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HIV-1vaccine efforts are primarily directed toward eliciting neutralizing antibodies (nAbs).
However, vaccine trials and mother-to-child natural history cohort investigations indicate that
antibody-dependent cellular cytotoxicity (ADCC), not nAbs, correlate with prevention. The

ADCC characteristics associated with lack of HIV-1 acquisition remain unclear. Here, we examine
ADCC and nAb properties in pretransmission plasma from HIV-1-exposed infants and from the
corresponding transmitting and nontransmitting mothers’ breast milk and plasma. Breadth

and potency (BP) were assessed against a panel of heterologous, nonmaternal variants. ADCC

and neutralization sensitivity were estimated for the strains in the infected mothers. Infants

who eventually acquired HIV-1 and those who remained uninfected had similar pretransmission
ADCC,,. Viruses circulating in the transmitting and nontransmitting mothers had similar ADCC
susceptibility. Infants with higher pretransmission ADCC_, and exposure to more ADCC-susceptible
strains were less likely to acquire HIV-1. In contrast, higher preexisting infant neutralization BP and
greater maternal virus neutralization sensitivity did not associate with transmission. Infants had
higher ADCC_, closer to birth and in the presence of high plasma IgG relative to IgA levels. Mothers
with potent humoral responses against their autologous viruses harbored more ADCC-sensitive
strains. ADCC sensitivity of the exposure variants and preexisting ADCC_, influenced mother-to-
child HIV-1 transmission during breastfeeding. Vaccination strategies that enhance ADCC are likely
insufficient to prevent HIV-1 transmission because some strains may have low ADCC susceptibility.

Introduction

Developing an effective HIV-1 vaccine remains a top priority. In general, all vaccines work by generating
Abs that block infection or interfere with viral replication (1). In the case of HIV-1, neutralizing Abs
(nAbs) are insufficient to prevent infection. Recent large clinical trials demonstrated that passive infusion
of large quantities of a broadly neutralizing Ab (bnAb) did not significantly reduce HIV-1 transmission,
presumably because individuals are commonly exposed to neutralization-resistant strains (2). Chronically
infected mothers who expose their babies to HIV-1 during gestation, delivery, or breastfeeding also harbor
mostly variants that are resistant to neutralization by the Abs present in their plasma and breast milk (BM)
and the Abs acquired by the infant (3—-6). Thus, in the presence of preexisting Abs, most human transmis-
sion occurs with neutralization-resistant viruses. The passive infusion of more than 1 bnAb may signifi-
cantly reduce HIV-1 transmission because it may be able to block the majority of neutralization-resistant
viruses, but this has not been confirmed in human clinical trials.

Ab-dependent cellular cytotoxicity (ADCC), potentially along with other Ab-mediated effector func-
tions, may protect against infection in instances where preexisting nAbs cannot block neutralization-resistant
strains. ADCC requires Ab Fab domain binding to the HIV-1 envelope (Env) on infected cells. Fc engagement
with Fc receptors (FcRs), such as FcyRIIla (CD16) on NK cells, induces effector cells to kill the infected
cell (7). We have recently shown that ADCC responses against the variants circulating in infected mothers
are significantly higher in breastfed infants who did not acquire HIV-1 (HIV-1-exposed uninfected, HEU)
as compared with those who eventually acquired infection (HIV-exposed infected, HEI) (8). Furthermore,
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our studies confirmed some previous findings that infected infants with higher ADCC responses have lower
morbidity and mortality over the first year after birth in the absence of antiretroviral therapy (ART; refs. 9,
10). In aggregate, these observations suggest that enhancing ADCC responses may both protect against the
acquisition of neutralization-resistant strains and improve disease outcomes in infants who are infected.

In our previous study, we assessed pretransmission ADCC responses present in the exposed infants
against the variants circulating in their own mothers. Observing that HEU as compared with HEI infants
have higher ADCC specifically against their mothers’ strains suggests multiple nonmutually exclusive
possibilities. It is possible that HEU as compared with HEI infants have broader and more potent ADCC
responses against all viruses, both the strains circulating in the infected mother and unrelated heter-
ologous variants. This finding would potentially be important because future vaccines may be able to
enhance overall ADCC responses against all HIV-1 strains rather than just those present in the transmis-
sion source. Another possibility is that HEU compared to HEI infants have similar ADCC breadth and
potency (ADCC,,), but the nontransmitting mothers (NTMs) have strains that are more susceptible to
ADCC when compared with the transmitting mothers (TMs). This observation would imply that trans-
mission efficacy depends more on the characteristics of the variants present in the transmitting partner
rather than the preexisting responses in the exposed individual. It would be difficult to overcome this
mechanism with a future vaccine. Finally, a combination of more potent ADCC activity and exposure to
less ADCC-resistant virus strains may differentiate HEI and HEU infants.

Here, we show that infants with a combination of greater pretransmission ADCC along with exposure
to more ADCC-susceptible stains are less likely to acquire HIV-1. HEI and HEU infants, however, have
similar ADCC,,, and TMs and NTMs harbor strains with similar ADCC sensitivity. Enhancing ADCC
may not prevent infection if circulating strains are mostly ADCC resistant. Efforts to eliminate HIV-1
transmission will need to both improve ADCC responses in at-risk individuals and account for the ADCC
susceptibility of the strains circulating in the infected individuals most likely to transmit the virus.

Results

ADCC,, is not different among TM- and NTM-infant pairs. We examined ADCC responses in plasma and
BM samples from mother-infant pairs in the control arm of the Breastfeeding, Antiretroviral, and Nutri-
tion (BAN) study (Figure 1; ref. 11). Dyads were enrolled in this trial after confirming the infants had
no evidence of HIV-1 infection within the first 14 days after birth. The mothers and infants in the con-
trol arm received ART for 7 days postpartum and not prior to delivery. Pretransmission responses were
assessed in the closest available sample collected before the first infant HIV-1 PCR-positive result. A total
of 21 TM-infant pairs were matched to 42 pairs with no documented transmission based on maternal
age, plasma virus level, absolute CD4"* T cell count, and duration of time from birth to sample collection
(Supplemental Table 1; supplemental material available online with this article; https://doi.org/10.1172/
jei.insight.159435DS1). We quantified ADCC,, by assessing responses against 10 HIV-1 Envs of diverse
clades. These 10 highly divergent Envs, unrelated to the individuals in this cohort, are part of a global refer-
ence panel that has been previously used to estimate the neutralization spectrum of infected and vaccinated
individuals (12). ADCC was estimated using a previously described assay that quantifies HIV-1-infected
cell killing only in the presence of plasma or isolated IgG (13). An ADCC,, score was derived using previ-
ously detailed methods (14, 15). Briefly, ADCC,, consists of the average of the log-normalized percentage
ADCC at 1 tested plasma concentration against the 10 Envs. Importantly, the percentage decrease at the
highest tested plasma dilution (1:50) strongly correlated with both the dilution required to achieve ID, and
AUC (Supplemental Figure 1; refs. 14, 16). ADCC,, scores ranged from a minimum of 0 indicating no
ADCC capacity, to 1, which represents 100% killing against all 10 tested Envs.

HEU (mean 0.359, range 0.168-0.517) compared to HEI (mean 0.368, range 0.140—0.548) infants had sim-
ilar ADCC,, (P = 0.740; Figure 2A). Neither was ADCC,, different in TM (mean 0.489, range 0.326-0.629)
or NTM (mean = 0.468, range 0.326-0.773) plasma (P = 0.396; Figure 2B). ADCC,, trended higher in TM
(mean 0.338, range 0.142-0.551) than in NTM (mean 0.290, range 0.151-0.487) BM IgG (P = 0.055; Figure
2C). Multivariable logistic regression analysis demonstrated that the odds of a mother transmitting the virus
to the baby were approximately 2-fold higher with a 0.1-unit increase in BM IgG ADCC,, (OR 2.10, 95% CI
1.08-4.48, P=0.037) after accounting for maternal plasma virus level, absolute CD4" T cell count, and duration
between birth and sample collection. In contrast to the infant and maternal plasma, BM IgG ADCC was signifi-
cantly higher in 3 of the 10 Envs in TMs compared with NTMs (Supplemental Figure 2).
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Figure 1. Study design. Flow diagram of TM-and matching NTM-infant pairs from the BAN study control arm. Matching was based on the specified criteria. Right

side of figure shows the assessment

on the samples at each level.

We have also previously estimated neutralization BP (Neut,,) in the same infant and maternal plasma
samples by measuring neutralization capacity against the same reference Env panel (14). In our prior work,
we also found that a combination of higher infant ADCC plus nAb responses against the maternal autolo-
gous strains (Neut, ;. + ADCC, .
summed the 2 BP scores in our current study to generate an overall aggregate statistic (Neut,, + ADCC,))
that represents multiple Ab functions. HEI (mean 1.01, range 0.370-1.34) compared to HEU (mean 0.993,
range 0.508-1.29, P = 0.630) infants and TMs (mean 1.25, range 0.555-1.48) versus NTMs (mean 1.09,
range 0.715-1.57, P = 0.123) did not have significantly different Neut,, + ADCC,, (Figure 2, D and E).

TMs and NTMs harbor variants with similar ADCC susceptibility. While HEU compared to HEI infants
had similar ADCC,, against heterologous variants (Figure 2), they had higher ADCC against their corre-
sponding mothers’ strains (8). Thus, we next hypothesized that the ADCC susceptibility of viruses from
NTMs is higher than those from TMs. To address this hypothesis, we examined the ADCC sensitivity
of viruses generated in our previous mother-to-child transmission (MTCT) studies, namely those that
incorporated Envs from 17 TMs and 25 NTMs (Figure 1; refs. 8, 14). Susceptibility was assessed against

) are associated with lower HIV-1 acquisition (8). In a similar manner, we

2 common standards: a maternal plasma pool and a bnAb pool. The maternal plasma pool contained an
equivalent amount of plasma from 10 different NTMs enrolled in the BAN study who were distinct from
the 25 NTMs used to generate the maternal variants. The bnAb pool contained an equivalent amount
of 4 bnAbs (VRCO1, PGT121, PG16, and 10E8) (17-20). ADCC over a series of plasma/Ab dilu-
tions was used to generate an AUC. A higher AUC indicates greater ADCC sensitivity and vice versa.
NTM compared with TM variants had similar AUC against both the maternal pool (mean 0.158, range
0.010-0.565 versus mean 0.128, range 0.0-0.287, P = 0.648; Figure 3A) and the bnAbs (mean 0.538,
range 0.166-0.866 versus mean 0.450, range 0.09-0.817, P = 0.176; Figure 3B). AUCs against the mater-
nal and bnAb pool were modestly correlated for the 42 different maternal viruses (Figure 3C).
Combination of infant ADCC,, and maternal variant ADCC susceptibility is associated with transmission. Next,
we hypothesized that a combination of preexisting ADCC responses and susceptibility of the exposure strains
influence transmission. We generated a combined metric for pretransmission ADCC activity and exposure
variant susceptibility by adding infant ADCC, and the ADCC, ;¢ (. .cma pool) OT ADCC, ¢ ap poo) of the
corresponding mother’s strains. It should be noted that ADCC,, and ADCC, . are independent because
they are generated against different viruses. A higher magnitude of this metric implies a combination of
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Figure 2. Infant and maternal ADCC_, are similar. The following are shown in relation to transmission outcomes: (A) ADCC,, in HEl and HEU infants; (B
and €) ADCC,, in TMs and NTMs and IgG isolated from BM; (D) ADCC,, plus Neut,, in HEl and HEU infants; and (E) ADCC,, plus Neut,, in TMs and NTMs.
Colors signify matched pairs. Bars show mean and standard error. Group comparisons were done using Welch’s t test and/or multivariable logistic regres-
sion. *P < 0.05 with 1 of these statistical tests. All values are means from a minimum of 2 replicates.

increased ADCC,, and exposure to more ADCC-sensitive strains. HEU (mean 0.534, range 0.272-0.770)
had higher ADCC,, + ADCC, ;. . icmat pooy COMpared with HEI (mean 0.457, range 0.237-0.709, P= 0.110;
Figure 3D) infants. ADCC, + ADCC, ;¢ a0 sooty WS also higher in HEU (mean 0.961, range 0.510-1.23)
as opposed to HEI (mean 0.778, range 0.314-1.28, P = 0.046; Figure 3E) infants. In multivariate logistic
regression analysis that accounted for baseline maternal characteristics and days from birth to sample collec-
tion, a 0.1-unit increase in ADCC,, + ADCC, . (ematernal poo) (OR 0.604, 95% CI1 0.356-0.937, P = 0.037) and
ADCC,, + ADCC, ;. nap pooy (OR 0.648, 95% CI 0.397-0.974, P = 0.048) was associated with an approxi-
mately 40% and 35% reduction of HIV-1 acquisition, respectively.

We next examined if transmission was also lower among infants who had higher preexisting Neut;,
while being exposed to more neutralization-sensitive strains from their corresponding mothers. Infant
pretransmission Neut,, was estimated previously (14). We assessed neutralization sensitivity of the virus
stocks incorporating Envs from the infected mothers against the same maternal plasma pool used previous-
ly. As before, higher AUC indicates greater neutralization sensitivity and vice versa. Neutralization AUCs
could not be generated against the bnAb pool because all virus stocks were exquisitely sensitive at the
concentrations tested previously. Similar to previous reports (3—6), TM and NTM Envs had similar neutral-
ization susceptibility (Figure 3F). A combination of pretransmission Neut,, in the exposed infant and the
neutralization sensitivity of the corresponding mother’s strain, Neuty, + Neut, ;. o0 pocly trended higher
in the transmitting (mean 0.899, range 0.336-1.35) as compared with the nontransmitting (mean 0.807,
range 0.448-1.12, P = 0.083, Figure 3G) dyads. In multivariate logistic regression analysis that accounted
for baseline maternal plasma virus level, absolute CD4* T cell count, and days from birth to sample collec-
tion, a 0.1-unit increase in Neut,, + Neut, . associated with around 36% higher transmission (OR 1.36,
95% CI 0.946-2.13, P = 0.123), although this was not statistically significant. Thus, in contrast to ADCC,
higher infant pretransmission Neut,, and exposure to more neutralization-sensitive maternal viruses was
not associated with decreased likelihood of HIV-1 acquisition.

Infant ADCC responses are associated with IgG/IgA, days from birth, and neutralization. We and others have
shown that a high IgG/IgA ratio is associated with more effective ADCC because IgA may block the
IgG-mediated Ab effector function (8, 21-23). In this larger cohort of 21 HEI/TMs and 42 HEU/NTMs,
HEU (mean 35.36, range 3.21-120.2) compared with HEI (mean 19.32, range 0.397-119.5, P = 0.042) had
a higher plasma IgG/IgA ratio (Figure 4A), and the IgG/IgA ratio was positively correlated with infant
ADCC (Figure 4B). Infants acquire the majority of maternal IgG transplacentally during gestation, and after
birth, babies ingest less IgG than IgA because BM contains high levels of IgA (8, 24). As expected, both the
infant plasma IgG/IgA ratio (Figure 4C) and infant ADCC,, (Figure 4D) decreased over time after birth.
Importantly, in multivariable linear regression analysis, the infant IgG/IgA ratio and number of days from
birth independently predicted infant ADCC,, (Supplemental Table 1). In contrast, the IgG/IgA ratio was
higher in NTM compared with TM plasma (Supplemental Figure 3A) but not in the BM (Supplemental
Figure 3B), nor was it associated with the maternal ADCC,, score (Supplemental Figure 3, C and D).

Previous analyses from our group and others have suggested that ADCC and neutralization are
independent activities (8, 13, 25, 26). Maternal ADCC,, did not correlate with the Neut,, score (Sup-
plemental Figure 3E). Neither did maternal ADCC,, correlate with the plasma virus load or absolute
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Figure 3. Infant ADCC responses and ADCC sensitivity of the exposure strains associate with transmission. ADCC
sensitivity of TM and NTM viruses to (A) pool of maternal plasma and (B) bnAbs. (C) ADCC susceptibility correlation to
maternal pool and bnAbs. Combined statistic of infant ADCC,, and sensitivity of TM and NTM strains to (D) maternal
pool = ADCC, (e pooy ~ OF (E) bnAbs — ADCC, (omab pooy — @Mong HEI and HEU infants. (F) Neutralization suscep-
tibility of TM and NTM Envs to maternal plasma pool and (G) combined statistic of infant Neut,, and neutralization
susceptibility of the exposure strains. Colors signify matched pairs. Bars show mean and standard error. Group com-
parisons were done using Wilcoxon’s rank-sum test for A and B, Welch’s t test for D-G, and/or multivariable logistic
regression for D, E, and G. Correlations were assessed using Spearman'’s statistic. *P < 0.05 with 1 of these statistical
tests. All values are means from a minimum of 2 replicates.

CD4" T cell count (Supplemental Figure 3, F and G). In contrast, infant ADCC,, showed a modest
association with the Neut,, score (Figure 4E).

ADCC susceptibility of the maternal variants is associated with days from birth and humoral capacity. Factors
associated with ADCC susceptibility have not been identified. In general, it is well known that variants
circulating in infected hosts become more neutralization resistant over time as they evolve to escape
autologous nAbs (27-29). In a similar fashion, ADCC susceptibility to both the plasma pooled from dif-
ferent mothers (Figure 5A) and bnAbs (Figure 5B) of the maternal variants decreased with the increasing
sampling date relative to birth. Furthermore, the investigation of a small number of Env variants has
suggested that nAb selection pressure can increase sensitivity to ADCC (30, 31). We, however, did not
observe any association between ADCC susceptibility, to either maternal or bnAb pool, with the neu-
tralization capacity or ADCC in the contemporaneous autologous maternal plasma or with the maternal
neutralization or ADCC,, score (p < 0.2 and P > 0.05 in all cases, data not shown). ADCC susceptibility,
Aue Which
estimates the combined neutralization and ADCC present in the contemporaneous plasma against the

however, increased with higher levels of the previously described statistic, Neut, . + ADCC

autologous circulating strain (Figure 5, C and D, and ref. 8).

Infant morbidity and mortality are not associated with ADCC,,. Work from our group suggested that infect-
ed infants with higher ADCC against their mother’s virus had decreased morbidity and mortality up to 1
year after birth in the absence of ART (8). Other investigations suggest that higher infant ADCC against
variants that are different but similar to the corresponding mother’s strains also associates with better
outcomes (9, 10). Here, we found that infant morbidity and mortality up to 1 year after birth were not
associated with infant ADCC,, (Figure 6A), ADCC susceptibility of the exposure strains (Figure 6, B
and C), or a combination of infant ADCC,, and sensitivity of the exposure variants (Figure 6, D and E).
Neither were infant outcomes significantly different in relation to ADCC against any of the individual
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10 heterologous Envs used to derive the ADCC,, score (data not shown). Infants born to mothers with
ADCC,, greater than the cohort median had lower morbidity and mortality up to 1 year after birth,
although this was also not statistically significant (Figure 6F).

Discussion
Recent efforts aimed at developing an HIV-1 vaccine have focused on eliciting nAbs. However, 2 large random-
ized clinical trials demonstrated that the presence of high levels of a bnAb did not decrease HIV-1 transmis-
sion (2). Similarly, we and others have demonstrated that some infants born to mothers with HIV-1 have broad
and potent nAbs soon after birth, but they still acquire HIV-1 from their mother within the first year of their
lives (14, 32). In aggregate, nAbs are insufficient to prevent transmission primarily because naive individuals are
exposed to a viral swarm that may contain neutralization-resistant variants. However, MTCT cohorts and vac-
cine trial correlative analyses suggest that preexisting ADCC alone, and potentially in conjunction with nAbs,
can decrease the transmission of these neutralization-resistant strains (8, 9, 21, 33-35). In these prior studies,
ADCC was either examined against the viruses circulating in the transmission source or a small number of Envs
that were highly related to the potentially exposure variants. These results possibly imply that ADCC efficacy
depends on the ability to specifically target Envs in the exposure material. It remains uncertain if preexisting
ADCC responses that potently target a diverse range of unrelated HIV-1 variants is associated with protection.
In this study, we estimated ADCC,, by examining activity against 10 unrelated, highly divergent, HIV-1
Envs. These 10 Envs encompass 7 different HIV-1 clades, which differ by a minimum of 10% at a nucleo-
tide level (12, 36). Thus, the 10 Envs represent a broad swath of the circulating variants that may need to be

JCl Insight 2022;7(9):e159435 https://doi.org/10.1172/jci.insight.159435 6
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targeted to prevent HIV-1 acquisition in high-risk individuals around the world. We developed a potentially
novel ADCC,, score to quantify responses against the unrelated strains present in HIV-1-exposed infants
and their chronically infected mothers. We find that HEI and HEU infants and TMs and NTMs had similar
ADCC,, in their plasma. Our results are consistent with a previous study that examined ADCC activity in
a smaller number of maternal samples only from the same BAN cohort against 1 heterologous Env (37).
Our observations imply that preexisting broad and potent ADCC activity in the exposed or the transmitting
individual does not associate with transmission outcome.

We further demonstrate that ADCC sensitivity of the variants circulating in the TMs and NTMs was not
significantly different. We assessed ADCC susceptibility against 2 Ab standards: a maternal plasma pool and
a bnAb pool. The ADCC sensitivity to these 2 different Ab standards was moderately correlated, suggesting
that they measured a similar virus property. Similar ADCC susceptibility among the variants from TMs and
NTMs suggests that the observation of higher ADCC against their corresponding mother’s viruses among
HEU compared with HEI infants cannot be explained by exposure to more susceptible strains. Importantly, we
observed that HEU compared with HEI infants had a higher magnitude of a metric that combined ADCC,,
and ADCC sensitivity of the exposure strains. On the other hand, a combined statistic of Neut,, and neutral-
ization susceptibility of the maternal variants was not different among TM- as compared with NTM-infant
pairs. In aggregate, our findings suggest that both the magnitude and breadth of preexisting ADCC, more than
neutralizing activity, and the ADCC sensitivity, more than neutralization susceptibility, of the strains present in
the transmission source are important for preventing the acquisition of neutralization-resistant strains.
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Figure 6. Morbidity associated with preexisting humoral responses. Kaplan-Meier curves estimating time (days) to a grade 4 or greater serious
adverse event or death for (A-E) HEI and (F) all infants with different measures greater than or equal to the cohort median (red) or less than the cohort
median (blue). Tick marks denote right censoring.

Our findings potentially provide insights into the divergent outcomes between 2 different recent HIV-1
vaccine trials (38, 39). Both trials used a relatively similar heterologous prime/boost regimen (40). The
modestly effective RV144 trial used a clade B/E Env immunogen tailored to the viruses circulating in Thai-
land. On the other hand, the HVTN 702 trial, which was stopped early because of lack of efficacy, used a
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HIV-1 subtype C Env immunogen better suited for the strains prevalent in Africa. Both vaccine products
generated high levels of ADCC activity, which was associated with protection in the RV144 correlative
analysis (21). The 2 trials may have produced different outcomes because of differences in the strains circu-
lating in Thailand as opposed to those in Africa. A prior study has suggested that a majority of viruses com-
monly found in Thailand contain a sequence polymorphism that renders Envs highly ADCC susceptible
(41). Strains in Africa and other parts of the world do not have this Env change. Differences in ADCC sen-
sitivity among the majority of strains circulating in Thailand, as compared with Africa, may be a reason for
the different outcomes in the 2 vaccine trials even though both test products generated high ADCC levels.

The ADCC characteristics of the exposure strains are also important for the morbidity and mortality after
infection in the absence of ART. We have previously shown that infected infants with higher ADCC activity
against their corresponding mother’s circulating viruses have lower morbidity and mortality up to 1 year after
birth without ART (8). Here we found that better outcomes were not observed in the infected infants with
higher ADCC,, exposure to more sensitive maternal strains or a combination of the 2 metrics. This argues that
infant ADCC responses need to effectively target the infecting strains to influence subsequent morbidity and
mortality. Our findings suggest that ADCC,, as quantified by measuring responses against unrelated heterol-
ogous Envs, does not adequately reflect the activity against the viruses actually present in the infected infants.

ADCC,, may be improved by decreasing IgA proportions in the exposed individual because higher a
IgG/IgA ratio was associated with stronger ADCC activity. Our observations in this study confirm pre-
vious suggestions that IgA inhibits IgG-mediated ADCC (8, 21-23). The higher IgG/IgA levels in HEU
compared with HEI infants do not merely reflect higher IgG/IgA BM levels in the NTMs as opposed to
TMs. Although the NTMs as compared with TMs had higher plasma IgG/IgA, they did not have higher
IgG/IgA in the BM. Surprisingly, we observed that BM IgG-mediated ADCC,, was higher in TMs than
in NTMs. This finding is somewhat analogous to our previous observation that broader and more potent
maternal plasma nAbs responses tracked with transmission (14). The HEI as compared with HEU infants
do not have higher ADCC,,, implying that the broader and more potent IgGs present in the TM BM are
not acquired by the breastfed infant. Previous investigations have shown that infants selectively acquire spe-
cific Abs from their mothers during breastfeeding, and this selective transfer is influenced by disease states
(42, 43). Furthermore, BM contains much higher levels of IgA relative to plasma, and this could potentially
explain the decrease in infant ADCC,, after birth even though they continue to ingest maternal Abs via
breastfeeding. Even though we did not measure HIV-1-specific Ig and isotype levels, our findings suggest
that total plasma IgA levels in exposed individuals hinder ADCC activity.

In contrast to our prior studies, we observed that exposed infants’ neutralization and ADCC,, were
highly correlated (8, 13). In general, ADCC and neutralization are independent activities (25, 26). This
correlation observed in the infants may again reflect the preferential transfer of ADCC-mediating IgG from
the mother to the baby (42, 43). Collectively, our observations suggest that infants that selectively acquire
both higher amounts of maternal IgG relative to IgA and Abs with the ability to mediate cellular cytotox-
icity are more likely to resist HIV-1 acquisition.

In contrast to neutralization, studies have not identified host characteristics associated with the pres-
ence of ADCC-sensitive strains. In general, naive individuals that do not have preexisting nAbs mostly
acquire neutralization-sensitive strains (44). Infected individuals develop Abs against the infecting viruses,
but the autologous variants continue to evolve and escape this immune pressure (27-29). In general, indi-
viduals with longer duration of infection and more potent nAbs have more neutralization-resistant strains
(45, 46). We observed that the maternal variants isolated closer to the birth of the child were more ADCC
sensitive compared with those isolated after delivery within the first year of the infant’s life. This poten-
tially also reflects increasing ADCC resistance over time. On the other hand, some but not all consider
pregnancy as an immune-altered state; thus, pregnancy may be associated with the generation of more
ADCC-susceptible strains (47). We also found that maternal variant ADCC sensitivity correlated with
the totality of the autologous neutralization and ADCC response against the contemporaneous strain. As
suggested by a previous investigation, this may reflect Env evolution toward an ADCC-susceptible state in
response to potent Ab responses (30). ADCC sensitivity of the maternal viruses, however, was not higher in
those mothers with greater ADCC,, or more ADCC against the autologous strain in the contemporaneous
plasma (48). Our studies, however, were conducted in a cross-sectional cohort in a relatively small number
of variants. Furthermore, we examined virus stocks that incorporated multiple and not individual mater-
nal Envs. Thus, our studies cannot decipher individual Env features associated with ADCC sensitivity.
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It is possible that TMs and NTMs have differences in the proportion of ADCC-sensitive and -resistant
Envs, though, in bulk, ADCC susceptibility may be similar. Examination of single genome amplified Envs
from a larger number of individuals sampled longitudinally will be required to identify those factors that
may influence the ADCC sensitivity of the circulating variants in chronically infected individuals.

Our results provide insights for HIV-1 vaccine efforts. To date, traditional vaccine methodologies have
failed to elicit even 1 bnAb, and high levels of a single bnAb do not protect against HIV-1 acquisition (2, 49).
This study, along with previous investigations in humans and animal models, suggests that ADCC may help
prevent HIV-1 acquisition especially when nAbs are not sufficient (8, 21, 50). It remains unclear if Abs with
the ability to mediate broad and potent cellular cytotoxicity can be elicited using current vaccine technolo-
gies. Our studies here, however, suggest that generating ADCC,, will not be sufficient. Strategies will also
need to account for the ADCC sensitivity of the circulating strains in individuals likely to transmit HIV-1.

Methods

Antibodies and cell cultures. All bnAbs and HIVIG were obtained from the NIH AIDS Reagent Program.
Melon Gel IgG Spin Purification Kit (Thermo Fisher Scientific, 45206) was used to isolate IgG from
the BM supernatant per manufacturer’s protocol. All cells were maintained as previously described
(8). Briefly, MT4-CCR5-Luc and CD16*KHYG-1 cells were maintained at a density of 1 X 10° and
5 x 10° cells/mL, respectively. Cells were in RPMI complete, which consists of RPMI 1640 (Invitrogen),
10% FBS (Invitrogen), and 25 mM HEPES (Invitrogen). MT4-CCR5-Luc media also contained 2 mM
L-glutamine (Invitrogen), 100 U/mL penicillin (Invitrogen), and 100 pg/mL streptomycin (Invitrogen).
The CD16"KHYG-1 media also contained 0.1 mg/mL Primocin (InvivoGen), 1 pg/mL Cyclosporine
A (MilliporeSigma), and 10 U/mL IL-2 (NIH AIDS Reagent Program). Human epithelial kidney 293T
(HEK293T) cells and TZM-bl cells were acquired from the NIH AIDS Reagent Program and maintained
in DMEM containing 10% FBS (Invitrogen), 2 mM r-glutamine (Invitrogen), 100 U/mL penicillin (Invi-
trogen), and 100 pg/mL streptomycin (Invitrogen).

Human participants and samples. Plasma and BM samples were acquired from the control arm of the
BAN study (ClinicalTrials.gov NCT00164736) as described previously (11). Each TM-infant pair was
matched to dyads based on maternal plasma viral load, maternal CD4* T cell count, and days postpar-
tum to sample collection (14).

Env isolation, amplification, and replication-competent virus stocks. Maternal Envs were isolated, incorpo-
rated into an isogenic HIV-1 backbone, and subsequently used to generate virus stocks as described pre-
viously (8, 14). Multiple independent bulk and single genome amplified PCRs were pooled to adequately
sample the diverse Env quasispecies present in the chronically infected mothers (8, 14). Reference panel
Envs were amplified from the panel of global HIV-1 clones (HIV reagent program-12670). The reference
Env ectodomains were amplified using forward primer (Env-IF, AGAAAGAGCAGAAGACAGTGG-
CAATGA) and reverse primer (Env-Ecto, AAGCCTCCTACTATCATTAT) with previously described
PCR conditions (13, 14). HIV-1-amplified products were placed in a HIV-1 subtype B NL4-3 backbone
using yeast gap-repair homologous recombination methodology as described previously (51, 52). HIV-1
accessory proteins, Vpu and Nef, affect ADCC susceptibility (53). All Envs were incorporated upstream
of the Nef protein start site, and, thus, there was no disruption of the ORF. Recombinant clones with
incorporated reference panel Envs and maternal Envs with available sequence were confirmed as having
Vpu sequences without missense or nonsense mutations. Plasmids containing the reference panel Env
within NL4-3 were rescued from yeast, and larger quantities were generated from transformed TOP10
electrocompetent E. coli cells (Thermo Fisher Scientific). HEK293T cells were transfected with 1-3 pg/uL
of the Env containing plasmid, 1 pg/uL of helper plasmid, 94 u. DMEM, and 9 uL polyethylenimine (51,
52). Transfected cells were cultured at 37°C for 48 hours. Supernatants were filtered through a 0.45 um
pore to remove cellular debris before storing at —-80°C. HEK293T virus was passaged in CD4" T cells for a
maximum of 7 days. Supernatant was filtered through a 0.45 pm pore upon harvest and stored at —80°C.
Viral titers were determined on TZM-bl cells in the presence of 10 pg/mL DEAE-dextran (Thermo Fisher
Scientific). We were able to generate virus stock containing replication-competent viruses incorporating
the following global panel HIV-1 clones (398F1, subtype A; TRO11 and X2278, subtype B; CE1176 and
25710, subtype C; 246F3 AC circulating recombinant form; BJOX2000, CRF07_BC; CNES55 and CNES,
CRFO01_AE; and X1632, subtype G). We were not able to generate replication-competent recombinant
strains from CH119 (subtype CRF07_BC) or CE0217 (subtype C).
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ADCC assay. All plasma samples were heat inactivated for 1 hour at 56°C. We estimated the
BM-isolated IgG equivalent to the level present in a specified volume of BM supernatants. A 1:50 plasma
dilution or equivalent BM IgG present in 1:50 dilution of BM supernatant was used for the ADCC,, assess-
ments. The maternal pool consisted of plasma combined from 10 different BAN women. Autologous Envs
were not successfully isolated from these women, and, thus, they did not contribute TM or NTM maternal
variants. The bnAb pool contained equivalent amounts of 4 previously described bnAbs (VRC01, PGT121,
PG16, and 10E8) (17-20). ADCC sensitivity of the maternal strains was assessed against 6 two-fold dilu-
tions of maternal pool (starting at 1:50 dilution) and bnAbs (starting at 40 pg/mL). All ADCC assays were
performed as previously described (8, 13), in triplicate, and a minimum of 2 independent times. The target
and effector cells were based on MT4-CCR5-GFP (provided by Paul Bieniasz, the Rockefeller University,
New York, New York, USA) and CD16*KHYG-1 (provided by David Evans, University of Wisconsin,
Madison, Wisconsin, USA) cell lines, respectively (13, 54, 55). Briefly, MT4-CCR5-Luc cells were infected
with the virus stock of interest by spinoculating at 1200g for 90 minutes before resting cells for 30 minutes at
37°C. Cells were then washed with PBS before incubating for approximately 72 hours at 37°C. After incu-
bation, if RLUs in approximately 1 X 10° infected cells were at least 10-fold over background, then infected
cells were used in the ADCC assay. Background RLUs were in unexposed cultured MT4-CCR5-Luc cells.
Approximately 1 x 10° infected cells were incubated with Ab source for 20 minutes at 37°C in a 96-well
plate (Corning, 3610). After incubation, 5 x 10° CD16*KHYG-1 cells were added to each well. After 24
hours, luciferase levels were determined using Bright-Glo (Promega E2650). Differences between RLUs in
the presence as compared with the absence of the Ab source were used to determine the percent of ADCC.
Background RLUs in uninfected MT4-CCR5-Luc cells and CD16*KHYG-1 cells were subtracted from all
wells. Serial dilution curves were used to calculate the AUC. The killing capacity of the CD16*KHYG-1
cells was assessed each time for every independent ADCC assay by assessing the ability of pooled HIVIG to
mediate ADCC against HIV-1 NL43-infected cells.

Neutralization assay. Virus neutralization was assessed using the standard HIV-1 TZM-bl assay (56).
Briefly, approximately 1000 infectious virus-incorporating maternal Envs were incubated with 6 two-
fold dilutions of maternal pool (starting at 1:50 dilution) at 37°C in a total volume of 50 pL for 1
hour at 37°C. Approximately 1E5 TZM-bl cells with 10 pg/mL DEAE-dextran were added to each
well after this incubation. After 48 hours, infection levels were determined using Bright-Glo (Promega
E2650). Differences between RLUs in the presence of Ab or plasma and growth medium alone were
calculated as the percentage of neutralization. Background RLUs in wells with TZM-bl cells alone
were subtracted from all wells.

Human isotyping assay. All maternal plasma, infant plasma, and BM supernatant was tested using the
Bio-Rad Bio-Plex Pro Human Isotyping Assays (171A3100M) to quantify IgG1, IgG2, 1gG3, 1gG4, IgA,
and IgM per manufacturer’s protocol. Samples were tested at a 1:40,000 dilution, and data were acquired
on the MAGPIX through access from the Boston University Analytical Core. Total IgG was determined
from summing quantities of IgG1, IgG2, IgG3, and IgG4.

Statistics. All normally distributed and nonparametric comparisons used an unpaired 2-sided ¢ test with
Welch’s correction and Mann-Whitney U test, respectively. All correlations were assessed using Spear-
man’s statistic. Multivariate logistic regression analysis was conducted with the transmission status as the
dependent variable. Predictors included the various ADCC,, quantifications, or ADCC
ADCC, .
virus level, absolute CD4* T cell count, and days from birth to sample collection. Multivariable linear
regression analysis had ADCC,, as the dependent variable. Independent predictors included maternal plas-
ma virus level, absolute CD4* T cell count, days from birth to sample collection, and various Ig levels.

Auc (maternal pool),

(bnAb pool), or the combined statistics. The covariates of interest included maternal plasma

Clinical adverse events were graded by the BAN study investigators prior to our sample evaluations and
according to toxicity tables from the Division of AIDS at the National Institute of Allergy and Infec-
tious Diseases, NIH. For the Kaplan-Meier event curves and log-rank (Mantel-Cox) analysis, ADCC, ;.
was dichotomized as high (ADCC,, or ADCC, . = cohort median) versus low (ADCC,, or ADCC, ;. <
cohort median). This analysis was stratified by HIV status of the infant. Statistical analysis was done using
Stata v17 and GraphPad Prism (Version 8.0). All P values are based on 2-sided tests. P values of less than
0.05 were considered statistically significant.

Study approval. The BAN study was approved by the Malawi National Health Science Research

Committee (Lilongwe, Malawi) and the institutional review boards at the University of North Carolina
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(Chapel Hill, North Carolina, USA), the US Centers for Disease Control and Prevention (Atlanta,
Georgia, USA), and Boston University (Boston, Massachusetts, USA). All women provided written
informed consent for themselves as well as on behalf of their infants.

Author contributions

MS conceived and designed the study. AST, CC, YM, and JEI conducted the experiments. ACE and APK
provided clinical samples, data, and critical input. MS and AST analyzed the data and conducted the statis-
tical analyses. MS wrote the manuscript with editorial assistance from the coauthors.

Acknowledgments

‘We would like to thank the participants of the BAN study. This study was supported by NIH grants R21-
ATI137119, K24-AT145661, and P30- AI042853; it was also supported by NIH T32-5T32AI100730928 (to
AT). The funders had no role in the study design, data collection, and interpretation or the decision to
submit this work for publication. The findings and conclusions in this report are those of the authors and
do not necessarily represent the official position of the Centers for Disease Control and Prevention.

Address correspondence to: Manish Sagar, Department of Medicine, 650 Albany Street, Room 647,
Boston, Massachusetts 02118, USA. Phone: 617.414.5239; Email: msagar@bu.edu.

1. Plotkin SA. Vaccines: correlates of vaccine-induced immunity. Clin Infect Dis. 2008;47(3):401-409.

2. Corey L, et al. Two randomized trials of neutralizing antibodies to prevent HIV-1 acquisition. N Engl J Med. 2021;384(11):1003-1014.

3. Wu X, et al. Neutralization escape variants of human immunodeficiency virus type 1 are transmitted from mother to infant.

J Virol. 2006;80(2):835-844.

4. Dickover R, et al. Role of maternal autologous neutralizing antibody in selective perinatal transmission of human immunodefi-
ciency virus type 1 escape variants. J Virol. 2006;80(13):6525-6533.

. Martinez DR, et al. Maternal broadly neutralizing antibodies can select for neutralization-resistant, infant-transmitted/founder

HIV variants. mBio. 2020;11(2):e00176-20.

Kumar A, et al. Infant transmitted/founder HIV-1 viruses from peripartum transmission are neutralization resistant to paired

maternal plasma. PLoS Pathog. 2018;14(4):e1006944.

Boesch AW, et al. The role of Fc receptors in HIV prevention and therapy. Immunol Rev. 2015;268(1):296-310.

Thomas AS, et al. Pre-existing infant antibody-dependent cellular cytotoxicity associates with reduced HIV-1 acquisition and

lower morbidity. Cell Rep Med. 2021;2(10):100412.

Milligan C, et al. Passively acquired antibody-dependent cellular cytotoxicity (ADCC) activity in HIV-infected infants is associ-

ated with reduced mortality. Cell Host Microbe. 2015;17(4):500-506.

10. Yaffe ZA, et al. Improved HIV-positive infant survival is correlated with high levels of HIV-specific ADCC activity in multiple

cohorts. Cell Rep Med. 2021;2(4):100254.

11. Chasela CS, et al. Maternal or infant antiretroviral drugs to reduce HIV-1 transmission. N Engl J Med. 2010;362(24):2271-2281.

12. deCamp A, et al. Global panel of HIV-1 Env reference strains for standardized assessments of vaccine-elicited neutralizing
antibodies. J Virol. 2014;88(5):2489-2507.

. Thomas AS, et al. A new cell line for assessing HIV-1 antibody dependent cellular cytotoxicity against a broad range of variants.
J Immunol Methods. 2020;480:112766.

14. Ghulam-Smith M, et al. Maternal but not infant anti-HIV-1 neutralizing antibody response associates with enhanced transmis-

sion and infant morbidity. mBio. 2017;8(5):e01373-17.
15. Simek MD, et al. Human immunodeficiency virus type 1 elite neutralizers: individuals with broad and potent neutralizing

w

o

o N

©

1

w

activity identified by using a high-throughput neutralization assay together with an analytical selection algorithm. J Virol.
2009;83(14):7337-7348.

16. Registre L, et al. HIV-1 coreceptor usage and variable loop contact impact V3 loop broadly neutralizing antibody susceptibility.
J Virol. 2020;94(2):e01604-19.

17. Wu X, et al. Rational design of envelope identifies broadly neutralizing human monoclonal antibodies to HIV-1. Science.
2010;329(5993):856-861.

18. Walker LM, et al. Broad and potent neutralizing antibodies from an African donor reveal a new HIV-1 vaccine target. Science.
2009;326(5950):285-289.

19. Walker LM, et al. Broad neutralization coverage of HIV by multiple highly potent antibodies. Nature. 2011;477(7365):466—470.

20. Huang J, et al. Broad and potent neutralization of HIV-1 by a gp41-specific human antibody. Nature. 2012;491(7424):406-412.

21. Haynes BF, et al. Immune-correlates analysis of an HIV-1 vaccine efficacy trial. N Engl J Med. 2012;366(14):1275-1286.

22. Tomaras GD, et al. Vaccine-induced plasma IgA specific for the C1 region of the HIV-1 envelope blocks binding and effector
function of IgG. Proc Natl Acad Sci U S A. 2013;110(22):9019-9024.

23. Ruiz MJ, et al. Env-specific IgA from viremic HIV-infected subjects compromises antibody-dependent cellular cytotoxicity.
J Virol. 2016;90(2):670-681.

24. Hanson LA, Soderstrom T. Human milk: defense against infection. Prog Clin Biol Res. 1981;61:147-159.

25. von Bredow B, et al. Comparison of antibody-dependent cell-mediated cytotoxicity and virus neutralization by HIV-1
env-specific monoclonal antibodies. J Virol. 2016;90(13):6127-6139.

—

JCl Insight 2022;7(9):e159435 https://doi.org/10.1172/jci.insight.159435 12



26.

217.

2

o]

29.

30.

3

—_

32.

33.

34.

35.

36.
37.

38.

39.

40.

4

—_

42.
43.
44.

4

w

46.
47.
48.

49.
50.

5

—

52.

53.

54.
. Alpert MD, et al. A novel assay for antibody-dependent cell-mediated cytotoxicity against HIV-1- or SIV-infected cells reveals

56.

RESEARCH ARTICLE

Smalls-Mantey A, et al. Antibody-dependent cellular cytotoxicity against primary HIV-infected CD4+ T cells is directly
associated with the magnitude of surface IgG binding. J Virol. 2012;86(16):8672-8680.
Wei X, et al. Antibody neutralization and escape by HIV-1. Nature. 2003;422(6929):307-312.

.Richman DD, et al. Rapid evolution of the neutralizing antibody response to HIV type 1 infection. Proc Natl Acad Sci U S A.

2003;100(7):4144-4149.

Sagar M, et al. HIV-1 V1-V2 envelope loop sequences expand and add glycosylation sites over the course of infection and these
modifications affect antibody neutralization sensitivity. J Virol. 2006;80(19):9586-9598.

Mielke D, et al. Antibody-dependent cellular cytotoxicity (ADCC)-mediating antibodies constrain neutralizing antibody escape
pathway. Front Immunol. 2019;10:2875.

. Mielke D, et al. ADCC-mediating non-neutralizing antibodies can exert immune pressure in early HIV-1 infection. PLoS Pathog.

2021;17(11):e1010046.

Lynch JB, et al. The breadth and potency of passively acquired human immunodeficiency virus type 1-specific neutralizing
antibodies do not correlate with the risk of infant infection. J Virol. 2011;85(11):5252-5261.

Mabuka J, et al. HIV-specific antibodies capable of ADCC are common in breastmilk and are associated with reduced risk of
transmission in women with high viral loads. PLoS Pathog. 2012;8(6):1002739.

Chung AW, et al. Polyfunctional Fc-effector profiles mediated by IgG subclass selection distinguish RV144 and VAX003 vac-
cines. Sci Transl Med. 2014;6(228):228ra38.

Yates NL, et al. Vaccine-induced Env V1-V2 IgG3 correlates with lower HIV-1 infection risk and declines soon after vaccina-
tion. Sci Transl Med. 2014;6(228):228ra39.

Gaschen B, et al. Diversity considerations in HIV-1 vaccine selection. Science. 2002;296(5577):2354-2360.

Pollara J, et al. Association of HIV-1 envelope-specific breast milk IgA responses with reduced risk of postnatal mother-to-child
transmission of HIV-1. J Virol. 2015;89(19):9952-9961.

Gray GE, et al. Vaccine efficacy of ALVAC-HIV and bivalent subtype C gp120-MF59 in adults. N Engl J Med.
2021;384(12):1089-1100.

Rerks-Ngarm S, et al. Vaccination with ALVAC and AIDSVAX to prevent HIV-1 infection in Thailand. N Engl J Med.
2009;361(23):2209-2220.

Gray GE, Corey L. The path to find an HIV vaccine. J Int AIDS Soc. 2021;24(5):e25749.

. Prévost J, et al. Influence of the envelope gp120 Phe 43 cavity on HIV-1 sensitivity to antibody-dependent cell-mediated

cytotoxicity responses. J Virol. 2017;91(7):e02452-16.

Jennewein MF, et al. Fc glycan-mediated regulation of placental antibody transfer. Cell. 2019;178(1):202-215.

Martinez DR, et al. Fc characteristics mediate selective placental transfer of IgG in HIV-infected women. Cell. 2019;178(1):190-201.
Derdeyn CA, et al. Envelope-constrained neutralization-sensitive HIV-1 after heterosexual transmission. Science.
2004;303(5666):2019-2022.

. Piantadosi A, et al. Breadth of neutralizing antibody response to human immunodeficiency virus type 1 is affected by factors

early in infection but does not influence disease progression. J Virol. 2009;83(19):10269-10274.

Rusert P, et al. Determinants of HIV-1 broadly neutralizing antibody induction. Nat Med. 2016;22(11):1260-1267.

Mor G, Cardenas I. The immune system in pregnancy: a unique complexity. Am J Reprod Immunol. 2010;63(6):425-433.
Chung AW, et al. Immune escape from HIV-specific antibody-dependent cellular cytotoxicity (ADCC) pressure. Proc Natl Acad
Sci US A. 2011;108(18):7505-7510.

Sok D, Burton DR. Recent progress in broadly neutralizing antibodies to HIV. Nat Immmunol. 2018;19(11):1179-1188.

Hessell AJ, et al. Fc receptor but not complement binding is important in antibody protection against HIV. Nature.
2007;449(7158):101-104.

. Chatziandreou N, et al. Sensitivity changes over the course of infection increases the likelihood of resistance against fusion but

not CCRS5 receptor blockers. AIDS Res Hum Retroviruses. 2012;28(12):1584-1593.

Dudley DM, et al. A novel yeast-based recombination method to clone and propagate diverse HIV-1 isolates. Biotechniques.
2009;46(6):458-467.

Prévost J, et al. Detection of the HIV-1 accessory proteins Nef and Vpu by flow cytometry represents a new tool to study their
functional interplay within a single infected CD4+ T cell. J Virol. 2022;96(6):e0192921.

Kane M, et al. MX2 is an interferon-induced inhibitor of HIV-1 infection. Nature. 2013;502(7472):563-566.

incomplete overlap with antibodies measured by neutralization and binding assays. J Virol. 2012;86(22):12039-12052.
Montefiori DC. Evaluating neutralizing antibodies against HIV, SIV and SHIV in luciferase reporter gene assays. Curr Protoc
Immunol. 2005;Chapter 12:Unit 12.11.

JCl Insight 2022;7(9):e159435 https://doi.org/10.1172/jci.insight.159435 13



