairobi Breastfeeding Clini-
cal Trial to be conducted, and the Institutional ReviewBoards of theUni-
versity of Nairobi, University of Washington, and the Fred Hutchinson
Cancer Research Center approved the current study.

Plasma or cord blood samples from 72mother-infant pairs from the
Nairobi Breastfeeding Clinical Trial meeting selection criteria described
previously were utilized in the present study [9]. Briefly, mother-
infant pairs were included if the following criteria were met: the infant
was HIV RNA and DNA negative at birth, breastfed for a minimum of
three months, HIV-exposed uninfected (HEU) infants remained HIV-
negative for a minimum of six months and at each follow up timepoint,
and an infant plasma or cord blood sample was available from the
first week of life (prior to estimated time of infection). Infant cord
blood (N = 60) or neonatal plasma from delivery (N = 10) or week 1
(N = 1) were tested in this study along with paired maternal plasma
samples from the third trimester of pregnancy (N= 68) or delivery (N
= 3). We verified that cord blood and plasma samples from infants in
this cohort gave similar results by testingmatched samples from infants
in the Trial where both were collected. Of note, 1 infected infant and 1
non-transmitting mother from the 72 pairs studied by Milligan et al.
had nomore plasma available [9]; their corresponding transmittingma-
ternal and HEU infant plasma samples were available and included in
this study. The final cohort included 70 pairedmaternal and infant sam-
ples (50 non-transmitting pairs and 20 transmitting pairs), 1 unpaired
transmitting maternal sample, and 1 unpaired HEU infant sample. All
plasma and cord blood sampleswere heat inactivated at 56 degrees Cel-
sius for 1 h. All experiments were performed in an unblinded fashion.

2.2. Antibodies

A32, C11, and 17b antibodies were produced by cloning A32 (light
chain PDB: 3TNM_L; heavy chain PDB: 3TNM_A), C11 (light chain
PDB: 4FZ8_L; heavy chain PDB: 4FZ8_H), and 17b (light chain PDB:
2NY1_C; heavy chain PDB: 2NY1_D) variable regions into IgG1 expres-
sion vectors (kindly provided by Michel Nussenzweig). Fc receptor
binding defective variants called LALA variants were generated by mu-
tagenesis, introducing two leucine to alanine changes, at L234A and
L235A into the IgG1 expression vectors as described previously
[28,51,52]. All antibodies were expressed and purified as described pre-
viously [28,53].

17b fab was produced by papain digestion of functional 17b using
the Fab Preparation Kit (Pierce catalog#: 44985) according to the man-
ufacturer's protocol as described previously [28].

Negative control influenza antibody FI6v3 was produced by stably
transfected 293F cells kindly provided by Jesse Bloom.

2.3. Competition ADCC assay

The competition ADCC assay was performed by using a modified
version of the rapid and fluorometric ADCC assay (RFADCC assay)
with LALA variants as competitive inhibitors as described previously
[28,54]. Briefly, CEM-NkR cells (NIH AIDS Reagent Program, catalog #:
458; RRID: CVCL_X622) were double stained with PKH26 cell linker
(Sigma Aldrich), a cell membrane dye, and CFSE (Vybrant CFDA SE
Cell Tracer Kit, Life Technologies), a cytoplasmic dye, and coatedwith ei-
ther clade A/D BL035.W6M.ENV.C1 gp120 protein (Immune Tech) or
clade B SF162 gp120 (Immune Tech) for 1 h at room temperature
(RT). In the A32-LALA and C11-LALA competitive RFADCC assays, the
target cells were coated with clade A/D BL035 gp120, the antigen used
by Milligan et al., which was cloned from an infant in this cohort
[9,55]. Functional 17b did not mediate measurable ADCC against
BL035 gp120-coated target cells reproducibly. Because 17b consistently
mediates ADCC against clade B SF162 gp120-coated target cells, target
cells in the 17b-LALA competitive RFADCC assays were coated with
clade B SF162 gp120. Cells were coated with 1.5μg gp120 per 100,000
cells. Coated target cells were washed and added at a concentration of
5000 cells/well to 96-well plates containing 50ul LALA antibody (at a
concentration of 25μg/ml for A32-LALA and C11-LALA or 5μg/ml for
17b-LALA, empirically determined to completely abolish ADCC medi-
ated by the appropriate wildtype antibody while avoiding non-specific
inhibition of the other wildtype antibodies) or an equivalent volume
of media and incubated for 15 min in the dark to allow the LALA anti-
body to bind gp120. Following this pre-incubation, 50ul of plasma at a
1:5000 dilution or 100 ng/ml of the monoclonal control antibodies
were added to the plate and incubated for another 15 min in the dark
at RT to allow the plasma to bind to available sites on gp120. HIV-
negative donor PBMCs (Bloodworks Northwest) were added at a 50:1
effector:target ratio to each well. The plates were incubated for 4 h at
37 degrees Celsius and fixed with 150 ul of 1% paraformaldehyde in
PBS (Affymetrix). 100 ul of fixed cells were analyzed by flow cytometry
using an LSR II (BD) (for assays with maternal samples against BL035
gp120-coated target cells) or a Symphony (for all other assays) (BD).
PKH was detected in the PE channel and CFSE was detected in the
FITC channel. ADCC was measured as the percent PE+, FITC- cells of
total PE+ cells after subtracting out background (ADCC against un-
coated target cells), which was set to 3–5% as analyzed by FlowJo
(Treestar). ADCC was normalized to killing mediated by pooled anti-
HIV immune globulin (HIVIG, NIH AIDS Reagent Program, catalog #
3957), which was set to 100%. Results are averaged from two biological
replicates. Each biological replicate contained two technical replicates.
We used a negative control influenza antibody (FI6v3) as an isotype
control to measure non-HIV-specific RFADCC activity. We pre-
specified the limit of detection of the competition RFADCC assay as
twice the percent RFADCC activity mediated by FI6v3 in the absence
of the LALA variants. This allowed us to measure LALA antibody-
mediated inhibition of RFADCC activity in samples that had measurable
HIV-specific RFADCC activity. This strategy also allowed us to avoid
skewing the results by calculating inhibition of very low RFADCC activ-
ity, which is likely not biologically relevant. Therefore, within each bio-
logical replicate, samples with total ADCC below our limit of detection
(pre-specified as 2*total ADCC mediated by negative control influenza
FI6v3 antibody) were excluded from this analysis. Sevenmaternal sam-
ples (six non-transmitters, one transmitter) and six infant samples (five
HEU, one HIV-infected) met this exclusion criteria for at least one bio-
logical replicate. Data from the biological replicate above the limit of de-
tection for those samples was included in the analysis.

Relative ADCC was defined as:

ADCC in the presence of the LALA variant
ADCC in an equivalent volume of media

� 100%

CD4i epitope-specific ADCC, referred to as CD4i antibody-like ADCC
activity, is defined as: 100%- relative ADCC.

Enhancement of ADCC is defined as: relative ADCC-100%.
Total cluster A-specific ADCC is defined as: A32-like ADCC + C11-

like ADCC.
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Negative values were treated as zeros.
All cells were cultured in RPMI complete (RPMI (Gibco) supple-

mentedwith 10% FBS (Gibco), 1% PSF antibiotic-antimycotic (Life Tech-
nologies), and 1% 4.0 mM Glutamax (Gibco)). All PBMCs were stored
frozen and thawed overnight before the day of the competition
RFADCC assay. All PBMCs were prescreened for RFADCC activity. Ten
PBMC donors were utilized for these experiments (one donor per bio-
logical replicate). RFADCC activity mediated by the positive control
HIVIG ranged from 15% RFADCC activity to 46% RFADCC activity across
all ten donors. All antibodies and plasma samples were diluted in
RPMI complete.

2.4. Statistical analysis

Statistical analyses were performed with Stata15SE (StataCorp, Col-
lege Station, TX) and GraphPad Prism7 (GraphPad Software, Inc., San
Diego, CA). All graphs were generated by GraphPad Prism7. To deter-
mine whether CD4i-specific ADCC affected risk of MTCT, relative ADCC
or CD4i antibody-like ADCC activity of HEU vs HIV-infected infant
plasma or non-transmitting vs transmitting maternal plasma were
compared using aMann-Whitney U test and logistic regression analysis
adjusted for maternal plasma HIV RNA viral load. The effect of ADCC
targeting CD4i epitopes on survival of HIV-infected infants was assessed
by a Cox-proportional hazards model and a log-rank test comparing
Kaplan-Meier survival curves of HIV-infected infants with CD4i-
specific ADCC at/above vs. below the HIV-infected infant cohort median
as noted in the figure legends. While these survival analyses are similar,
they are measuring different outcomes: Cox-proportional hazards
models measure the effect of CD4i epitope-specific ADCC (as a continu-
ous variable) on the overall risk of death, and log-rank testsmeasure the
effect of high or low CD4i epitope-specific ADCC (categorical variable)
on length of survival of infected infants. Statistical significance was de-
fined as p b 0·05.

3. Results

3.1. Quantification of CD4i epitope-specific ADCC activity

Tomeasure ADCC activity that targets knownCD4i-specific epitopes,
we used variants of A32, C11, and 17b, containing L234A and L235A
(LALA) mutations that abrogate binding to the Fc gamma receptors
(FcγR) as competitive inhibitors in the RFADCC assay [51]. Each LALA
variant inhibited at least 90% of the ADCC activity mediated by its fully
functional counterpart (Fig. S1) but did not inhibit ADCC activity of
the unmatched antibodies, demonstrating their specificity.

We utilized samples from a cohort of 72 breastfeeding mother-
infant pairs of which all infants tested HIV-negative at birth [9]. We
measured ADCC of infant cord blood or plasma from the first week of
life, which captures passively acquired maternal antibodies, as well as
paired maternal plasma from the third trimester in the presence or ab-
sence of A32-LALA, C11-LALA, or 17b-LALA (Fig. S2). For all maternal
and infant samples in the cohort, we normalized the ADCC activity in
the presence of the LALA variant to ADCC activity in the absence of the
LALA variant to calculate the percent relative ADCC for each sample in
the presence of the LALA competitor variant (Fig. S2 D-F). Both A32-
LALA and C11-LALA inhibited plasma ADCC for the majority of plasma
samples (Fig. S2 D, E, orange points below dotted line). Conversely,
17b-LALA weakly inhibited plasma ADCC in only a small number of
samples (Fig. S2 F, orange points below dotted line). Of note, relative
RFADCC activity was strongly correlated between paired mothers and
their infants (A32-LALA Spearman r: 0.72, p b 0.0001; C11-LALA Spear-
man r: 0.57, p b 0.0001; 17b-LALA Spearman r: 0.70, p b 0.0001).

Relative ADCC is a measure of the ADCC activity targeting epitopes
other than that of the LALA competitor variant, as it is the activity that
is not blocked by the LALA variant. Therefore, we calculated the percent
reduction in ADCC activity in the presence of the LALA variant, as
described in the materials and methods (referred to as CD4i antibody-
like ADCC: i.e. A32-like ADCC, C11-like ADCC, or 17b-like ADCC) to de-
fine the fraction of activity due to that antibody specificity in each sam-
ple (Fig. 1A-C). The cohort average for A32-like ADCC, C11-like ADCC
and 17b-like ADCC was 42·0% (maximum 96·8%), 20·8% (maximum
76·5%), and 0·36% (maximum12·7%) respectively (Fig. 1 A-C). Surpris-
ingly, in the case of 17b-LALA, the majority of plasma ADCC was en-
hanced in the presence of 17b-LALA (Fig. 1F, grey points). The cohort
average ADCC enhancement mediated by 17b-LALA was 43·0% (maxi-
mum 398·7%) (Fig. 1F)
3.2. Effect of ADCC activity targeting CD4i epitopes on risk of MTCT

To measure the association of CD4i epitope-specific ADCC with risk
of MTCT, we compared relative ADCC between 51 HIV-exposed unin-
fected infants (HEU) and 20 infants who acquired HIV over the course
of the follow up period, or between their paired 50 non-transmitting
and 21 transmitting mothers (Fig. 2). There was no statistically signifi-
cant difference in relative ADCC activity in the presence of any of the
three competitor LALA variants between the HEU and HIV-infected in-
fants or between the corresponding non-transmitting and transmitting
mothers (Fig. 2). Because maternal viral load is a known risk factor for
MTCT, we also performed a logistic regression adjusting for maternal
plasma HIV RNA viral load (Table 1). We found no statistically signifi-
cant association between passively-acquired or maternal A32-like or
C11-like ADCC and MTCT. Because A32-like and C11-like antibodies
are common and have close but non-overlapping epitopes
[23,26–29,33,41,43,44],we also examined their combined effect on out-
come. To do so, we summed A32-like activity + C11-like activity to cal-
culate “total cluster A-like ADCC activity”, as each LALA variant inhibits
activity targeting its specific epitope (Fig. S1). There was no statistically
significant association between total cluster A-like ADCC activity (sum
of A32-like ADCC + C11-like ADCC) with MTCT risk (Table 1, top).

Because 17b-like ADCC as measured by LALA competition was only
detected rarely, we could not assesswhether 17b-like ADCCwas associ-
atedwith risk ofMTCT. Since 17b-LALA enhanced ADCC activity in ama-
jority of the cohort samples (91·2% of maternal samples and 95·7% of
infant samples showed enhancement of ADCC), we assessed the associ-
ation between 17b-LALA-mediated enhancement of ADCC and MTCT
adjusting for maternal HIV RNA viral load.We did not find a statistically
significant association between 17b-LALA-mediated ADCC enhance-
ment and risk of MTCT (Table 1, top).

Passively-acquired ADCC is often undetectable in infants by six
months of age [9]. When the analysis was restricted to infants who
were infected prior to six months (N = 14/21), associations between
ADCC and MTCT remained non-significant (Table 1, bottom).
3.3. Effect of overall ADCC on infant survival in this cohort

In this cohort, which includes 21 infantswhowent on to acquire HIV
after birth, there was an association of passively-acquired ADCC activity
and improved survival of infants who subsequently acquired HIV [9].
The present study was conducted with data from 20 of these 21 HIV-
infected infants who had remaining samples available, of whom seven
died during the two year follow-up. In this independent evaluation of
ADCC activity and infant survival, the results fromour prior study show-
ing an association between passively-acquired ADCC activity against
infant-derived, clade A/D BL035 gp120 antigen with improved
HIV-infected infant survival were confirmed (hazard ratio (HR) =
0·948, p = 0·031; log-rank Χ2 = 5·05, p = 0·025; Fig. S3). We also
tested a clade B gp120 antigen in this study, SF162 gp120, which dem-
onstrated an association between passively-acquired ADCC activity
and improved HIV-infected infant survival with a different antigenic
variant (HR = 0·965, p = 0·044; Χ2 = 1·70, p = 0·19; Fig. S3).



Fig. 1. CD4i epitope-specific ADCC inMTCT cohort. Results of the competition RFADCC assay performed on 142 plasma samples from breastfeeding Kenyanmother-infant pairs. a-c: Per-
cent CD4i epitope-specific (referred to as CD4i antibody-like) ADCC activity (100% - relative ADCC) was calculated for each plasma sample in the presence of A32-LALA (a), C11-LALA (b),
and 17b-LALA (c). Negative values were treated as zeros (grey points). d-f: Percent LALA-mediated ADCC enhancement (relative ADCC - 100%) was calculated for each plasma sample in
the presence of A32-LALA (d), C11-LALA (e), and 17b-LALA (f) Negative values were treated as zeros (orange points). Results are averaged from two biological replicates. Error bars rep-
resent median+ interquartile range. Data from individual biological replicates from sevenmaternal samples and six infant samples that were below the limit of detection were excluded
from the analysis as described in the Materials and Methods.
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3.4. Effect of CD4i Cluster A-specific ADCC on survival of HIV-infected
infants

We next measured the association between cluster A-specific (A32-
like or C11-like) ADCC and survival of infected infants (Fig. 3). There
was no statistically significant association of A32-like ADCC (maternal
or infant) with risk of infected infant mortality in Cox-proportional haz-
ards models. Consistent with this result, there was no difference in
length of infected infant survival between HIV-infected infants who
had high or low passively-acquired A32-like ADCC, nor was there a dif-
ference in length of infected infant survival between infants born to
mothers who had high versus low A32-like ADCC, as measured by log-
rank tests (Fig. 3 A, D). There was no statistically significant association
between passively-acquired C11-like ADCC in infants and infected in-
fant mortality (Fig. 3B). However, higher maternal C11-like activity
was associated with a trend toward higher risk of mortality in HIV-
infected infants (HR: 1·069, p= 0·067) (Fig. 3 E). Interestingly, higher
maternal total cluster A-specific ADCC was statistically significantly as-
sociated with shorter infected infant survival (Χ2 = 5·65, p = 0·017)
and associated with a trend for increased risk of infected infant mortal-
ity (HR: 1·036, p = 0·089) (Fig. 3 F). Higher passively-acquired total
cluster A-specific ADCC showed a similar relationship with shorter
HIV-infected infant survival but this associationwas not statistically sig-
nificant (Χ2= 2·20; p=0·14) (Fig. 3 C).When these analyseswere re-
stricted to infants who acquired HIV prior to six months of life, results
were similar with maternal total cluster A-specific ADCC being
statistically significantly associated with poorer infant outcome (HR
= 1·108 (95% CI: 1·019–1·205), p = 0·016; Χ2 = 5·84, p = 0·016)
and maternal C11-like ADCC showing trends toward poorer infant out-
come (HR= 1·083 (95% CI: 0·999–1·174), p=0·052; Χ2= 3·54, p=
0·060). Additionally, it is possible that maternal viral load could be as-
sociated with infant survival by being a marker for maternal health
and/or by affecting maternal antibody levels. After adjusting for mater-
nal viral load in the Cox proportional hazards models, similar results
with stronger associations between cluster A-specific ADCC with re-
duced infected infant survival were seen for both maternal and
passively-acquired ADCC (Table S1).
3.5. Effect of ADCC enhancement on survival of HIV-infected infants

We also assessed the association of 17b-LALA-mediated ADCC en-
hancement with survival in the HIV-infected infants (Fig. 4). 17b-
LALA-mediated enhancement of maternal ADCC was statistically signif-
icantly associated with reduced survival of HIV-infected infants and as-
sociated with a trend for increased risk of mortality (Χ2 = 6·41, p =
0·011; HR = 1·013, p = 0·094; Fig. 4B). Similarly, we found non-
significant associations between 17b-LALA-mediated enhancement of
infant passively-acquired ADCC and increased mortality of HIV-
infected infants (Χ2 = 1·70, p = 0·19; HR = 1·008, p = 0·12
Fig. 4A). These associations were similar after adjusting for maternal
viral load (Table S1).



Fig. 2. Relative ADCC among transmission groups. Results of the competition RFADCC assay for passively acquired ADCC in 71 infant plasma samples (a-c) and maternal ADCC in 71
corresponding maternal plasma samples (d-f). Relative ADCC in the presence of A32-LALA (a, d), C11-LALA (b, e), or 17b-LALA (d, f) is shown for HIV-exposed uninfected infants
(HEU) compared to HIV-infected (HIV+) infants or non-transmitting (NT) compared to transmitting (T) mothers. Relative ADCC was compared between the infection or transmission
groups by a Mann-Whitney U test. Statistical significance was defined as p b 0·05 (*). Error bars represent median + interquartile range. Results are averaged from two biological
replicates. Negative values were treated as zeros. Data from individual biological replicates from seven maternal samples and six infant samples that were below the limit of detection
were excluded from the analysis as described in the Materials and Methods.
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To further explore the mechanism of the association between 17b-
LALA-mediated ADCC enhancement and infant outcome, and to rule
out possible indirect steric effects or an artifactual increase in avidity
due to pre-incubationwith 17b-LALA,we compared plasmaADCC activ-
ity of the HIV-infected infants in the presence of 17b-LALA compared to
Table 1
Association of CD4i antibody-like ADCC or ADCC enhancement with risk of MTCT.

Passively-acquired ADCC

Entire cohort Adjusted OR 95% CI

A32-like ADCC 1.005 0.985–1.026
C11-like ADCC 0.967 0.929–1.006
Total cluster A-specific ADCC 0.995 0.977–1.013
17b-LALA-mediated enhancement 0.997 0.988–1.007

Excluding transmissions after 6 months Adjusted OR 95% CI
A32-like ADCC 1.003 0.979–1.029
C11-like ADCC 0.962 0.915–1.011
Total cluster A-specific ADCC 0.992 0.968–1.016
17b-LALA-mediated enhancement 0.987 0.965–1.009

The association of CD4i epitope-specific ADCC (A32-like ADCC, C11-like ADCC, or total cluster
hancement of plasma ADCC with odds of MTCT was measured using a logistic regression analy
tervals (CI), and p-values are shown for infant samples (passively-acquired ADCC, left) and ma
The top rows show results from the entire cohort (71 maternal samples and 71 infant samples
pairs in which transmission occurred after six months of age of the infant (64 maternal sampl
samples and six infant samples that were below the limit of detection were excluded from the
17b Fab (Fig. 5). Plasma ADCCwas enhanced to a similar degree by both
17b-LALA and 17b Fab (mean LALA enhancement: 73·7%;mean Fab en-
hancement: 97·5%) and the enhancement observed in the presence of
the Fab competitor correlated with the enhancement mediated by the
17b LALA variant (Pearson R = 0·85, p b 0·0001; Spearman R =
Maternal ADCC

p-value Adjusted OR 95% CI p-value

0.61 1.013 0.989–1.038 0.29
0.096 0.977 0.943–1.013 0.21
0.60 1.001 0.982–1.021 0.90
0.58 0.989 0.977–1.002 0.11

p-value Adjusted OR 95% CI p-value
0.80 1.016 0.988–1.045 0.26
0.12 0.993 0.954–1.033 0.71
0.49 1.008 0.986–1.031 0.48
0.25 0.990 0.975–1.005 0.18

A-specific ADCC (sum of A32-like ADCC + C11-like ADCC)) and 17b-LALA-mediated en-
sis adjusted for maternal plasma viral load. Adjusted odds ratios (OR), 95% confidence in-
ternal samples (maternal ADCC, right). Statistical significance was defined as p b 0·05 (*).
). The bottom rows show results from the cohort after excluding the seven mother-infant
es and 64 infant samples). Data from individual biological replicates from seven maternal
analysis as described in the Materials and Methods.



Fig. 3. Effect of Cluster A-specific ADCC on HIV-infected infant survival. a-c: Kaplan-Meier survival curves between infants (N = 20) that had passively-acquired cluster A CD4i epitope-
specific ADCC at/above the HIV-infected infant cohortmedian (blue lines) or below the HIV-infected infant cohortmedian (red lines) were compared by a log-rank test for A32-like ADCC
(a), C11-like ADCC (b), or total cluster A-specific ADCC (sum of A32-like ADCC + C11-like ADCC, c). d-f: Kaplan-Meier survival curves between infants whose mothers (N = 21) had
maternal cluster A CD4i epitope-specific ADCC at/above the transmitting mothers cohort median (blue lines) or below the transmitting mothers cohort median (red lines) were
compared by a log-rank test for A32-like ADCC (d), C11-like ADCC (e), or total cluster A-specific ADCC (A32-like ADCC + C11-like ADCC, f). Χ2 values and p-values are shown. The x-
axis shows months survival post infection (PI). The association of passively-acquired or maternal cluster A CD4i epitope-specific ADCC with risk of HIV+ infant mortality was measured
by a Cox-proportional hazardsmodel. Hazard ratios (HR), 95% confidence intervals (CI), and p-values are shown on the graphs. Statistical significance was defined as p b 0·05 (*). Cumu-
lative (cum.) number of infants at-risk or censored by the end of eachmonth on the x-axis are shown in the tables. Data from individual biological replicates fromonematernal sample and
one infant sample that were below the limit of detection were excluded from the analysis as described in the Materials and Methods.
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0·98, p b 0·0001). Similar to the results with 17b-LALA, enhancement
mediated by 17b Fab was associated with shorter survival of HIV-
infected infants, although this association was not statistically signifi-
cant (Χ2 = 2·39, p = 0·12).
Fig. 4. Effect of 17b-LALA-mediated ADCC enhancement on HIV-infected infant survival. a:
enhancement of passively-acquired ADCC at/above the HIV-infected infant cohort median (b
log-rank test. b: Kaplan-Meier survival curves between infants whose mothers (N = 21) had
cohort median (blue line) or below the transmitting mothers cohort median (red line) were c
survival post infection (PI). The association of 17b-LALA-mediated enhancement of passively-
Cox-proportional hazards model. Hazard ratios (HR), 95% confidence intervals (CI), and p
Cumulative (cum.) number of infants at-risk or censored by the end of each month on the x-a
sample and one infant sample that were below the limit of detection were excluded from the
3.6. Correlations between various ADCC activities

To gain insight into interactions among the ADCC activities to spe-
cific epitopes and the overall ADCC activities in the absence of
Kaplan-Meier survival curves between infants (N = 20) that had 17b-LALA-mediated
lue line) or below the HIV-infected infant cohort median (red line) were compared by a
17b-LALA-mediated enhancement of maternal ADCC at/above the transmitting mothers
ompared by a log-rank test. Χ2 values and p-values are shown. The x-axis shows months
acquired or maternal ADCC with risk of HIV-infected infant mortality was measured by a
-values are shown on the graphs. Statistical significance was defined as p b 0·05 (*).
xis are shown in the tables. Data from individual biological replicates from one maternal
analysis as described in the Materials and Methods.



Fig. 5. Enhancement of plasma ADCC by 17b Fab compared to 17b-LALA. a: Either 5μg/ml 17b-LALA or 10μg/ml 17b Fab was used as the competitive inhibitor in the competition RFADCC
assay with HIV-infected infant plasma (N = 20). Relative ADCC in the presence of 17b-LALA or 17b-Fab is shown and was compared by a Mann-Whitney U test. Error bars represent
median + interquartile range. Relative ADCC in the presence of 17b-LALA is averaged from four biological replicates, relative ADCC in the presence of 17b-Fab is averaged from two
biological replicates. b: Correlation between enhancement mediated by 17b-LALA and enhancement mediated by 17b-Fab is shown. Pearson and Spearman correlation coefficients and
corresponding p-values are shown. c: Kaplan-Meier survival curves between HIV-infected infants (N = 20) that had 17b Fab-mediated passively-acquired ADCC enhancement at/
above the HIV-infected infant cohort median (blue lines) or below the HIV-infected infant cohort median (red lines) were compared by a log-rank test. Χ2 values and p-values are
shown. The x-axis shows months survival post infection (PI). The association of 17b Fab-mediated enhancement of passively-acquired ADCC with risk of HIV+ infant mortality was
measured by a Cox-proportional hazards model. The hazard ratio (HR), 95% confidence intervals (CI), and p-values are shown on the graph. Cumulative (cum.) number of infants at-
risk or censored by the end of each month on the x-axis are shown in the tables. Statistical significance was defined as p b 0·05 (*). Data from an individual biological replicate from
one infant sample that was below the limit of detection was excluded from the analysis as described in the Materials and Methods.
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competitor,we compared correlations of A32-like ADCC, C11-likeADCC,
total cluster A-specific ADCC, 17b-LALA-mediated ADCC enhancement,
and 17b-Fab-mediated ADCC enhancementwith overall ADCC (without
the competitor) and with each other (Fig. 6). Interestingly, passively-
acquired A32-like ADCC, total cluster A-specific ADCC, 17b-LALA-
mediated ADCC enhancement, and 17b-Fab-mediated ADCC enhance-
ment are statistically significantly inversely correlatedwith total plasma
ADCC and directly correlatedwith each other, with a similar butweaker
pattern for maternal plasma. C11-like ADCC showed a different pattern
and was not statistically significantly correlated with overall ADCC or
with ADCC enhancement. The inverse relationship between 17b-LALA
mediated ADCC enhancement and overall ADCC was quite striking
and strongly statistically significant for both infant andmaternal plasma
Fig. 6. Correlations between various ADCC activities. Correlationmatrix for ADCC activities of pa
shown on the heatmap. Red indicates a negative correlation, white indicates no correlation, a
shown as: p b 0·05 = *. p b 0·01 = **. p b 0·001 = ***. p b 0·0001 = ****.
(infant spearman R = -0·959, p b 0·0001; maternal spearman R = -
0·723, p b 0·0001).

4. Discussion

ADCC has been shown to correlate with reduced risk of infection, re-
duced disease progression, and improved clinical outcome in MTCT,
chronic infection, and vaccination [6,9,18–21,56–69]. However, there
are limited data on which epitopes of ADCC mediating antibodies are
correlated with protection or improved clinical outcome in humans
[57,60,69]. This study aimed to address this question in the context of
breastfeedingMTCT in a cohort where passively-acquired ADCC activity
has been reported as a correlate of improved infant outcome [9,18]. To
ssively-acquired infant plasma (a) ormaternal plasma (b). Spearman rank correlations are
nd blue indicates a positive correlation. ND = not done. Statistical significance levels are
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our knowledge, this is the first study designed to measure the associa-
tion of ADCC targetingCD4i epitopeswith infection risk and disease out-
come in humans. We did not find any associations between these
responses and HIV transmission risk. Unexpectedly, rather than
explaining the overall beneficial effect of ADCC-mediating antibodies,
we found that commonly elicited anti-cluster A-activities were associ-
ated with increased mortality among those infants who contracted
HIV infection.

Both A32-like and C11-like ADCC responses targeting the gp41-
interactive region of gp120 were common and dominant in mothers
and their infants, consistent with non-MTCT human studies
[26–29,33,41,43,44]. While these specificities were common, there
was no detectable association of A32-like ADCC, C11-like ADCC, or
total cluster A-specific ADCCwith risk of infant infection. This lack of as-
sociationwith transmission is perhaps not surprising given our previous
finding of a weak and non-significant association between high total
plasma ADCC and reduced risk of infant infection in this cohort [9].

In this study, we extended prior findings showing that passively-
acquired ADCC in infants, but not maternal ADCC, was associated with
improved survival of HIV-infected infants using two different antigens
[9]. Neither passively-acquired nor maternal A32-like or C11-like
ADCC were significantly associated with HIV-infected infant survival;
rather, there was evidence from multiple analyses that high levels
of total cluster A-specific ADCC was associated with reduced
HIV-infected infant survival. These data indicate that ADCC-mediating
antibodies targeting the cluster A CD4i epitopes are not driving the
association of passively-acquired ADCC with improved survival of
HIV-infected infants, and that ADCC targeting cluster A CD4i epitopes
may be associated with increased mortality among those infants who
acquire HIV-infection.

Therewas little detectable 17b-like ADCC activity in this cohort, per-
haps reflecting the fact that cluster C-specific antibodies are less potent
than cluster A [26,27,31]. Our lack of detection of 17b-like ADCC is in
contrast to cohorts of chronically infected individuals in which cluster
C-specific plasma ADCC was readily detectable and common [27,43].
However, this difference in detection of cluster C-specific ADCC may
be due to differences in methods between our study and those con-
ducted by Ferrari et al. and Alsahafi et al., which used the chromium re-
lease ADCC assay and a FACS-based assay against infected target cells,
respectively [27,43]. Instead of detecting cluster C-specific plasma
ADCC, we saw a surprising effect of preincubation of the target cells
with 17b-LALA in which plasma ADCC was enhanced compared to
preincubation with no competitor antibody. This was also observed
whenweused 17b Fab fragment as the competitor. Due to this enhance-
ment phenomenon, we cannot rule out that the enhancement of non-
17b-like ADCC was masking the 17b-like ADCC activity.

Interestingly, 17b-LALA-mediated enhancement of plasma ADCC
measured in this assay was associated with decreased survival among
the HIV-infected infants. Notably, 17b-LALA-mediated enhancement of
ADCCwas strongly inversely correlated with total plasma ADCC, raising
the possibility that 17b-LALA-mediated ADCC enhancement may be a
proxy for low overall ADCC, which was correlated with poorer infant
outcome in this cohort, as shown here and in the prior study of this co-
hort conducted by Milligan et al. [9]

We hypothesized the following mechanism to explain the unex-
pected enhancement of ADCC mediated by 17b-LALA: during the
preincubation step with 17b-LALA, binding of a 17b Fab arm to gp120
increases exposure of other epitopes of ADCC-mediating antibodies.
This hypothesis is consistent with a number of other studies that have
shown co-receptor binding site antibodies, such as 17b, to enhance
the binding and ADCC activity of cluster A antibodies, such as A32 and
C11 [30,40,43,70]. Of note, enhancement of plasma ADCC by 17b-Fab
and 17b-LALA were significantly directly correlated with A32-like
ADCC and total cluster A-specific ADCC, but not with C11-like ADCC,
suggesting that 17b binding to its co-receptor binding site epitope
leads to further exposure of the A32 epitope. This model is consistent
with structure studies conducted by Tolbert et al. in the context of tri-
mer, showing that after 17b antibody or 17b fab binding, A32 binds
more efficiently to envelope than C11 does, and the authors suggest
that the A32 epitope is exposed earlier in the viral entry process com-
pared to theC11 epitope [40]. Thesefindingswere replicated byAlsahafi
et al. [43] Taken together these data support a model that antibody
binding to the co-receptor binding site leads to differential exposure
of the non-overlapping cluster A A32 and C11 epitopes, with the A32
epitope becoming better exposed upon 17b binding. Thus, the 17b en-
hancement data, which may be indicative of increased cluster A-
specific activity, is consistent with the finding that cluster A-specific ac-
tivity is associatedwithworse infant outcome. However, we cannot rule
out that the 17b fab was forming bivalent complexes after long-term
storage [71], in which case bivalent 17b fab would resemble 17b f
(ab)’2, and be expected to act similarly to 17b-LALA.

These findings add to limited studies of ADDC epitopes in relation to
clinical outcomes [29,44,57,60,69,72]. A handful of studies have identi-
fied ADCC epitopes associated with elite controller or long-term non-
progressor (LTNP) status compared to viremic progressors [57,60,69].
Additionally, CD4i-specific antibodies have been isolated from natural
viral suppressors and RV144 vaccinees [26,29], but these studies did
not compare epitopes between controllers vs progressors or HIV-
infected vs uninfected vaccinees. In contrast to these promising data,
our data in the setting of MTCT suggests that ADCC targeting the cluster
A CD4i epitopes was not associated with protection from infection and
was associated with accelerated HIV progression in infants who ac-
quired HIV infection.

Cluster A-specific antibodies, while common, also have some
unusual properties and have been shown to poorly mediate ADCC
against cells infected with primary isolates due to the reduction of
CD4 and Env on the cell membrane upon productive infection
[30–33,35,37,38,70,73–83]. Because they can recognize the open con-
formation of Env and thus the gp120 monomer, cluster A-specific anti-
bodies can also target uninfected cells that have bound gp120 that has
been shed from virus or infected cells [32,33,84]. As suggested by our
data that cluster A-specific ADCC is associated with reduced infected in-
fant survival, it is possible that the killing of uninfected bystander cells
by cluster A-specific antibodies could contribute to accelerated disease
progression among infected infants. It is interesting that A32-like
ADCC measured in the assay used here, which uses target cells with
bound gp120, was inversely correlated with total ADCC. This could sug-
gest that A32-dominant responses typically arose when ADCC re-
sponses overall were weak due to the high immunogenicity of the
A32 epitope, and that the positive association between A32-like activity
and poor infant survival actually reflects a relatively weak overall ADCC
response. In this scenario, the presence of A32 responses per se are not
accelerating HIV progression but represent a misdirection of the im-
mune response away frommore protective antibody epitopes. Interest-
ingly, ADCC responses in vivo are often polyclonal [27,28,33,41], and
combinations of monoclonal antibodies have been shown to be
important for ADCC [30,42,43,70]. Since most plasma samples had
someA32-like activity, an alternative, plausible explanation for the neg-
ative correlation between A32-like activity and overall ADCC is that the
strongest ADCC responses associatedwith improved infant outcome are
polyclonal, where A32-like activity would be detectable, but would
make up a lower percentage of the overall ADCC response compared
to a monoclonal response, which could have a high percentage of
A32-specific activity, but weak total activity.

Interestingly, while cluster A epitope-specific ADCC and 17b-LALA-
mediated ADCC enhancement were associated with worse infant out-
come, these associations were stronger for maternal ADCC activities
compared to passively-acquired ADCC activities in infant plasma. This
may suggest that the mechanism by which these antibodies are acting
is occurring in the mother. Another possibility is based on placental
transfer of antibodies. A recent study by Martinez and colleagues
showed that even among the same mother-infant pair, antibody
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transfer rates across the placenta can vary between antibodies targeting
different epitopes, even among antibodies targeting various HIV epi-
topes [85]. This variation in antibody transfer rate could explain why
maternal ADCC activities were more strongly associated with worse in-
fant outcome compared to passively-acquired ADCC activities in infant
plasma for cluster A epitope-specific ADCC and 17b-LALA-mediated
ADCC enhancement.

Our study has a number of limitations. Our study is limited by rela-
tively low statistical power because of the small number of infants
that acquired HIV. Additionally, of the 21 infants that acquired HIV, 7
had an estimated time of infection after six months of age, by which
time passively-acquired antibody levels may have waned in the infant.
Therefore, the relevance of passively-acquired ADCC in these late trans-
missions is unclear. Notably, when our data analyses were restricted to
the 14 infants who acquired HIV prior to sixmonths of age, results were
similar to those of the entire cohort. Another caveat to this study is that
we used the RFADCC assay with coated target cells. The RFADCC assay
has been shown to predominantly measure a “monocyte-mediated
ADCC” or trogocytosis process [86–88]. It has also been argued that
coated cells are not as biologically relevant as infected cells. While the
exact activity captured in this assay remains controversial, results of
this assay have repeatedly shown a correlation between activity and
outcome in humans [9,18,58,61,68]. Specifically, we chose to take this
approach to replicate the methods used by Milligan et al. that showed
a correlate of RFADCC activity and outcome [9]. The aim of the current
study was to identify the epitopes of plasma ADCC initially measured
in that prior study that are associated with the observed clinical out-
come as these associations can help inform mechanisms of protection.

Although CD4i epitopes are highly conserved and
immunodominant, our findings indicate that ADCC targeting these epi-
topes by themselves may not be beneficial, as CD4i epitope-specific
ADCC was not associated with either reduced risk of infant infection
or improved HIV-infected infant survival. These findings highlight a
need for further research to clarify the role of CD4i epitope-specific
ADCC-mediating antibodies in protection and clinical outcomes and
whether they are beneficial or detrimental. Additionally, ADCC targeting
other epitopes, including the V1 V2 epitope which was a correlate of
protection in the RV144 trial [6,72,89], non-gp120 epitopes, novel epi-
topes yet to be defined, and polyclonal ADCC responses should also be
explored as potential correlates of protection to inform vaccine and
therapeutic design.
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