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SUMMARY
In humans, pre-existing anti-HIV-1 neutralizing antibodies (nAbs) have not been associated with decreased
HIV-1 acquisition. Here, we evaluate antibody-dependent cellular cytotoxicity (ADCC) present in pre-trans-
mission infant and maternal plasma and breast milk (BM) against the contemporaneous maternal HIV-1 var-
iants. HIV-1-exposed uninfected compared with HIV-1-exposed infected infants have higher ADCC and a
combination of ADCC and nAb responses against their corresponding mother’s strains. ADCC does not
correlate with nAbs, suggesting they are independent activities. The infected infants with high ADCC
compared with low ADCC, but not those with higher ADCC plus nAbs, have lower morbidity up to 1 year after
birth. A higher IgA to IgG ratio, observed in BM supernatants and in a higher proportion of the infected
compared with the uninfected infants, associates with lower ADCC. Against the exposure strains, ADCC,
more than nAbs, associates with both lower mother-to-child transmission and decreased post-infection in-
fant morbidity.
INTRODUCTION

It is imperative to identify immune factors that can decrease HIV-

1 transmission in humans. The recent finding that passive infu-

sion of large quantities of a broadly neutralizing antibody

(bnAb) demonstrated no significant decrease in subsequent

HIV-1 acquisition highlights this need.1 Examining mother-to-

child transmission (MTCT) cohorts can be useful, because in-

fants acquire HIV-1 at a lower frequency than may be expected,

especially considering the long duration of viral exposure in utero

and during breastfeeding. This risk of HIV-1 MTCT has been pri-

marily associated with higher maternal plasma viral load and

lower absolute CD4 counts.2 In the absence of antiretroviral

treatment (ART), transmission risk during the breastfeeding

period is approximately 10%–20% depending on duration, sug-

gesting natural immune mechanisms may protect against

acquisition.3 Infants passively acquire systemic andmucosal an-

tibodies during gestation and breastfeeding, respectively,4,5

suggesting humoral immunity may protect against HIV-1 acqui-

sition. However, studies from our group and others have shown

that pre-existing broad and potent neutralizing antibody (nAb) re-

sponses do not associate with a lower risk of HIV-1 acquisition in

highly exposed infants,6,7 although some investigations have

suggested otherwise.8,9 In this study, we investigated the impact
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of antibody-dependent cellular cytotoxicity (ADCC) on HIV-1

MTCT.

ADCC is induced when the Fab region of an antibody binds to

the HIV-1 envelope glycoprotein (Env) presented on the surface

of infected cells. The Fc portion of the bound antibody can then

interact with Fc receptors (FcRs) on various immune cells, such

as FcgRIIIa (CD16), on natural killer (NK) cells.10 This Fc-FcR

bridge induces the killing of the infected cell. ADCC was previ-

ously associated with the modest protection observed in the

RV144 HIV-1 vaccine trial.11 HIV-specific ADCC activity present

in infected mother’s breast milk (BM) supernatants was associ-

ated with lower MTCT via breastfeeding.12 Furthermore,

passively transferred ADCC activity in HIV-infected infants was

associated with improved infant survival.13,14 However, the role

of ADCC in preventing transmission and in providing a therapeu-

tic benefit remains controversial, primarily because animal

models have often failed to corroborate the findings from human

cohorts. Furthermore, emerging evidence suggests that the

importance of antibody effector functions is likely situation spe-

cific and influenced by the route of transmission, targeted

epitope, and Fc and Fab properties.15,16 However, no prior in-

vestigations have examined ADCC against the viruses circu-

lating in infectedmothers. Assessing responses that exist before

transmission against maternal variants is most analogous to
orts Medicine 2, 100412, October 19, 2021 ª 2021 The Authors. 1
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Figure 1. Infant and maternal ADCC and

neutralization plus ADCC responses

HIV-exposed infected (HEI) and HIV-exposed un-

infected (HEU) infants (A and B) and transmitting

(TM) and non-transmitting (NTM) mothers (C and

D) ADCCAUC (A and C) and NeutAUC + ADCCAUC (B

and D) are shown in relation to transmission

outcome. Colors signify matched pairs. Bars show

mean and standard error. Group comparisons

were done usingWelch’s t test and/ormultivariable

logistic regression. *p % 0.05 with one of these

statistical tests. All values are means from a mini-

mum of 2 replicates.
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understanding how pre-existing antibodies may prevent infec-

tion from exposure strains and improve outcomes.

Here, we investigated ADCC present in maternal and infant

plasma, as well as breast milk, against strains circulating in the

chronically infected mother using an infection-based ADCC

killing assay.17 We found that ADCC was higher in infants who

remained uninfected compared with infants who acquired infec-

tion. Furthermore, higher ADCC was associated with lower in-

fected infant morbidity and mortality up to 1 year after birth.

Our observations suggest that eliciting ADCC against the expo-

sure strains may provide both protection against transmission

and therapeutic benefit in settings in which infected infants

cannot get ART.

RESULTS

Infant ADCC responses are associated with lower
transmission
We examined ADCC responses in plasma and breast milk sam-

ples from mother-infant pairs in the control arm of the Breast-
2 Cell Reports Medicine 2, 100412, October 19, 2021
feeding, Antiretroviral, and Nutrition

(BAN) study.18 In these individuals, ART

was given for a maximum of 7 days, and

HIV-1 transmission occurred at least

2 weeks after birth. We examined re-

sponses in the closest available sample

collected before the first infant HIV-1

PCR-positive result to assess antibodies

existing before the transmission event.

Every transmitting mother (TM)-infant

pair was matched to two dyads with no

documented transmission based on

maternal age, virus level, and absolute

CD4 count. In addition, samples used in

our study came from a time point just

before transmission when infants ac-

quired infection, and a similar time point

was used in the matched uninfected in-

fants. We examined ADCC against virus

stocks incorporating HIV-1 Envs isolated

from 16 TMs and 26 non-transmitting

mothers (NTMs). Demographics were

not significantly different among the

mothers and infants in these two groups
(Table S1). Similarly, the isolation method and the number of

isolated maternal Envs were not different between the groups

(Table S2). The Env sequences present in the individual maternal

virus stocks were not examined. However, previous studies from

our group and others suggest that the yeast homologous recom-

bination methodology used here incorporates a large number of

diverse variants.19,20

ADCC was estimated using a previously validated infected-

cell-killing assay.17 A reporter cell line with trans-activator of

transcription (Tat)-responsive luciferase expressionwas infected

with virus stocks incorporating maternal Envs. NK cell line-medi-

ated decrease in luciferase expression in the presence

compared with the absence of serially diluted plasma was

used to estimate ADCC. ADCC activity was compared using

an area under the killing curve (AUC) estimate with a range

from 0, signifying no ADCC, to 1, representing 100% ADCC at

all dilutions.21 HIV-exposed uninfected (HEU) infants (mean

0.16, range 0.02–0.45) compared with HIV-exposed infected

(HEI) infants (mean 0.10, range 0.00–0.25) had higher ADCC

AUC (ADCCAUC) against the cells infected with their
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corresponding mother’s variants (p = 0.05; Figure 1A; Table S2).

Multivariable logistic regression analysis demonstrated a trend

that the odds of infection was around 60% lower with a 0.1

unit increase in pre-existing infant ADCCAUC (odds ratio [OR]

0.41, 95% confidence interval [CI] 0.16–1.07, p = 0.07) after ac-

counting for maternal plasma virus level, absolute CD4 count,

and duration between birth and sample collection.

We also hypothesized that combined neutralization and ADCC

responses contribute to protection against transmission. We

previously measured infant and maternal plasma neutralization

AUC (NeutAUC) against the same maternal virus strains, and we

observed no significant differences based on transmission out-

comes.6 A novel measure (NeutAUC + ADCCAUC) was signifi-

cantly higher in HEU infants (mean 0.42, range 0.04–0.74)

compared with HEI infants (mean 0.28, range 0.00–0.59, p =

0.02; Figure 1C). This measurement summed the AUC values

from the neutralization assay (mean 0.14, range 0.00–0.33) and

the ADCC assay (mean 0.24, range 0.02–0.60). In all instances,

we tested the activity present in the same highest plasma dilution

and the same series of plasma dilutions. No normalization was

involved in either measure, and summed measurements could

range from 0 to 2. Multivariate logistic regression analysis

demonstrated that the odds of infection was around 40% lower

with a 0.1 unit increase in pre-existing infant NeutAUC + ADCCAUC

(OR 0.64, 95% CI 0.42–0.97, p = 0.04; Figure 1B) after account-

ing for maternal characteristics.

NTMs compared with TMs also had higher ADCCAUC (Fig-

ure 1C) and NeutAUC + ADCCAUC (Figure 1D). However, this

was not significantly different in magnitude or in predicting the

odds of transmission. In contrast to a previous study,12 TMs’

and NTMs’ ADCCAUC values from breast milk supernatant (Fig-

ure S1A) and from breast milk isolated immunoglobulin G (IgG)

(Figure S1B) were not different in magnitude and did not asso-

ciate with odds of transmission. Furthermore, the magnitude of

the breast milk IgG or breast milk supernatant ADCC did not

associate with transmission when the analysis was restricted

to the women with high plasma virus levels (greater than 4.6

log10 copies per milliliter), as in the previous study.12 Similar to

our previous reports,6,22 AUC estimates were directly correlated

to the percentage decrease observed at the highest tested

plasma/antibody dilution (p < 0.0001, r > 0.91 in all cases). In

aggregate, higher ADCC and a combination of ADCC plus nAb

responses in the exposed individual against the exposure strains

associate with lower HIV-1 acquisition.

High infant ADCC responses in infected infants are
associated with reduced morbidity and mortality up to
one year after birth
ADCC activity may also affect the outcomes of infants who even-

tually become infected.13,14 As part of a pre-specified analysis,

HEI and HEU infants were divided into 2 groups, those with

less than and those with greater than or equal to median

ADCC activity, similar to the analysis from our group and

others.6,13 In the absence of ART, a serious adverse event

(SAE) R grade 4 or death occurred in 5 and 6 of the 15 HEI

and 26 HEU infants, respectively, included in our analysis (Table

S3). The time to this event occurred earlier among the HEI infants

with low compared with high ADCC (log rank hazard ratio 9.2,
95% CI 1.4–62.0, p = 0.01; Figure 2A). Probability of incurring

a SAE R grade 4 or death was not different among the HEU in-

fants who had low compared with high ADCC (Figure 2B). The

probability of a SAE R grade 4 or death was not significantly

different among the HEI infants (Figure 2C) and HEU infants (Fig-

ure 2D) who had high compared with low NeutAUC + ADCCAUC.

Thus, ADCC responses, but not a combination of ADCC and

nAb responses, against the exposure strains associate with

lower morbidity up to 1 year after birth in the infected infants.

ADCC activity does not correlate with neutralization
responses but is possibly affected by levels of IgA
Autologous ADCC and neutralization responses were not corre-

lated in infant plasma (p = 0.70, r = 0.06; Figure 3A) or maternal

plasma (p=0.97, r=�0.001; Figure 3B). Total IgG trended higher

in HEI compared with HEU infant plasma (p = 0.06; Figure S2A).

Therewas no difference in total IgG levels in TMandNTMplasma

(p = 0.72; Figure S2B) or breast milk (p = 0.78; Figure S2C).

Furthermore, ADCC activity in infant plasma IgG (p = 0.82, r =

0.04; Figure S2D), maternal plasma IgG (p = 0.56, r =�0.09; Fig-

ure S2E), or breast milk IgG (p = 0.88, r = �0.02; Figure S2F) did

not correlate with total IgG magnitude in these samples. Thus,

neutralization and ADCC against maternal strains are indepen-

dent activities, and high ADCC does not merely reflect higher

immunoglobulin levels.

ADCC from breast milk supernatant and breast milk IgG was

highly correlated (p < 0.001, r = 0.51; Figure 3C). Interestingly,

breast milk IgG consistently yielded higher ADCC relative to

breast milk supernatant (p < 0.0001; Figure 3D). In contrast, we

previously demonstrated that ADCC was not significantly

different in plasma compared with IgG isolated from plasma.17

Breast milk supernatant compared with plasma contains high

levels of immunoglobulin A (IgA),23 which may inhibit IgG-medi-

ated ADCC. The HEU infants who had higher ADCC as a group

(Figure 1) also had significantly higher IgG/IgA ratios compared

with HEI infants (p = 0.01; Figure 3E). Furthermore, the infant

IgG/IgA ratio demonstrated a modest significant correlation

with infant ADCCAUC (p = 0.04, r = 0.33; Figure 3F). NTMs

compared with TMs also had a non-significant higher IgG to

IgA ratio in plasma (Figure S3A), but not in breast milk (Fig-

ure S3B). Collectively, these results support the idea that high

IgA levels may interfere with IgG-mediated ADCC.11,24,25

Infants acquire ADCC-inducing antibodies from their
mothers and are not affected by themother’s duration of
disease
Infants passively acquire maternal antibodies throughout gesta-

tion, and these maternal antibodies wane over the course of 6 to

12 months.26 Maternal and infant ADCC responses were highly

correlated (p < 0.0001, r = 0.73; Figure 4A), and infant responses

negatively correlated with the days postpartum to sample collec-

tion (p < 0.0001, r = �0.60; Figure 4B). These results suggest

that the ADCC responses are from the passive transfer of anti-

bodies from the mother, rather than de novo production in the

child.

In general, nAb responses are higher among individuals with

high plasma virus levels and lower CD4 counts.27 In our

cohort, maternal ADCC was not associated with maternal viral
Cell Reports Medicine 2, 100412, October 19, 2021 3



Figure 2. Morbidity associated with pre-existing humoral responses

Kaplan-Meier curves estimating time (days) to a grade 4 or greater serious adverse event (SAE) or death for HEI infants (A and C) and HEU infants (B and D) with

ADCCAUC (A and B) and NeutAUC + ADCCAUC (C and D) greater than or equal to the cohort median (red) or less than the cohort median (black). Tick marks denote

right censoring.
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load (p = 0.83, r = �0.03; Figure S4A) or CD4 count (p = 0.31, r =

0.16; Figure S4C). Similarly, infant ADCCwas not associated with

maternal viral load (p = 0.57, r = 0.09; Figure S4B) or CD4 count

(p = 0.48, r = 0.11; Figure S4D). These results imply that the dura-

tion of HIV-1 disease, as estimated by virus levels and number of

CD4 cells, does not affect ADCC capacity in the mother or the

infant.

DISCUSSION

Efforts todevelopaneffectiveHIV-1vaccinehaveaimedateliciting

antibodies that can prevent infection. Passive transfusion investi-

gations in animal models have clearly demonstrated that nAbs,

especially bnAbs, prevent infection against cell-free virus chal-

lenge.28 However, recent results from clinical trials and prior

MTCT cohorts have not confirmed these findings, probably

because there are significant differences between animal chal-

lengemodels and commonmodes of HIV-1 acquisition.1,29 Identi-

fying the characteristics of the pre-existing immune response that

can limit acquisition in humans remains vital for future vaccine

efforts.

In many respects, MTCT cohorts are an ideal model to

examine this question, because infants passively acquire

maternal antibodies before and while they are consistently

exposed to the virus. Some previous MTCT studies have sug-

gested that HIV-1-specific ADCC responses and various other

antibody functionalities may limit virus acquisition.10,12,13,30,31

Differences in the assay methodology, as well as the number

and source of the samples examined, have likely contributed

to the conflicting results. In this study, we found that pre-existing

infant ADCC responses are associated with both decreased
4 Cell Reports Medicine 2, 100412, October 19, 2021
transmission and lower HIV-1 infected infant morbidity. In

contrast to all previous studies, we examined ADCC responses

against variants encountered by naive infants. This is important

because recent clinical trials of a passively infused bnAb showed

that neutralization susceptibility of the infecting viruses is impor-

tant for preventing transmission.1 Our observations potentially

suggest that when neutralization is insufficient to block transmis-

sion, pre-existing ADCC responses may help prevent virus

acquisition. Our results support the notion that enhancing

ADCC responses against the variants present in the transmitting

individual would decrease transmission. Furthermore, we esti-

mated ADCC using an assay that quantified the elimination of in-

fected targets only, not bystander cells.17,32 Infection-based as-

says that quantify actual infected cell killing have been deemed

to have fewer artifacts compared with other methods that use

gp120-coated targets or surrogate markers for effector cell

activity.16,33 Furthermore, our methodology for generating repli-

cation-competent viruses incorporating the Envs of interest

recapitulates the major strains present in a sample from a chron-

ically infected individual.34 In general, Env expressed on the sur-

face of infected cells is the most important, if not the only, target

for ADCC.35 Thus, our studies are directly relevant for under-

standing how pre-existing antibodies in exposed individuals

may prevent virus acquisition and subsequent morbidity.

Animal studies have clearly demonstrated that nAbs prevent

transmission more efficiently in the presence of ADCC and other

antibody-mediated functionalities.36–39 This work, along with our

previous study,6 demonstrates that ADCC alone and in conjunc-

tion with nAbs, but not nAbs alone, correlates with protection

against acquisition in humans. ADCC, with and without nAbs,

may protect against infection because the infected mother’s



Figure 3. Plasma and breast milk ADCC relative to neutralization and immunoglobulin isotypes

(A and B) ADCCAUC correlation with NeutAUC among infants (A) and mothers (B).

(C and D) ADCC from breast milk (BM)-isolated IgG relative to breast milk supernatant (BMS).

(E and F) IgG to IgA ratio among infants (E), and IgG to IgA ratio among infants relative to infant ADCCAUC (F).

The red and black dots indicate TMs/HEI and NTMs/HEU, respectively, and colors in (E) signify matched pairs. In (E), bars show mean and standard error.

.Correlations were assessed using Spearman’s statistic. Lines indicate linear regression fit with a 95% confidence interval. Group comparisons were done using

matched pairs Wilcoxon rank-sum (D) or Welch’s t test (E). **p % 0.01, ****p % 0.0001. All values represent mean values from a minimum of 2 replicates.
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BM contains both cell-free virus and infected cells. Exposed in-

fants with high ADCC may eliminate some of their mother’s cells

with infectious virus that they ingest during breastfeeding. How-

ever, pre-existing neutralization response alone may not protect

against transmission, because nAbs drive viral escape in the in-

fected mothers.40–44 Still, in humans, the modifications confer-

ring neutralization resistancemay impart susceptibility to pre-ex-

isting antibodies in other ways. For instance, one previous study

suggested that neutralization pressure renders viruses ADCC

susceptible.45 Animal models may yield conflicting results

because in general, the challenge stocks only contain cell-free

virus that have demonstrated neutralization susceptibility to the

passively infused antibody.

Along with previous studies from our group and others,6,13,14

we demonstrate that ADCC alone and not nAbs, with or without

ADCC, associates with decreased morbidity in infected infants.

In infected infants, high ADCC activity may eliminate some cells

that become infected after virus acquisition. This may lower virus

levels and preserve the nascent immune system. Both animal

studies and an observed positive association between cervico-

vaginal ADCC levels and genital HIV-1 RNA loads support this

potential mechanism.46–48 Beyond ADCC, nAbs may not further

modulate the subsequent disease course because of the pres-

ence of mostly neutralization-resistant viruses. Similar associa-

tion was not observed in the uninfected infants, presumably
because they do have HIV-1 infected cells. However, to date,

this possible mechanism has not been directly tested by quanti-

fying the number of infected cells harboring infectious virus.

The observed correlations do not merely reflect differences in

immunoglobulin levels but most likely result from as-yet-unde-

fined antibody properties. Of note, we did not measure HIV-1-

directed immunoglobulin levels becausewewere interested in re-

sponses againstmaternal exposure variants, not unrelated strains

captured by consensus proteins. Therefore, it is possible that the

magnitude ofHIV-specific total IgG varies among groups andmay

contribute to the observed outcome differences. Similar to previ-

ous studies,43,49 our observations suggest that the selective trans-

fer of specific antibodies from themother to the infant, suchas IgG

and more so than IgA, is important. Furthermore, the significant

difference in IgG/IgA ratios between HEI and HEU infants and in

ADCC from breast milk IgG compared with supernatant supports

previous arguments that IgAmay interfere with ADCC.11,24,25 One

previous study suggests that IgA binds the same epitopes as IgG

at a higher affinity but does not induce ADCC, proposing a mech-

anism for IgA’s negativeeffect ofADCC.25Futureefforts shouldbe

aimed at both investigating the mechanisms for these associa-

tions and characterizing the antibodies that impart ADCC and

potentially other effector activity. Our data highlight the benefits

of ADCC and support designing vaccines that can enhance

ADCC in highly exposed at-risk individuals.
Cell Reports Medicine 2, 100412, October 19, 2021 5



Figure 4. Infant and maternal ADCCAUC and

duration after birth

Correlation between infant and maternal ADCCAUC

(A) and infant ADCCAUC relative to days after birth

(B). The red and black dots indicate TMs/HEI and

NTMs/HEU, respectively. Correlations were as-

sessed using Spearman’s statistic. Lines indicate

linear regression fit with a 95% confidence interval.
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LIMITATIONS OF THE STUDY

This study demonstrates that higher pre-existing ADCC activity

in exposed infants against the strains circulating in the corre-

sponding infected mother is associated with lower risk of

HIV-1 acquisition and lower morbidity and mortality up to 1

year after birth in infected babies. These associations are

based on examination of 42 mother-infant dyads; virus stocks

could not be generated from all 63 mothers in the original

study. Examination of other cohorts would provide both confir-

mation and generalizability. We also did not characterize the

viral strains isolated from the mothers; thus, differences among

the exposure variants from TMs compared with NTMs may in-

fluence transmission outcomes. Our results further suggest that

IgA inhibits IgG-mediated ADCC. However, this conclusion was

based on examining the total concentrations, rather than the

HIV-1-specific concentrations, of the different immunoglobulin

isotypes.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HIVIG NIH AIDS

Reagent Program

Cat#3957, Lot#130230

Bacterial and virus strains

pNL4-3 HIV Reagent Program ARP-114

Biological samples

Breastfeeding, Antiretroviral, and Nutrition

(BAN) Study (ClincialTrials.gov no.

NCT00164736)

Centers for Disease

Control and Prevention

ClincialTrials.gov no.

NCT00164736

Critical commercial assays

Bio-Plex Pro Human Isotyping Assays Kit Bio-Rad Cat#171A3100M

Melon Gel IgG Spin Purification Kit ThermoFisher 45206

Experimental models: Cell lines

CD16+KHYG-1 Dr. David Evans N/A

MT4-CCR5-Luc Dr. Manish Sagar N/A

Software and algorithms

R version 4.0.3 https://www.npackd.

org/p/r/4.0.3

N/A

Prism (Version 8.0) https://www.graphpad.com N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Manish

Sagar (msagar@bu.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Antibodies and cell cultures
HIVIG was acquired from the NIH AIDS Reagent Program (Cat #3957, Lot #130230). Melon Gel IgG Spin Purification Kit

(ThermoFisher, 45206) was used to isolate IgG from HIV-infected breast milk supernatant per manufacturer’s protocol.

IgG isolation resulted in a 10-fold dilution relative to the breast milk supernatant, which was accounted for when setting

up assays by adding ten times the amount of diluted IgG. MT4-CCR5-Luc cells were maintained at a density of 1 3 106

cells/ml in RPMI 1640 (Invitrogen) containing 10% FBS (Invitrogen), 25 mM HEPES (Invitrogen), 2mM L-glutamine (Invitro-

gen), 100 U/ml penicillin (Invitrogen), and 100 mg/ml streptomycin (Invitrogen). The NK cell line, CD16+KHYG-1, was gener-

ously provided by Dr. David Evans. Cells were maintained at a density of 5 3 105 cells/ml in RMPI 1640 (Invitrogen) con-

taining 10% FBS (Invitrogen), 25 mM HEPES (Invitrogen), 2mM L-glutamine (Invitrogen), 0.1 mg/ml Primocin (InvivoGen),

1 mg/ml Cyclosporine A (CsA) (Sigma), and 10 U/ml interleukin-2 (IL-2) (NIH AIDS Reagent Program). Human epithelial kidney

HEK293T cells and TZM-bl cells were acquired from the NIH AIDS Reagent Program. Cells were cultured in Dulbecco’s

modified Eagle medium (DMEM) containing 10% FBS (Invitrogen), 2mM L-glutamine (Invitrogen), 100 U/ml penicillin (Invitro-

gen), and 100 mg/ml streptomycin (Invitrogen).
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Human subjects and samples
Plasma and breast milk samples were acquired from the control arm of the Breastfeeding, Antiretroviral, and Nutrition (BAN) Study

(ClincialTrials.gov no. NCT00164736). Each mother-infant pair involved in this study was treated peripartum with a single-dose oral

Nevirapine followed by Zidovudine-Lamivudine (ZDV-3TC) for 7 days postpartum. For enrollment in the trial, infants were required to

have a negative-DNA PCR at birth and 14 days postpartum to rule out intrauterine and intrapartum transmission, respectively.

Mother-infant pairs were followed for 48 weeks with sample collection occurring every two weeks. An infant was deemed to have

acquired HIV-1 through breast milk when HIV-1 RNAwas detected and a previous sample was negative. All infant andmaternal sam-

ples used in this study are from a time-point prior to documented HIV-1 acquisition in the baby. Every infant that acquired infection

and their corresponding transmittingmother were thenmatched to twomother-infant pairs where transmission did not occur. Match-

ing took into consideration maternal plasma viral load, maternal CD4+ T cell count, and days postpartum to sample collection.

METHOD DETAILS

Envelope isolation, amplification, and replication-competent virus stocks
Envelopes were isolated from the contemporaneousmaternal plasma sample that was also assessed for humoral activity. HIV-1 RNA

was isolated from 140 mL of maternal plasma using the QIAamp viral RNA Mini kit (QIAGEN, 52904), following manufacturer’s pro-

tocol. Reverse transcription was used to generated cDNA from the using either the CHAVI protocol or bulk PCRmethod50 (Table S3).

Amplified products were purified using ExoSap IT (Affymetrix, 78201) prior to sequence analysis. Sequencing was used to confirm

Envs were HIV-1 subtype C, commonly circulating in Malawi, and rule out contamination with common lab strains. Isolated Env am-

plicons were incorporated into an subtype C transmitted / founder (T/F) infectious molecular clone, pZM247Fv251 through a previ-

ously described yeast gap repair homologous recombination protocol34,52. Plasmids rescued from yeast were used to transform in

Top10 electrocompetent E. coli cells. Bacterial plasmids were rescued usingQiaprepMiniprep kits (QIAGEN, 27106). 293T cells were

transfected with 1-3 mg/mL of the Env containing plasmid, 1 mg/mL of helper plasmid, along with 94 mL DMEM, and 9 mL polyethyle-

nimine (PEI)34. Transfected cells were cultured at 37�C for 48 h. Supernatants were filtered through a 0.45-mm-pore to remove cellular

debris before storing at�80�C. 293T virus was passaged in CD4+ T cells for a maximum of 7 days. Supernatant were filtered through

a 0.45-mm-pore upon harvest, and stored at �80�C. Viral titers were determined on TZM-bl cells in the presence of 10 mg/ml DEAE-

dextran.

ADCC assay
All maternal and infant plasma samples, and breast milk supernatant, were heat inactivated for 1 h at 56�C. All ADCC assays were

performed in duplicate or triplicate a minimum of 2 independent times using MT4-CCR5-Luc cells and CD16+KHYG-1 cells, as pre-

viously described17. Briefly, MT4-CCR5-Luc cells were infected with viruses incorporating maternal Envs by spinoculating at 1200 X

g for 90 min before resting cells for 30 min at 37�C. Cells were then washed in PBS before incubating for approximately 72 h at 37�C.
After incubating, infection was checked and cells were ready for use if the relative light units (RLU) was at least 10-fold over back-

ground. Approximately 1 3 105 infected cells were incubated with 6 2-fold serial dilutions of maternal plasma, infant plasma, and

breast milk supernatant or isolated IgG starting with 1:50 dilution, for 20 min at 37�C in a 96 well plate (Corning, 3610). After incuba-

tion, 5 X 105 CD16+KHYG-1 cells were added to each well. After 24 h, luciferase levels were determined using Bright-Glo (Promega

E2650). Differences between RLU in the presence or absence of plasma, breast milk supernatant, or IgG were used to determine %

ADCC. Background RLU in uninfected MT4-CCR5-Luc cells and CD16+KHYG-1 cells were subtracted from all wells. Serial dilution

curves were used to calculate area under the curve (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 immunoglobulin (HIVIG) to mediate ADCC against HIV-1 NL43-

infected cells.

Human Isotyping Assay
All maternal plasma, infant plasma, and breast milk supernatant was tested using the Bio-Rad Bio-Plex Pro Human Isotyping Assays

Kit (#171A3100M) to quantify IgG1, IgG2, IgG3, IgG4, IgA, and IgM per manufacturer’s protocol. Samples were tested at a 1:40,000

dilution and data was acquired on theMAGPIX through access from the Boston University Analytical Core. Total IgGwas determined

from summing quantities of IgG1, IgG2, IgG3, and IgG4.

QUANTIFICATION AND STATISTICAL ANALYSIS

All normally and not normally distributed unpaired comparisons used an unpaired t test withWelch’s correction andMann-Whitney U

test respectively. All correlations were assessed using Spearman statistic. Multivariate logistic regression analysis was conducted

with the transmission status as the dependent variable. Predictors included ADCCAUC (categorical group) or ADCCAUC + NeutAUC,

maternal plasma virus level, absolute CD4 count, and days from birth to sample collection. Conditional logistic regression analysis

was also conducted to examine transmission relative to ADCCAUC or ADCCAUC + NeutAUC accounting for the matched mother infant

pairs. The conditional logistic regression yielded similar results as multivariable logistic regression after accounting for baseline de-

mographics. The conditional regression analysis, however, did not account for all individuals because in some instances therewas no
e2 Cell Reports Medicine 2, 100412, October 19, 2021
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matching data for a transmitting or non-transmitting mother-infant pair. For brevity, conditional logistic regression analysis results

were not included. 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 Infectious Diseases (NIAID). For the Kaplan Meier

event curves and log-rank (Mantel-Cox) analysis, ADCCAUC were dichotomized as high (ADCCAUC R cohort median) versus low

(ADCCAUC < cohort median). This analysis was stratified by HIV status of the infant. Cox proportional hazard models were not

used because of the limited number of grade 4 or greater SAE in the cohort. Statistical analysis was done using R version 4.0.3

and GraphPad Prism (Version 8.0). All p values are based on two-sided test.

ADDITIONAL RESOURCES

Ethics statement
The BAN Study was approved by the Malawi National Health Science Research Committee, the institutional review boards at the

University of the North Carolina, the U.S. Centers for Disease Control and Prevention, and Boston University. All women provided

written informed consent for themselves as well as on behalf of their infants.
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