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ABSTRACT Mother-to-child transmission (MTCT) of human immunodeficiency vi-
rus type 1 (HIV-1) contributes to an estimated 150,000 new infections annually.
Maternal vaccination has proven safe and effective at mitigating the impact of
other neonatal pathogens and is one avenue toward generating the potentially
protective immune responses necessary to inhibit HIV-1 infection of infants
through breastfeeding. In the present study, we tested the efficacy of a maternal
vaccine regimen consisting of a modified vaccinia virus Ankara (MVA) 1086.C
gp120 prime-combined intramuscular-intranasal gp120 boost administered dur-
ing pregnancy and postpartum to confer passive protection on infant rhesus ma-
caques against weekly oral exposure to subtype C simian-human immunodefi-
ciency virus 1157ipd3N4 (SHIV1157ipd3N4) starting 6 weeks after birth. Despite
eliciting a robust systemic envelope (Env)-specific IgG response, as well as durable
milk IgA responses, the maternal vaccine did not have a discernible impact on infant
oral SHIV acquisition. This study revealed considerable variation in vaccine-elicited
IgG placental transfer and a swift decline of both Env-specific antibodies (Abs) and
functional Ab responses in the infants prior to the first challenge, illustrating the im-
portance of pregnancy immunization timing to elicit optimal systemic Ab levels at
birth. Interestingly, the strongest correlation to the number of challenges required to
infect the infants was the percentage of activated CD4� T cells in the infant periph-
eral blood at the time of the first challenge. These findings suggest that, in addition
to maternal immunization, interventions that limit the activation of target cells that
contribute to susceptibility to oral HIV-1 acquisition independently of vaccination
may be required to reduce infant HIV-1 acquisition via breastfeeding.

IMPORTANCE Without novel strategies to prevent mother-to-child HIV-1 transmis-
sion, more than 5% of HIV-1-exposed infants will continue to acquire HIV-1, most
through breastfeeding. This study of rhesus macaque dam-and-infant pairs is the
first preclinical study to investigate the protective role of transplacentally transferred
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HIV-1 vaccine-elicited antibodies and HIV-1 vaccine-elicited breast milk antibody re-
sponses in infant oral virus acquisition. It revealed highly variable placental transfer
of potentially protective antibodies and emphasized the importance of pregnancy
immunization timing to reach peak antibody levels prior to delivery. While there was
no discernible impact of maternal immunization on late infant oral virus acquisition,
we observed a strong correlation between the percentage of activated CD4� T cells
in infant peripheral blood and a reduced number of challenges to infection. This
finding highlights an important consideration for future studies evaluating alterna-
tive strategies to further reduce the vertical HIV-1 transmission risk.

KEYWORDS HIV-1, breast milk, maternal vaccination, oral challenge, placental
transfer, transmission

In 2015, an estimated 150,000 children were newly infected with human immunode-
ficiency virus type 1 (HIV-1) worldwide (1). While antiretroviral therapy (ART) can

dramatically reduce the rate of mother-to-child transmission (MTCT) (2), in areas of high
HIV-1 prevalence, there is poor access and adherence to ART throughout the breast-
feeding period, which constitutes a major risk for HIV-1 transmission to the infant (3).
Accordingly, as long as ART coverage cannot be improved, �5% of infants born to
mothers living with HIV-1 will continue to acquire HIV-1, most of which will occur
through breastfeeding (4).

One potential intervention to further reduce the rate of postpartum MTCT is
maternal vaccination. Maternal immunization could enhance antiviral immune re-
sponses that neutralize or block viruses in the mother, as well as provide passive
immunization to the infant through the transfer of antibodies (Abs) from mother to
infant via the placenta and through breastfeeding (5). Maternal immunization is
especially attractive because neonatal vaccines administered after birth do not start
providing adequate protection until the infant is at least several months old (6).
Maternal vaccination has been established as effective in alleviating the burden of
neonatal illness and death due to pathogens such as influenza, pertussis, and tetanus
(7–17). In addition to the efficacy of these maternal vaccines, multiple studies have
demonstrated their safety and a lack of association with adverse birth outcomes
(18–22).

Defining the maternal immune correlates of risk of vertical HIV-1 transmission can
identify potential targets of vaccine-elicited immunity that will confer protection on the
infant. We previously examined a pre-ART era U.S. cohort of nonbreastfeeding HIV-1-
infected mothers from the Women and Infants Transmission Study (WITS) to define the
immune correlates of risk of in utero and peripartum transmission (23). The analyses
revealed that maternal systemic IgG binding to the third variable loop (V3) of the HIV-1
envelope (Env) was predictive of a reduced MTCT risk, confirming a previously identi-
fied association (24). In addition, neutralization of easy-to-neutralize (tier 1A) clade-
matched HIV-1 variants, but not tier 2 difficult-to-neutralize variants, predicted reduced
peripartum transmission. Importantly, these potentially protective responses were
highly correlated and colinear, suggesting that V3-specific autologous neutralizing Abs
in HIV-1-infected pregnant women may further reduce peripartum transmission of
HIV-1. In fact, these types of V3-specific autologous virus-neutralizing Abs were isolated
from a nontransmitting mother in the WITS cohort (23).

In another study, we identified an association between the magnitude of Env-
specific IgA and secretory IgA (sIgA) in breast milk and a reduced transmission risk in
a cohort of HIV-1-infected postnatally transmitting and nontransmitting mothers from
the Malawi-based Breastfeeding Antiretrovirals and Nutrition Study (25). This observa-
tion was surprising, as sIgA is the predominant immunoglobulin isotype found in milk
(26), yet milk HIV-1 Env-specific IgG responses are greater in magnitude and mediate
most of the antiviral activity measured in breast milk (27–30). These findings suggest
that mucosal Env-specific IgA may play a role in the setting of postnatal MTCT and merit
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further investigation to determine if a maternal vaccine capable of eliciting robust IgA
responses in milk could provide protection against breast milk transmission.

The safety and immunogenicity of maternal HIV-1 Env vaccination to reduce MTCT
have previously been evaluated in an early-phase clinical trial. A study conducted in the
mid-1990s enrolled 26 HIV-1-infected pregnant U.S. women in a placebo-controlled
study evaluating the safety and immunogenicity of an MN rgp120 subunit vaccine
adjuvanted with aluminum hydroxide (alum) (31). Study subjects received an initial
intramuscular (i.m.) injection of MN rgp120 or diluent at enrollment during the second
trimester of pregnancy, followed by monthly injections until the end of pregnancy.
Vaccination was well tolerated with no local or systemic reactions in the mothers and
no adverse outcomes in the infants attributable to the vaccine. Because of the small size
of the study, factors influencing transmission and vaccine efficacy were not assessed.
Although there was limited evidence of boosting of heterologous virus-neutralizing
responses and equivalent rates of transmission in vaccinated (3/17 [18%]) and unvac-
cinated (2/9 [22%]) mothers, this study demonstrated that an HIV-1 vaccine can be
safely administered to HIV-1-infected pregnant women.

We previously evaluated an HIV-1 Env prime-boost maternal vaccine regimen in
hormone-induced lactating rhesus monkeys (32). These animals were primed with
modified vaccinia virus Ankara (MVA) expressing the gp140 Env gene of the clade C
transmitted/founder (T/F) virus 1086.C (33) and subsequently boosted twice i.m. or
intranasally (i.n.) with HIV-1 1086.C gp120 protein. Both systemic and mucosal immu-
nization strategies elicited similar levels of HIV-1 Env-specific IgG in milk and plasma,
but the mucosal immunization induced a higher magnitude Env-specific IgA response
in milk. Additionally, vaccine-elicited Ab-dependent cell-mediated cytotoxicity (ADCC)
responses, although present in the plasma of both i.m. and i.n. immunized monkeys,
were present only in the milk of monkeys in the i.m. group, potentially because of IgA
blocking. Interestingly, a combined i.m.-i.n. boost induced both high levels of Env-
specific IgA and tier 1 neutralization in breast milk (34). Moreover, a large proportion of
the vaccine-elicited memory B cell population in milk expressed IgA and isolated
Env-specific breast milk monoclonal Abs (MAbs) exhibited diverse epitope specificities
and multiple effector functions, including ADCC, tier 1 neutralization, infected cell
binding, and inhibition of viral attachment to epithelial cells. Building on the estab-
lishment of this previous vaccine regimen that achieved both robust systemic IgG
responses and milk IgA responses, this study aimed to test the immunogenicity of an
HIV-1 Env maternal vaccine regimen in the setting of pregnancy and examine the role
of the vaccine-elicited transplacentally transferred IgG and milk IgA in protection
against oral virus transmission in the infant.

RESULTS
Maternal i.m. MVA gp120 prime–i.m.-i.n. gp120 boost immunization strategy

proves safe and elicits high levels of plasma IgG and milk IgA. Rhesus monkey
dams were primed with MVA 1086.C gp120 in the second trimester of pregnancy,
followed by three subsequent gp120 i.m.-i.n. boosts (with STR8S-C and R848 adjuvants,
respectively) during the third trimester of pregnancy, shortly after delivery, and at
3 weeks postpartum (Fig. 1). A group of control immunogen-vaccinated dams was
included in this study for comparison. No significant adverse effects occurred as result
of maternal immunization, and infant weight gain was similar to historical data. Starting
6 weeks after birth, to model late breast milk transmission, infants were orally chal-
lenged with repeated clade C Env simian-human immunodeficiency virus (SHIV). We
then evaluated both maternal and infant immunological parameters to determine
which factors predicted the risk of infant oral infection.

We first investigated the kinetics of the vaccine-elicited Ab responses in the preg-
nant dams (Fig. 2). Two weeks prior to delivery (2 weeks after the first protein boost),
systemic 1086.C gp120-specific IgG levels in immunized dams were elevated (median,
106,692 ng/ml) (Fig. 2A). At the time of delivery (4 weeks after the first protein boost),
these IgG levels in immunized dams had declined (median, 24,554 ng/ml), but they
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increased 3 weeks after delivery following the second i.m.-i.n. boost to peak levels in
both plasma and breast milk (medians, 243,223 and 224 ng/ml, respectively) (Fig. 2A).
The peak IgA response in plasma and milk occurred 6 weeks after delivery following the
third i.m.-i.n. boost (medians, 2,239 and 103 ng/ml, respectively) (Fig. 2B), concurrent
with the timing of the initial infant SHIV challenge. Vaccine-elicited Env-specific IgG
levels in plasma and breast milk declined by 1 log between the peak response and
28 weeks postimmunization (16 weeks postdelivery), as did the Env-specific IgA level in
plasma. Although the Env-specific IgA response in breast milk was small in magnitude,
it was durable and persistent (Fig. 2A).

Breadth of maternal vaccine-elicited plasma and milk IgG/IgA responses elic-
ited by HIV-1 Env i.m.-i.n. immunization. We evaluated the impact of the immuni-
zation regimen on both the breadth and epitope specificity of the vaccine-elicited
maternal Ab responses (IgG/IgA) at 18 weeks postimmunization (3 weeks after the final
protein boost), the time of the first oral SHIV exposure in infants, in both plasma and
breast milk via binding Ab multiplex assay (BAMA) (Fig. 2C). Breadth was determined by
measuring binding to a panel of consensus subtype B, C, AE, and group M gp120
proteins. All vaccinated dams developed plasma IgG binding responses to all of the
gp120 clades tested in both plasma and breast milk. Similarly, systemic IgA binding to
gp120 of all of the clades tested was detected in all but one of the immunized animals.
However, there was no detectable binding of milk IgA to subtype C or AE gp120 in most
of the animals. Epitope specificity of the vaccine-elicited Abs was measured by binding
to linear and conformational epitopes of V1V2 and V3 and to linear epitopes of
constant regions C1 and C5. The greatest magnitude systemic IgG binding was to the
conformational V3 and linear C1 epitopes; however, strong binding to V1V2 and C5 was
also observed. Interestingly, breast milk IgG binding to conformational V1V2 antigen
(median mean fluorescence intensity [MFI], 2,487) was stronger than either conforma-

FIG 1 i.m. MVA gp120 prime–i.m.-i.n. gp120 boost immunization schedule. Nine rhesus monkey dams in the treatment group
(top panel) were primed by immunization with an MVA expressing 1086.C gp120 at 12 weeks of gestation, followed by three
successive i.m.-i.n. boosts with 1086.C in STR8S-C adjuvant (i.m.) or in R848 (i.n.). Nine rhesus monkey dams in the control
group (bottom panel) received an empty MVA vector plus a control immunogen at 12 weeks of gestation, followed by a single
boost. Gestation of macaques is approximately 24 weeks; the blue rectangle indicates the time of delivery. There were two
stillborns in each group. The remaining seven infants were challenged weekly with 20 TCID50 of SHIV1157ipd3N4 up to seven
challenges until infection. If the infant remained uninfected after seven challenges, the dose was increased to 40 TCID50. Nx
indicates necropsy. Illustrations of maternal and infant rhesus macaques are courtesy of Kathy West.
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tional V3 or linear C1 responses (median MFI, 643 and 962, respectively). IgA epitope-
specific responses varied in plasma and breast milk, yet the greatest magnitude
systemic responses were against V1V2.

Total and sIgA responses in milk elicited by HIV-1 Env i.m.-i.n. immunization.
The magnitude of the vaccine-elicited gp120-specific IgA response in breast milk
following postpartum boosting was similar to that of IgG at matched time points
(medians, 106 and 224 ng/ml; P � 0.06) (Fig. 3A), a finding similar to our previous
observation in hormone-induced lactating rhesus monkeys (34). This comparable level
of Env-specific milk IgG and IgA was achieved despite total levels of milk IgA being 1
log greater than the IgG level in postpartum rhesus dams (Fig. 3B), which mirrors
human milk (27, 35). Interestingly, vaccine-elicited Env-specific sIgA levels in milk were
lower than either Env-specific IgA or IgG levels in all of the animals (median, 38 ng/ml)
(Fig. 3A). Yet, Env-specific sIgA comprised 36% of the Env-specific IgA in breast milk
(Fig. 3C), whereas total sIgA constituted only 8% of the total IgA in breast milk (Fig. 3D).
This overall small contribution of sIgA to the total IgA in milk is divergent from that
measured in humans, where sIgA makes up an estimated 90% of the total milk IgA (36).

Placental transfer of vaccine-elicited gp120-specific IgG at delivery is highly
variable. Considerable variation in IgG transfer efficiency, measured as the ratio of the
infant to the maternal plasma antigen-specific IgG concentrations in the first week after
delivery, was observed among the mother-infant pairs for each epitope-specific Ab
population (Fig. 4). This variability in placental transfer ratios was not due to the range
of infant sampling days (median, 4 days; range, 2 to 7 days), as maternal Ab levels were

FIG 2 The maternal i.m. MVA gp120 prime–i.m.-i.n. gp120 boost regimen elicited high plasma gp120-
specific IgG and milk IgA levels in rhesus monkey dams, including Abs against the critical gp120 epitopes
V3, V1V2, and C1. Depicted are maternal vaccine-elicited 1086.C gp120-specific IgG (A) and IgA (B)
responses in uninfected dams primed with a 1086.C-expressing MVA, followed by three successive i.m.-i.n.
boosts during the second trimester of pregnancy and immediately postpartum. Data points represent
median values for nine dams, and error bars represent ranges. Two dams delivered stillborns, and thus,
responses in breast milk are unavailable for these animals. (C) Breadth and epitope specificity of responses
to linear (denoted as linear) and conformational epitopes of gp120 at immunization week 18 after
postpartum boosting. Maternal IgG (left panel) and IgA (right panel) are depicted for each individual dam,
represented by a single column. Dams are displayed in the same order for IgG and IgA. There was not
enough breast milk available from two dams to characterize their responses.
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highest in the infant sampled at the greatest number of days after birth (7 days). Parity
also did not correlate with placental transfer of the antigen-specific IgG tested. Differ-
ences in total transfer efficiencies across antigen-specific Ab populations were not
remarkable. Interestingly, one mother-infant pair (605/983) had very inefficient placen-
tal IgG transfer across all epitopes (median, 16.5%). Notably, the median placental
transfer efficiency across all antigens was �92% (range, 16.5 to 386.5%). While the
placental IgG transfer efficiency was not well predicted by the magnitude of the plasma
IgG response in the mother (r � �0.43, P � 0.35) (Fig. 4A), the magnitude of the
maternal IgG response to linear and conformational V1V2 inversely correlated with the
placental transfer efficiency of Abs directed against this epitope (r � �0.96, P � 0.003;
r � �0.79, P � 0.048, respectively) (Fig. 4C and D). This low rate of placental transfer
in some infants may be due to saturation of the neonatal Fc receptor (FcRn) by high
levels of maternal IgG (37).

Correlation between maternal and infant vaccine-elicited anti-HIV-1 Abs at
delivery. There was no evidence of a correlation between maternal and infant 1086.C
gp120-specific IgG responses at delivery (r � 0.32, P � 0.50) (Fig. 5A). Nevertheless, a
strong correlation between mother and infant neutralization titers versus tier 1 clade C
virus MW965 was observed (r � 0.92, P � 0.007) (Fig. 5B). The mother and infant ADCC
endpoint titers against cells coated with gp120 of SHIV1157ipd3N4, the challenge virus,
were also strongly correlated (r � 0.82, P � 0.04) (Fig. 5C). However, the mother and
infant plasma ADCC endpoint titers against gp120 of the vaccine-immunogen matched
virus, 1086.C, did not exhibit a strong correlation (r � 0.68, P � 0.11). Likewise, there
was a strong correlation between mother and infant plasma Ab binding to SHIV-
infected cells (r � 0.81, P � 0.04) but no evidence of a correlation of Ab binding to
1086.C-infected cells (r � 0.43, P � 0.35) (Fig. 5D).

Decline of passively transferred vaccine-elicited IgG in infant plasma. Abs
against the vaccine immunogen 1086.C gp120, as well as cross-reactive Abs to the
challenge virus, SHIV1157ipd3N4, were present in infant plasma at birth (medians,

FIG 3 Breast milk vaccine-elicited gp120-specific IgA levels postpartum were similar in magnitude to
those of IgG. Maternal levels of 1086.C gp120-specific (A) and total (B) IgG/IgA/sIgA levels in breast milk
are shown for each of the vaccinated dams (x axis) after postpartum boosting. Env-specific sIgA
constitutes 36% of the Env-specific IgA in breast milk (C), whereas the total sIgA constitutes a relatively
smaller percentage (8%) of the total IgA in breast milk (D). Percentages represent averages for all of the
dams tested. Breast milk was collected from dams 383 and 600 at week 15 postimmunization; milk was
collected from all other dams at weeks 18 and 19.
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27,808 and 8,032 ng/ml, respectively) but declined steadily by the time of challenge
(medians, 2,466 and 432 ng/ml; P � 0.02 and 0.02, respectively) (Fig. 6A). Vaccine-
elicited Abs against key gp120 epitopes, V3 and V1V2, were also detected in infant
plasma at birth (medians, 11,785 and 383 ng/ml, respectively). Similarly, these re-
sponses waned within the first 6 weeks of life and were 1 log lower at the time of
challenge (medians, 663 and 28 ng/ml). Infant plasma was initially able to neutralize the
tier 1 HIV-1 MW965 virus in 5/7 passively immunized infants at birth (median 50%
inhibitory dilution [ID50], 45; range, �20 to 291) (Fig. 6B), but neutralization was
detected in only 3/7 infants at the time of challenge (median ID50, 20; range, �20 to 63).
Additionally, infant plasma demonstrated potent ADCC activity against 1086.C gp120-
coated target cells both at birth (median endpoint titer, 57,803; range, 199 to 176,311)
and at the time of the first challenge in 6/7 passively immunized infants (median
endpoint titer, 4,413; range, �100 to 21,846) (Fig. 6C). We observed similar levels of
ADCC activity directed against SHIV1157ipd3N4 gp120-coated target cells at delivery in
4/7 infants (median endpoint titer, 33,549; range, �100 to 171,895); however, at the
time of challenge, only 2/7 infants had detectable ADCC responses. Similarly, we
observed systemic Ab binding to cells infected with 1086.C in 6/7 infants at birth
(median MFI, 1,016; range, 0 to 2,024) and the time of the first challenge (median MFI,
387; range, 0 to 1,142) (Fig. 6D). However, we only observed Ab binding to SHIV-
infected cells in 5/7 passively immunized infants at birth (median MFI, 247; range,
0 to 1,232), which decreased to 2/7 infants at the time of the first challenge (MFI,
353 and 557).

Similar risk of oral SHIV infection for maternal HIV-1 Env vaccine-elicited IgG
passively immunized and control infants. Infants were orally challenged weekly with
20 50% tissue culture infective doses (TCID50) of SHIV1157ipd3N4 starting at 6 weeks of

FIG 4 Variable placental transfer of vaccine-elicited gp120-specific IgG at delivery. The concentration in plasma of
1086.C Env-specific IgG (A), as well as epitope-specific IgG to V3 (B), V2 (D), and conformational V1V2 (C), for dams
and infants at the delivery time point is shown. Delivery time point plasma was acquired 2 to 7 days after birth
(median, 4). Dam data are black, and infant data are gray. Placental IgG transfer efficiency, measured as the ratio
of infant to maternal antigen-specific IgG concentrations, is displayed for each dam-infant pair above the plot.
Dam-infant pairs had higher levels of 1086.C gp120- and V3-specific than V1V2-specific IgG.
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age until infection (Fig. 1). If infants remained uninfected after 7 challenges, the dose
was increased to 40 TCID50, up to a maximum of 20 total challenges. At the conclusion
of the study, 6/7 infants became infected in both the passively immunized and control
groups (Fig. 7). The two uninfected infants received 20 and 17 challenges, respectively;
all other infants became infected before 14 challenges. The Kaplan-Meier estimated
median number of challenges to infection (6 and 5, respectively) and per challenge
probability of infection (0.11 and 0.14, respectively) were similar in the passively
immunized and control groups. There was no evidence of a difference between groups
in the distribution of the number of challenges to infection (P � 0.72). There was no
clinically significant difference in the peak and set point viral loads (VLs) (8 weeks
postinfection, Table 1) between passively immunized and control infants (median peak
VLs, 1.15 � 108 and 3.55 � 107 copies/ml, P � 0.51; median set point VLs, 1.65 � 105

and 2.85 � 105 copies/ml, P � 1.0, respectively). Interestingly, the number of challenges
to infection for all infants inversely correlated with the set point VL (r � �0.67, P �

0.01) and did not correlate with the peak VL (r � �0.46, P � 0.10).
Passively acquired binding and functional Ab responses in infants at the start

of oral SHIV challenges do not correlate with the number of challenges to
infection. The levels of passively transferred Env-specific IgG in infants at 6 weeks of
age did not correlate with the number of challenges to infection, potentially because
of the variable transfer and rapid decline of the passively transferred vaccine-elicited
IgG (Fig. 8A). Likewise, there was no evidence that the number of challenges to
infection correlated with the infant plasma neutralization titer against MW965 (Fig. 8B)
or the ADCC endpoint titer against 1086.C or SHIV1157ipd3N4 gp120-coated target
cells (Fig. 8C). For example, infant 018, which became infected after five challenges,
demonstrated both tier 1 neutralization and ADCC activity at 6 weeks of age (ID50, 63;
ADCC endpoint titer, 7,810). Yet immunized infant 983, whose functional responses
were undetectable at 6 weeks of age, resisted infection until 13 weeks of age. We
further evaluated if binding of plasma Ab from passively immunized infants to 1086.C-
or SHIV-infected cells at the time of challenge (Fig. 8D) correlated with the number of

FIG 5 Correlation of maternal and infant vaccine-elicited binding and functional plasma Ab levels at
delivery. Spearman’s correlation of 1086.C gp120-specific binding (A), neutralization titer (B), ADCC
endpoint titer (C), and Ab binding to infected cells (D) is shown. For ADCC (C) and Ab binding to infected
cells (D), data for 1086.C (black) and SHIV1157ipd3N4 (gray), the challenge virus, are shown. A strong
correlation was observed between dam-infant pairs for neutralization of tier 1 clade C virus MW965,
ADCC versus the SHIV challenge virus, and binding to cells infected with the SHIV challenge virus.
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challenges to infection but similarly did not observe evidence of a correlation (r �

�0.50, P � 0.27; r � �0.13, P � 0.81, respectively).
Mucosal 1086.C gp120-specific IgG and IgA in passively immunized infants

shortly after birth did not correlate with the number of challenges to infection.
Because of the potential role of mucosal Abs in preventing MTCT by breastfeeding (25),
as well as previous studies that have demonstrated an association between salivary and
fecal IgA levels with reduced acute viremia in adult rhesus macaques (38), we evaluated
the levels of these potentially protective Abs in the present study. Indeed, we were able
to detect both 1086.C gp120-specific maternal IgG and IgA Abs in saliva and stool
samples from passively immunized infants (see Fig. S1 in the supplemental material).
Additionally, we measured the ratio of specific activity of 1086.C gp120-specific IgG/IgA
in both types of samples in the first week of life. Env-specific IgG activity in saliva was

FIG 6 Vaccine-elicited Abs passively transferred to infants are capable of mediating low-level virus
neutralization and ADCC. Infant plasma containing IgG Abs (A) against 1086.C, SHIV1157ipd3N4, linear (V3),
and conformational V1V2 declined rapidly yet were initially able to mediate neutralization (B) versus tier 1
clade C virus MW965 and ADCC (C) against 1086.C and SHIV1157 gp120-coated target cells. Ab binding (D)
to the surface of CEM.NKRCCR5 cells infected with either a 1086.C or an SHIV1157 infectious molecular clone
was also observed at these early time points. In panel A, data points represent medians and error bars
represent ranges. In panels B to D, lines represent individual infants.

FIG 7 The distributions of the number of challenges to infection and median peak VL and set point were
similar between treatment groups. The probability of remaining uninfected (A) was similar between
passively immunized infants (red line) and control infants (black line) orally challenged with
SHIV1157ipd3N4 (P � 0.72, exact log-rank test). The median peak VL (B) and set point at 8 weeks
postinfection of infants in both groups were similar (P � 0.51 and 1.0, respectively; exact Wilcoxon rank
sum test). The vertical notches in panel A represent the two uninfected monkeys. The lines in panel B
represent individual infants that became infected.
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greater than that in stool (medians, 17.84 and 0.55 ng/�g, respectively) and 2 logs
greater than Env-specific IgA activity in saliva (0.08 ng/�g) but we did not find evidence
of a correlation with the peak or set point VL (r � �0.26, P � 0.66; r � 0.68, P � 0.11,
respectively) or the number of challenges to infection (r � �0.75, P � 0.07). As seen
with infant systemic IgG and functional Ab responses, mucosal IgG and IgA specific
activity declined quickly at later time points.

Similar Ab responses in passively Env-immunized and control infants at
8 weeks postinfection. We next sought to determine if the adaptive Ab responses to
infection in the plasma of SHIV-infected monkeys developed distinctly in infants with
and without passively acquired Env-specific IgG (Fig. S2). One infant in the control
group, 040, exhibited transient viremia and no evidence of seroconversion and thus
was excluded from this analysis. Eight weeks postinfection, both passively immunized
and control infants developed similarly strong Ab binding responses to SHIV gp120
(P � 0.25) (Fig. S2A) and similar epitope specificity with comparable-magnitude re-
sponses against linear and conformational V3, as well as C5 (P � 0.33, 0.54, 0.33,
respectively) (Fig. S2B). Interestingly, SHIV gp120 Ab binding in control infants showed
evidence of a strong correlation with the set point VL at 8 weeks postinfection (r � 1,
P � 0.02); however, this was not observed in passively immunized infants (r � �0.09,
P � 0.92). Neither group mounted detectable responses against linear/conformational
V1V2 or against C1 epitopes. Low-level plasma neutralization of MW965 was
observed in four infants in each group (Fig. S2C), and the levels of neutralization in
passively immunized and control infants did not differ (median ID50, 35 and 77,
respectively; P � 0.79). Similar levels of ADCC against 1086.C gp120 (P � 0.13)-
coated and SHIV1157ipd3N4 gp120 (P � 0.18)-coated target cells were also ob-
served in the two groups (Fig. S2D).

TABLE 1 Infant MHC class I and TRIM5� genotypes, number of challenges to infection, percentage of activated CD4� T cells at the first
challenge, and peak and set point VLs

Group
and
animal Sexa

No. of
reads
mapped

MHC class Ib

TRIM5
genotypec

Susceptibility
scored

No. of
challenges
to infection

Wk 6 %
activated
CD4� T
cells

VL (no. of RNA
copies/ml)

Mamu-A
haplotype:

Mamu-B
haplotype:

Peak Wk 8 p.i.e1 2 1 2

Passively
immunized
infants

808 F 26,714 A008 A011 B017a B043a TFP/CYP �2 Uninfected 0.91 �15
983 F 33,273 A001 A006 B048 B012a TFP/TFP 0 13 2.93 170,000,000 32,000
770 F 25,501 A001 A004 B048 B017a Q/Q �1 8 0.39 59,000,000 26,000
049 F 33,176 A004 A012 B002 B043a TFP/Q 0 6 0.98 8,200,000 130,000
018 F 25,560 A011 A019g1 B055 B013a TFP/TFP �1 5 3.64 220,000,000 200,000
043 F 26,592 A004 A123 B001a B043c TFP/TFP �1 2 18.00 5,800,000 210,000
867 F 37,442 A012 A006 B001a B001a TFP/TFP �1 1 6.17 190,000,000 2,600,000

Control
infants

048 M 32,804 A001 A002a B048 B055 Q/CYP 0 Uninfected 1.08 �15
848 F 32,262 A004 A019g1 B047a B047a Q/Q �1 8 4.57 15,000,000 7,400
849 F 33,090 A004 A004 B002 B012b TFP/Q 0 6 3.83 21,000,000 410,000
839 M 31,520 A004 A003 B001a B024a TFP/TFP �1 5 1.29 50,000,000 1,500,000
992 M 41,154 A004 A004 B002 B043a TFP/Q 0 5 3.43 61,000,000 160,000
020 F 23,072 A004 A007 B012b B077a TFP/TFP �1 1 9.91 190,000,000 1,000,000
040 F 64,939 A008 A123 B024a B043c TFP/TFP �1 1 7.56 5,700 65

aF, female; M, male.
bThe Mamu-A1*001, -B*008, and -B*017 alleles (bold) have been associated with a better SIV disease outcome.
cThe TRIM5� TFP/CypA genotype (bold) confers resistance to SIVsmE660 (46), while the TFP/TFP, Q/Q, and Q/CypA genotypes are associated with increased
susceptibility to SIVsmE660 infection.

dProtective MHC class I alleles and resistant TRIM5� alleles (Mamu-A1*001, -B*008, -B*017, and TFP/CypA) were assigned a value of 1. Genotypes associated with
increased susceptibility or a worse disease outcome received a score of �1. All other alleles were assigned a score of 0. The susceptibility score represents the sum
of all scores for an individual animal (e.g., animal 45770 has MHC class I scores of 0, 0, and �1 and a TRIM5� score of �1 for a score of �1).

ep.i., postinfection.
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Direct correlation of activation status of infant systemic CD4� T cells with the
number of challenges to infection. As we observed a wide range of numbers of
challenges to infection (Table 1), we also investigated whether or not specific infant
host factors were associated with the time to infection. We defined the major histo-
compatibility complex (MHC) class I and tripartite motif-containing protein 5 (TRIM5�)
genotypes of the SHIV-challenged infants (Table 1). MHC alleles Mamu-A1*001, -B*008,
and -B*017 have been associated with improved control of viral replication and a better
disease outcome (39–44). Four out of five infants who were resistant to infection up to
eight challenges all possessed one or more Mamu-A*001 or -B*017 alleles. Despite this
finding, previous studies have associated protective MHC alleles with increased viro-
logic control rather than protection against acquisition of SIV infection (45). The TRIM5�

TFP/Cyp genotype confers resistance to low-dose simian immunodeficiency virus
(SIV) SIVsmE660 (46), but not SIVmac239 and SIVmac251, infection (46, 47), while the
genotypes TFP/TFP, Q/Q, and Q/Cyp are associated with increased susceptibility to
SIVsmE660 infection (48, 49). Yet, none of these TRIM5 genotypes are likely to confer
protection in this study, as the challenge virus has an SIVmac239 backbone (specifically,
Gag) (46, 50). As expected, infants who required a greater number of challenges before
infection showed no bias toward protective TRIM5 alleles, and conversely, infants who
became infected after fewer challenges were not more likely to express alleles associ-
ated with greater susceptibility to infection.

Finally, there was no measurable difference in CD4� T cell proliferation (Ki-67�),
expression of the SHIV coreceptor CCR5, or activation (CD69�) between passively
immunized and control infants (P � 0.38, 0.69, and 0.38). Thus, we examined all of the
infants collectively (n � 14) but found no evidence that the percentage of CD4� T cells
in peripheral blood that were proliferating (intracellular Ki-67� expression) or expressed
CCR5 on their surface correlated with the number of challenges to infection (r � 0.45,
P � 0.11; r � �0.29, P � 0.32, respectively) (Fig. 9A and B). Remarkably, a high
percentage of infant circulating CD4� T cells that expressed CD69 at the time of the
first challenge strongly correlated with a low number of challenges to infection (r �

�0.75, P � 0.003) (Fig. 9C). The proportion of variation in the number of challenges to
infection explained by the percentage of CD4� T cells that expressed CD69 was

FIG 8 Lack of correlation between vaccine-elicited Ab responses in passively immunized infants and the number
of challenges to infection. Envelope and epitope-specific Ab responses (A), neutralization (B), ADCC (C) and
infected-cell binding (D) versus 1086.C and SHIV1157ipd3N4 measured at the time of the first challenge did not
correlate with the number of challenges to infection. One infant remained uninfected at 20 challenges.
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estimated to be 0.36 as determined by a discrete-time Cox model with percent CD4�

T cells specified quadratically.

DISCUSSION

This study of maternal HIV-1 Env immunization of pregnant and lactating nonhuman
primates (NHPs) demonstrates that an i.m. MVA gp120 prime–i.m.-i.n. gp120 boost
immunization regimen is capable of eliciting both a robust systemic Env-specific IgG
response and a durable milk IgA response, responses implicated in a reduced vertical
transmission risk (23, 25). While these potentially protective Abs were transferred to the
infant, the placentally transferred IgG waned quickly in infants and this passive IgG/IgA
immunization did not impact protection against a heterologous tier 2 SHIV oral
challenge starting at 6 weeks of age. A limitation of this model is that even though the
infants were dam reared, virus inoculation occurred separately from breastfeeding;
thus, Abs from breast milk may not have been present at a sufficient concentration in
the oral cavity to prevent infection.

This model of maternal immunization followed by a subsequent infant oral SHIV
challenge, mimicking HIV-1 exposure via breastfeeding, is the first to characterize the
placental transfer of HIV-1 Env vaccine-elicited Abs in NHPs and investigate the efficacy
of targeting breast milk immune responses. This model revealed that there is consid-
erable variation in the efficiency of vaccine-elicited IgG transfer between rhesus mon-
key mothers and infants, yet the median transfer efficiency across Ab populations of
distinct antigen specificity within the same host is similar. In addition to allowing us to
measure the epitope specificity, breadth, and magnitude of breast milk Ab responses
over time, this model also permitted us to study the relative composition of vaccine-

FIG 9 Infant systemic CD4� T cell activation (CD69�) correlated with a reduced number of challenges
to infection. CD4� T cell proliferation (Ki-67�) (A) and CCR5� expression (B), shown for all infants, did not
show evidence of a correlation. Interestingly, CD4� T cell activation (C) exhibited a strong correlation
with a lower number of challenges to infection. Two infants remained uninfected at challenges 17 and
20. Passively immunized infants are represented by closed circles; control infants are represented by
open circles.
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elicited and total Ab isotypes in the milk of vaccinated dams. Surprisingly, using novel
reagents to detect sIgA in the milk of rhesus monkeys (51), we found that the total sIgA
constituted �10% of the total IgA in breast milk, in stark contrast to humans, where
sIgA accounts for approximately 90% of the total milk IgA (36). This contrast in milk IgA
isotype distribution may be an important distinction in human and NHP models that
could impact the relative potency of protection; thus, additional studies should be
performed to confirm this reduced sIgA-to-IgA ratio in rhesus macaque breast milk.

Despite induction of systemic and mucosal Abs that were passively transferred to
the infant, there was no observed protection from infant oral SHIV acquisition in the
passively immunized maternal vaccine group compared with the control group. Im-
portantly, vaccine-elicited IgG in the dam that was placentally transferred to the infant
rapidly declined in the first 6 weeks of life prior to the first challenge, as did the
functional IgG responses (neutralization and ADCC), which were undetectable in more
than half of the infants at the time of challenge. The average half-life of systemic IgG
in rhesus macaques is 8.3 days (52); hence, maternal Abs transferred to infants prior to
delivery may not have been present at levels sufficient for protection 6 weeks later.
These findings, combined with the observation that maternal Ab responses did not
peak until 6 to 8 weeks after delivery, demonstrate the need for additional boosting
during pregnancy to reach maximal vaccine-elicited IgG transfer. These results high-
light the importance of the timing of maternal vaccine administration during preg-
nancy. Specifically, to achieve optimal IgG transfer, the peak Ab levels should occur
prior to delivery, which may require the administration of several vaccine doses in the
second trimester and early in the third trimester of gestation, particularly in the case of
a neoantigen. Active immunization of infants may also be required to elicit Env-specific
IgG that persists at a level that confers protection, as passive immunization with a high
concentration of neutralizing MAbs has been shown to mediate complete protection of
neonatal rhesus macaques against an oral SHIV challenge (53). Additionally, a mater-
nally administered HIV-1 vaccine could potentially enhance immune responses that
could target the autologous maternal virus. Thus, a caveat of this model is that the
dams were not SHIV infected, limiting our ability to measure the capacity of a maternal
vaccine to raise levels of antiviral immunity to autologous virus and examine how this
may impact transmission.

We evaluated the ability of the vaccine regimen to raise multiple potential humoral
immune correlates of protection, including epitope-specific Ab binding and function.
We further assessed genetic host factors previously associated with susceptibility to
infection or disease outcome, including MHC class I and TRIM5� genotypes, which also
did not seem to associate with the time to virus acquisition. Yet, interestingly, among
all of the infants studied, there was a strong inverse correlation between the percent-
age of activated CD69� CD4� T cells in the peripheral blood at the time of the first
challenge and the number of challenges to infection. This finding suggests that limiting
the level of CD4� T cell activation in breastfeeding infants may be of critical importance
to further reducing postnatal virus transmission, which still occurs at a rate of 1 to 5%
in HIV-1-exposed breastfeeding infants (54, 55). Infant monkeys in this study received
solid food in addition to breast milk at the time of challenge, which has been associated
with local and systemic immune stimulation that leads to increased intestinal mucosa
permeability, which may facilitate viral entry (56). This recapitulates what often occurs
in humans in resource-limited settings and may partially explain why mixed feeding has
been associated with an increased risk of postnatal HIV-1 acquisition compared with
exclusive breastfeeding (57).

In conclusion, while this maternal immunization strategy did not protect infants
against repeated oral SHIV challenges, it importantly revealed the efficiency of passive
transfer of vaccine-elicited IgG and milk IgA to the infant and provided key insights into
the timing of maternal vaccine administration for optimal IgG transfer. Although
placental transfer of vaccine-elicited IgG varied greatly between mother-infant pairs,
perhaps earlier and repeated immunization boosts administered during the second and
third trimesters of pregnancy could have mitigated this variability by achieving peak
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maternal IgG responses prior to delivery. With persistence of this passive immunity,
protection would potentially be conferred on the infant during the breastfeeding
period. One solution to ensure adequate passive IgG protection of the infant would be
a subcutaneous dose of a broadly neutralizing Ab in the delivery room, which could
potentially last throughout the early breastfeeding period, has been effective in pre-
venting postnatal infection and clearing virus in perinatally infected infant monkeys
(58), and is being studied in early-phase clinical trials (clinicaltrials.gov registration no.
NCT02256631 and NCT03208231). Alternative prevention strategies are essential to
further reducing the rate of MTCT, especially in areas where barriers to the implemen-
tation of ART exist. Consequently, additional studies are required to determine whether
maternal or infant vaccine strategies can achieve this objective.

MATERIALS AND METHODS
Animal care and sample collection. Adult female rhesus macaques were 5 to 16 years old,

multiparous (average, four prior deliveries; range, one to nine), of Indian origin, and from the type D
retrovirus-free, SIV-free, and simian T-lymphotropic virus type 1-free colony of the California National
Primate Research Center (CNPRC), Davis, CA. Animals were maintained in accordance with the American
Association for Accreditation of Laboratory Animal Care standards and the Guide for the Care and Use of
Laboratory Animals (59). All protocols were reviewed and approved by the University of California at
Davis Institutional Animal Care and Use Committee prior to the initiation of the study. Animals were
housed indoors for an average of 28 (range, 10 to 64) months prior to time-mated breeding and kept
indoors throughout the duration of this study. Pregnancy was confirmed and monitored regularly via
ultrasound. When necessary, for sample collections and immunizations, animals were immobilized with
ketamine HCl (Parke-Davis, Morris Plains, NJ) injected at 10 mg/kg of body weight. EDTA-anticoagulated
blood was collected via peripheral venipuncture. Breast milk was collected manually from lactating dams
under ketamine sedation. A dose of oxytocin (2 U in a volume of 0.1 ml) was given i.m. or subcutaneously
15 min prior to collection. Saliva and stool samples were collected at the birth time point, in the first
week of life, and at weeks 3 (saliva) and 6 (stool) after birth. Saliva was not collected at week 6 (time of
challenge) to avoid causing microabrasions that could facilitate viral entry into the oral cavity. Salivary
secretions were collected with Weck-Cel sponges (Beaver Visitec. Waltham, MA) and immediately
snap-frozen.

Maternal immunization regimen. Recombinant MVA expressing the 1086.C Env gp120-encoding
gene and recombinant 1086.C Env gp120 glycoprotein were generated as previously described (32).
Eighteen pregnant Indian-origin rhesus macaques (Macaca mulatta) housed at the CNPRC (Davis, CA)
were randomly assigned to either the HIV-1 Env vaccine group (n � 9) or the control group (n � 9).
Animals in the vaccine group were initially i.m. primed at 12 weeks of gestation with 108 PFU of MVA
expressing the HIV-1 Env 1086.C gp120-encoding gene, followed by three successive i.m.-i.n. 1086.C
gp120 protein boosts at 20 weeks of gestation, at delivery, and at 3 weeks postpartum. The i.m.
component of the combined boost consisted of 100 �g of HIV-1 Env 1086.C gp120 and 300 �l of STR8S-C
adjuvant (squalene-containing STS base adjuvant plus R848 plus CpG oligodeoxynucleotides) (60) and
was administered at a single injection site in the gluteus of anesthetized monkeys. The i.n. component
consisted of 200 �g of HIV-1 Env 1086.C gp120 (100 �g per nostril) adjuvanted with the Toll-like receptor
7/8 agonist R848 (250 �g) and was administered to anesthetized monkeys placed on their backs in 25-�l
doses at 30-s intervals for a total volume of 75 �l per nostril. Animals in the control group were primed
i.m. with MVA without the gp120 insert and with respiratory syncytial virus fusion protein (RSV-F)
DS-Cav1 (61) at 12 weeks of gestation, followed by i.m. RSV-F at 20 weeks of gestation. For the i.m.
immunizations, 50 �g of RSV-F protein was adjuvanted with 500 �g of alum and delivered to the left and
right biceps of anesthetized monkeys. The RSV vaccine used in this study is in a phase 1 clinical trial of
healthy adults (clinicaltrials.gov registration no. NCT03049488) initiated in February 2017 and was
previously tested in murine and NHP models. Blood was drawn directly before the initial MVA priming
and following immunization at weeks 3, 8, 10, 12 (delivery time point), 15, and 18. All subsequent blood
draws were conducted weekly up to 40 weeks postimmunization. Milk was collected starting at the
delivery time point (12 weeks postimmunization, 2 to 7 days postdelivery) and following delivery at
weeks 15 and 18 postimmunization. Milk was then collected on a weekly basis up to 32 weeks
postimmunization. Two stillbirths occurred in both the treatment and control groups, but because of the
small numbers, we cannot draw any definitive conclusions about the cause. Clinical and necropsy
findings were consistent with dystocia due to large fetal size, with no presentation of congenital
abnormalities, and the stillbirths were considered unrelated to immunizations.

Preparation and titration of SHIV stock for infant oral challenge. The SHIV1157ipd3N4 challenge
virus stock was cultured and titers were determined as previously described (62, 63). In brief, conca-
navalin A-stimulated naive rhesus peripheral blood mononuclear cells (PBMCs) were infected with
SHIV1157ipd3N4 (generously provided by Ruth Ruprecht) in the presence of human interleukin-2
(20 U/ml) and tumor necrosis factor alpha (10 ng/ml). Culture supernatants derived from donor animal
PBMCs with the highest titers were pooled, and titers were determined in TZM-bl cells, yielding 18,275
TCID50/ml. To determine the appropriate virus titer for the study, four nursery-reared infants 11 to
14 weeks of age were sedated before receiving 1 ml of virus (800 TCID50) administered atraumatically into
the oral cavity. Infants were challenged weekly until persistently infected, with a goal of infection of all
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of the infants after 10 inoculations. Infection was defined as two consecutive plasma RNA VL measure-
ments of �15 copies/ml, with one of two measurements �150 copies/ml. The RNA VL was assessed
weekly (Leidos Biomedical Research, Inc., Frederick, MD). All infants became infected after a single
challenge; thus, the titer was determined to be too high. A second titration experiment was initiated with
four infants at 6 weeks of age, starting with 10 TCID50/dose. After three challenges, two infants were
infected. The dose was elevated to 50 TCID50 at the fourth challenge, after which the remaining two
infants became infected. Twenty TCID50 was selected as the appropriate dose for this study to model
infant exposure via breastfeeding.

Infants in this study were orally challenged weekly starting at 6 weeks of age with 20 TCID50 of
SHIV1157ipd3N4 until persistently infected. This age was selected to model late breast milk transmission
as would occur through prolonged breastfeeding, as opposed to neonatal transmission. Breast milk was
not used to administer the virus, as it is known to contain multiple factors with antimicrobial and
immunomodulatory properties that might have impacted the infectivity of the challenge virus and thus
the risk of HIV-1 transmission via breastfeeding (64). These factors may have contributed to either
anti-HIV-1 activity or inflammatory activity that may support HIV-1 transmission (64). The infectious dose
was increased to 40 TCID50 on the eighth challenge if the infant remained uninfected, up to a maximum
of 20 challenges. Blood was drawn at time zero (median, 4 [range, 2 to 7] days after birth) and week 3
and then weekly starting at the time of challenge (6 weeks of age) until 8 weeks postinfection.

The rate of natural transmission via breastfeeding is expected to be very low in infant macaques, and
in the studies in which this was explored, it generally occurred quite late during breastfeeding (65–67).
Additionally, the VL in breast milk over time and the frequency of viral shedding are highly variable in
SIV infection of rhesus macaques (66). Oral inoculation with the challenge virus enabled more control
over the timing of infection, the dose, and the ability to measure the number of challenges necessary to
cause infection to determine the relative efficacy of the maternal HIV-1 vaccine.

Blood and breast milk processing. Plasma was separated from whole blood by centrifugation, and
PBMCs were subsequently isolated by density gradient centrifugation with LSM lymphocyte separation
medium (MP Biomedicals, Santa Ana, CA) as previously described (38, 68). Breast milk was separated into
cellular, supernatant, and lipid fractions by centrifugation at 14,000 � g for 10 min at 4°C. The
supernatant was collected and filtered via 0.22-�m Spin-X centrifugal filter tubes (Corning Life Sciences,
Tewksbury, MA) by centrifugation at 9,000 rpm for 10 min at 4°C. Filtered breast milk supernatant was
stored at �80°C for long-term storage or at 4°C for immediate use.

Stool and saliva IgG/IgA detection by ELISA. Saliva was eluted from sponges as described
previously (69). For analysis of intestinal Abs, 2 to 3 g of freshly collected stool was added to 5 ml of
sterile 1� phosphate-buffered saline (PBS) plus 0.5% bovine serum albumin supplemented with 50 �l of
100� protease inhibitor cocktail (Sigma-Aldrich, Corp., St. Louis, MO) and snap-frozen. Clarified fecal
extracts were prepared as previously described (70) and concentrated to approximately 0.5 ml with an
Amicon Ultra-4 50K centrifugal filter unit (Millipore, Billerica, MA).

1086.C gp120 IgG and IgA Ab levels in fecal extracts and saliva were measured by BAMA with
gp120-conjugated Bio-Plex magnetic beads (Bio-Rad Laboratories, Inc., Hercules, CA) as previously
described (71). Total IgG or IgA concentrations in secretions were measured by enzyme-linked immu-
nosorbent assay (ELISA) with previously calibrated normal monkey serum as the reference standard (72).
Anti-gp120 IgG or IgA concentrations measured in each secretion were divided by the total IgG or IgA
concentration to obtain the specific activity (nanograms of IgG or IgA per microgram of total IgG/IgA).
The specific activity was considered significant if it was greater than the mean activity measured in
naive-infant control samples plus 3 standard deviations.

Plasma IgG depletion. Plasma samples were depleted of IgG prior to measurement of Env-specific
and total IgA levels by ELISA and BAMA as previously described (27, 34). Plasma was first diluted 1:1 with
1� Tris-buffered saline (pH 7.5; Bio-Rad Laboratories, Inc., Hercules, CA) and then filtered via 0.22-�m
Spin-X centrifugal filter tubes by centrifugation at 18,000 � g for 20 min at 4°C. Filtered plasma was
added to a protein G Sepharose MultiTrap 96-well plate (GE Healthcare, Chicago, IL) packed with protein
G resin and placed on an orbital shaker at 1,100 rpm for 1 h. The plate was centrifuged at 700 � g for
3 min at 20°C to elute the IgG-depleted plasma for use in IgA binding assays.

BAMA. The BAMA used to evaluate epitope specificity and breadth is similar to methods previously
described (73). HIV-1 antigens (25 �g of each; Table S1) were covalently coupled to 5 � 106 carboxylated
fluorescent beads (Bio-Rad Laboratories, Inc., Hercules, CA), and then binding of plasma and milk IgG and
IgA to the bead-coupled antigens was measured. Antigen-coupled beads and diluted plasma (IgG, 1:100;
IgA, 1:5) or breast milk (IgG/IgA, 1:3) were incubated for 30 min at 20°C, and then IgG/IgA binding was
detected with phycoerythrin-conjugated mouse anti-monkey IgG or goat anti-human IgA (Southern
Biotech, Birmingham, AL) at 4 �g/ml. Beads were washed and acquired on a Bio-Plex 200 instrument
(Bio-Rad Laboratories, Inc., Hercules, CA). Purified IgG from pooled plasma of HIV-1-vaccinated rhesus
macaques (RIVIG) was used as a positive control. IgG and IgA binding was expressed as an MFI. All MFIs
were adjusted by subtracting background values (MFI of coupled beads without sample). An HIV-1
Env-specific Ab response was considered positive if it had an MFI above the cutoff of 100. Consistency
between assays was ensured by tracking the 50% effective concentration and maximum MFI of the
positive control (RIVIG) by Levy-Jennings charts.

Env-specific and total IgG/IgA concentration measurement by ELISA. High-binding 384-well
plates (Corning Life Sciences, Tewksbury, MA) were coated at 45 ng/well with 1086.C gp120,
SHIV1157ipd3N4 gp120, consensus V3.C peptide, V2 1086.C peptide, or scaffolded gp70 V1V2-1086.C (25)
(Table S1) overnight at 4°C and then blocked with assay diluent (PBS containing 4% whey, 15% normal
goat serum, and 0.5% Tween 20). Serially diluted plasma or breast milk was then added to the plate. IgG
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was detected with a horseradish peroxidase (HRP)-conjugated mouse anti-monkey IgG polyclonal Ab
(Southern Biotech, Birmingham, AL). IgA Abs were detected with biotinylated mouse anti-rhesus IgA
�-chain Ab 10F12 (NIH NHP Reagent Resource), followed by HRP-conjugated streptavidin (Thermo Fisher
Scientific, Waltham, MA). ELISA plates were developed with SureBlue Reserve TMB substrate and stop
solution (KPL, Gaithersburg, MD). Immediately after addition of the stop solution, plates were read at
450 nm, 0.1 s/well on a SpectraMax Plus 384 microplate reader (Molecular Devices, Sunnyvale, CA).
Rhesus B12 IgG (b12R1) was used as a standard for IgG assays, and rhesus B12 IgA (b12RA1) was used
as a standard for IgA assays (ranges, 5.7 � 10�4 to 100 and 5.7 � 10�3 to 1,000 ng/ml, respectively) (74).
HIV-1 Env-specific IgG and IgA concentrations were calculated relative to the standard by using a
five-parameter fit curve (SoftMax Pro 6.3; Molecular Devices, Sunnyvale, CA). The positivity cutoff was
defined as the optical density (OD) of the lowest-concentration rhesus B12 standard that was greater
than three times the average OD of blank wells.

To measure the total IgG/IgA concentration in milk by ELISA, high-binding 384-well plates (Corning
Life Sciences, Tewksbury, MA) were coated overnight at 4°C with goat anti-monkey IgG or IgA (Rockland
Immunochemicals, Inc., Limerick, PA) at 45 ng/well and then blocked with assay diluent for 1 h at 20°C.
Diluted breast milk (1:50) was added to the plate, and it was incubated for 1 h at 20°C. Total IgG and IgA
levels were detected and analyzed by assays based on the same methods and standards previously
described for HIV-1 Env-specific IgG/IgA. The positivity cutoff was defined as the OD of the lowest-
concentration rhesus B12 standard that was greater than two times the average OD of blank wells.

Milk HIV-1 Env-specific and total sIgA concentration measurement by ELISA. High-binding
384-well plates (Corning Life Sciences, Tewksbury, MA) were coated overnight at 4°C at 45 ng/well with
1086.C D7 gp120 (Env-specific) or goat anti-monkey IgA (total) (Rockland Immunochemicals, Inc.,
Limerick, PA). Plates were then blocked with assay diluent for 1 h at 20°C. Breast milk (undiluted for
Env-specific IgA, 1:50 dilution for total IgA) was added to the plate, which was incubated for 1 h at 20°C.
sIgA Abs were detected with an anti-secretory-chain IgA Ab, SC 9H7 CL3, a mouse-derived IgG2A kappa
MAb that cross-reacts with the rhesus and human secretory components (SCs) but does not react with
dimeric IgA (dIgA) alone (generously provided by Barton Haynes) (34, 51). This was followed by an
HRP-conjugated anti-mouse IgG polyclonal Ab (Promega, Madison, WI). The assays were developed as
previously described for HIV-1 Env-specific IgG/IgA. The standard used was B12 sIgA prepared by
complexing B12 dIgA with rhesus SCs and incubating them overnight, which resulted in a 1:1 molar ratio
of dIgA to SC. HIV-1 Env-specific sIgA concentrations were calculated relative to the standard by using
a five-parameter fit curve (SoftMax Pro 6.3; Molecular Devices, Sunnyvale, CA). The positivity cutoff was
defined as the OD of the lowest-concentration rhesus B12 sIgA standard that was greater than two times
the average OD of blank wells.

Neutralization assays. Neutralization of tier 1 clade C infectious molecular clone MW965.LucR.
T2A.ecto/293T by Abs in plasma was measured in TZM-bl cells (catalog no. 8129; NIH AIDS Reagent
Program, Division of AIDS, NIAID, NIH; from John Kappes) via reduction of luciferase reporter gene
expression after a single round of infection as previously described (63, 75, 76). Prior to screening, plasma
was heated to 56°C for 30 min to inactivate complement. Luminescence was measured with a Victor X3
multilabel plate reader (PerkinElmer, Waltham, MA) at 1 s/well. The ID50 was calculated as the dilution
that resulted in a 50% reduction in the number of relative luminescence units (RLU) compared to virus
control wells. b12R1 was used as a positive control in each assay. The positivity cutoff for maternal
plasma was three times the ID50 of the time zero preimmunization time point. As no preimmune sample
existed for infants, because of passive maternal immunization, the positivity cutoff for infant plasma was
three times the ID50 against murine leukemia virus (SVA.MLV) at birth. Cell surface expression of key
markers is used to determine the authenticity of each new batch of TZM-bl cells, and cells are tested
biannually for mycoplasma contamination.

ADCC. The GranToxiLux assay was used to detect ADCC activity in plasma directed against CEM.
NKRCCR5 cells (catalog no. 4376; NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH; from Alexandra
Trkola) (77) coated with recombinant gp120 as previously described (78). Maternal and infant NHP
plasma samples were tested for ADCC activity after 4-fold serial dilutions starting at 1:100. CEM.NKRCCR5

target cells were coated at 5 �g/ml with gp120 representing the vaccine immunogen, 1086.C D7 gp120
K160N, or the challenge virus, SHIV1157ipd3N4. Cryopreserved human PBMCs from an HIV-1-
seronegative donor with the heterologous 158 F/V genotype for Fc� receptor IIIa were used as the source
of effector cells (79). ADCC endpoint titers were determined by interpolating the dilutions of plasma that
intercept the positivity cutoff with GraphPad Prism v7 (GraphPad Software, Inc., La Jolla, CA). Cell surface
expression of key markers is used to determine the authenticity of each new batch of CEM.NKRCCR5 cells.

Plasma binding to the surface of HIV-1-infected cells. Indirect surface staining was used to
measure the ability of plasma samples to bind the HIV-1 envelope expressed on the infected-cell surface
by methods similar to those previously described (80). CEM.NKRCCR5 cells were mock infected or infected
with an HIV-1 infectious molecular clone (81) expressing the 1086.C or SHIV1157ipd3N4 envelope
protein. The cells were incubated with a 1:100 dilution of plasma samples for 2 h at 37°C and then stained
with Live/Dead Aqua Dead Cell Stain (Thermo, Fisher Scientific, Waltham, MA) to exclude dead cells from
analysis. Cells were washed and then permeabilized with Cytofix/Cytoperm solution (BD Biosciences, San
Jose, CA) prior to staining with fluorescein isothiocyanate (FITC)-conjugated goat anti-rhesus IgG (H�L)
polyclonal antiserum (Southern Biotech, Birmingham, AL) and RD1-conjugated anti-p24 MAb KC57
(Beckman Coulter, Inc., Indianapolis, IN). Cells positive for plasma binding were defined as viable, p24/27
positive, and FITC positive. Final results are reported as the FITC MFI of the p24/27-positive events after
subtraction of the background observed for the matched maternal prevaccination samples.
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Characterization of CD4� T cell populations. Suspensions of 1.5 � 106 to 3.0 � 106 PBMCs were
stained for flow cytometry (for the Abs used, see Table S2). Paraformaldehyde-fixed samples were
acquired on a BD LSR Fortessa instrument (BD Biosciences, San Jose, CA) with BD FACSDiva software
and analyzed with FlowJo software version 10 (TreeStar, Inc., Ashland, OR). By the gating strategy
used, lymphocytes were selected on the basis of the forward scatter area versus side scatter area
profile and then single cells were selected by geometric gating, from which viable cells were
selected. CD3� CD4� CD8� T cells were further defined as CD69� (activation), Ki-67� (proliferation),
or CCR5� by utilizing Boolean gating on these parameters. Gating of CD4� T-cell-specific popula-
tions was based on fluorescence-minus-one controls.

MHC class I and TRIM5� genotyping. Genomic DNA (gDNA) was submitted to the Wisconsin
National Primate Research Center (WNPRC), Madison, WI, to define the MHC class I and II and TRIM5�

genotypes of SHIV-challenged infants as previously described (82). gDNA samples were used as tem-
plates for PCRs with a panel of primers that flank the highly polymorphic peptide binding domains
encoded by exon 2 of class I (Mamu-A, -B, -I, and -E) and class II (Mamu-DRB, -DQA, -DQB, -DPA, and -DPB)
loci. These PCR products were generated with a Fluidigm Access Array (Fluidigm, San Francisco, CA) that
allows for multiplexing of all reactions in a single experiment. After cleanup and pooling, the amplicons
were sequenced on an Illumina MiSeq instrument (Illumina, Inc., San Diego, CA) and the resulting
sequence reads were mapped against a custom database of rhesus macaque class I and II sequences.
Each sequence read is tagged with a unique set of barcodes and thus can be traced back to the infant
from which it originated. In total, nearly 1.2 million sequence reads were identified with an average of
30,679 reads/infant. PCR sequence-specific primer assays were performed to detect the TRIM5-Q and
TRIM5-TFP alleles as previously described (46). Likewise, the TRIM5-CypA allele was detected by NsiI
restriction digestion (83).

Statistical methods. Hypothesis tests from planned analyses were not adjusted for multiple com-
parisons, and results were considered statistically significant for P values of �0.05. Planned analyses
included the following: change in Env-specific IgA response in breast milk over time, vaccine-elicited
gp120-specific IgA in breast milk following postpartum boosting versus IgG, placental transfer of
vaccine-elicited gp120-specific IgG correlations, maternal versus infant vaccine-elicited functional anti-
HIV-1 Ab correlations, change in infant Ab responses over time, and challenge study analyses. Hypothesis
tests for exploratory analyses were considered significant if the P value was less than the threshold
defined by a false-discovery rate of 0.05; by this criterion, none of the P values reported for exploratory
analyses were significant. Exploratory analyses included the following: tests of association with the
number of challenges to infection excepting comparison to set point and peak VLs, set point and peak
VLs compared to Env-specific IgG activity in saliva, associations with V3 and C5 binding responses, and
comparison of CD4 T cell proliferation (Ki-67�), CCR5 expression, and activation (CD69�). Comparisons
of immunization groups were done with Wilcoxon rank sum tests, and comparisons within monkeys were
done with Wilcoxon signed-rank tests. Correlations were calculated with Spearman’s rank correlation
coefficient. For correlation calculations that included the number of challenges to infection as a variable,
monkeys that were not infected by the end of the challenge study were assigned the highest rank for
the number of challenges to infection. The number of infections per SHIV challenge was used to estimate
the per-challenge probability of infection. Kaplan-Meier curves were created to estimate the distributions
of the number of challenges to infection for both passively immunized and control groups. The
distributions of the number of challenges to infection were compared between the passively immunized
and control groups by using a log-rank test; monkeys not infected by the end of the challenge study
were treated as right censored (84–86). All hypothesis testing utilized exact P values and was two tailed.
Statistical analysis was performed with GraphPad Prism v7 (GraphPad Software, Inc., La Jolla, CA) and R
statistical software v3.3.0 (R Project for Statistical Computing, Vienna, Austria).

Data availability. In accordance with the NIH Public Access Policy (NOT-OD-08-033), all investigators
will submit an electronic version of their final peer-reviewed work to the National Library of Medicine
PubMed Central to be made publicly available no later than 12 months after the official date of
publication. In addition, unpublished data and the associated information will be made available via
Excel databases or SAS files (as appropriate for the data) to others after publication under a data-sharing
plan that provides that (i) data can only be used for research purposes, (ii) data must be secured by using
appropriate computer technology, (iii) data must be destroyed or returned after analyses are completed,
(iv) data may not be transferred to a third party, and (v) the source of the data set must be acknowledged
in any publications or public presentations. Upon request, we will make the raw data, as well as tables
and graphs generated from the data, available to the scientific community.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
mSphere.00505-17.

FIG S1, TIF file, 0.5 MB.
FIG S2, TIF file, 0.6 MB.
TABLE S1, PDF file, 0.1 MB.
TABLE S2, PDF file, 0.1 MB.

Maternal Vaccination to Prevent Oral HIV-1 Acquisition

January/February 2018 Volume 3 Issue 1 e00505-17 msphere.asm.org 17

https://doi.org/10.1128/mSphere.00505-17
https://doi.org/10.1128/mSphere.00505-17
msphere.asm.org


ACKNOWLEDGMENTS
We thank Carolyn Weinbaum for her assistance with study coordination. We thank

also Jennifer Watanabe; Jodie Usachenko; Sasha Tangherian; Colony Services; and the
Pathology, Veterinary, and Clinical Laboratory staff of the CNPRC for expert technical
assistance. We thank Neelima Choudhary and Ryan Tuck for sample processing and
technical assistance. We thank the WNPRC for the genotyping services they provided.
We also thank Leidos Biomedical Research, Inc., for conducting VL tests. Protein
antigens for BAMAs and ELISAs were generously provided by Kevin Saunders and
Barton Haynes. We thank artist Kathy West for the illustrations of maternal and infant
rhesus macaques in Fig. 1.

Production of the antigens was supported by NIH NIAID Division of AIDS UM1 grant
AI100645 for the Center for HIV/AIDS Vaccine Immunology-Immunogen Discovery
(CHAVI-ID). This study was supported by the National Institute of Allergy and Infectious
Diseases of the National Institutes of Health (1P01A117915) and by the Office of
Research Infrastructure Programs/OD (P51OD011107). We are also thankful for statis-
tical support for this study provided by the Center for AIDS Research at the University
of North Carolina at Chapel Hill, an NIH-funded program (P30 AI50410). The funders had
no role in study design, data collection and interpretation, or the decision to submit the
work for publication. The content is solely the responsibility of the authors and does
not necessarily represent the official views of the National Institutes of Health.

S.R.P., K.D.P., and K.K.A.V.R. designed the study. K.K.A.V.R. was responsible for all
animal procedures, including titration of SHIV1157ipd3N4, immunizations, inoculation,
and specimen collection. D.J.P. produced the MVA expressing the HIV-1 Env 1086.C
gp120-encoding gene. M.L.D. performed ELISAs and BAMAs to assess vaccine-elicited
Ab responses in plasma and breast milk under the oversight of G.G.F. M.E.P. charac-
terized the Ab isotype composition of breast milk by ELISA under the oversight of
S.R.P. J.A.E. performed neutralization assays with TZM-bl cells under the oversight of
S.R.P. P.A.K. analyzed mucosal Ab responses in stool and saliva samples. T.N.H. and J.J.P.
performed ADCC assays under the oversight of G.F. Infant samples were processed and
analyzed by flow cytometry by B.L.P. under the oversight of K.D.P. Statistical analysis
was performed by C.P.B. and M.G.H. R.W.W. analyzed the MHC class I and TRIM5�

genotypes. The manuscript was written by J.A.E., B.L.P., C.P.B., R.W.W., J.J.P., G.G.F., G.F.,
P.A.K., K.K.A.V.R., K.D.P., and S.R.P.

REFERENCES
1. UNAIDS. 2016. Children and HIV: fact sheet. UNAIDS, Joint United Nations

Programme on HIV/AIDS, Geneva, Switzerland. http://www.aidsdatahub
.org/sites/default/files/publication/UNAIDS_FactSheet_Children_2016.pdf.

2. Shapiro RL, Hughes MD, Ogwu A, Kitch D, Lockman S, Moffat C,
Makhema J, Moyo S, Thior I, McIntosh K, van Widenfelt E, Leidner J,
Powis K, Asmelash A, Tumbare E, Zwerski S, Sharma U, Handelsman E,
Mburu K, Jayeoba O, Moko E, Souda S, Lubega E, Akhtar M, Wester C,
Tuomola R, Snowden W, Martinez-Tristani M, Mazhani L, Essex M. 2010.
Antiretroviral regimens in pregnancy and breast-feeding in Botswana. N
Engl J Med 362:2282–2294. https://doi.org/10.1056/NEJMoa0907736.

3. Ngarina M, Popenoe R, Kilewo C, Biberfeld G, Ekstrom AM. 2013. Reasons
for poor adherence to antiretroviral therapy postnatally in HIV-1 infected
women treated for their own health: experiences from the Mitra Plus
study in Tanzania. BMC Public Health 13:450. https://doi.org/10.1186/
1471-2458-13-450.

4. WHO. 2014. Global update on the health sector response to HIV, 2014, p
168. World Health Organization, Geneva, Switzerland. http://apps.who.int/
iris/bitstream/10665/128494/1/9789241507585_eng.pdf?ua�1.

5. Munoz FM, Englund JA. 2000. A step ahead. Infant protection through
maternal immunization. Pediatr Clin North Am 47:449 – 463. https://doi
.org/10.1016/S0031-3955(05)70217-0.

6. Omer SB. 2017. Maternal immunization. N Engl J Med 376:1256 –1267.
https://doi.org/10.1056/NEJMra1509044.

7. Omer SB, Richards JL, Madhi SA, Tapia MD, Steinhoff MC, Aqil AR,
Wairagkar N, BMGF Supported Maternal Influenza Immunization Trials
Investigators Group. 2015. Three randomized trials of maternal influenza

immunization in Mali, Nepal, and South Africa: methods and expecta-
tions. Vaccine 33:3801–3812. https://doi.org/10.1016/j.vaccine.2015.05
.077.

8. Zaman K, Roy E, Arifeen SE, Rahman M, Raqib R, Wilson E, Omer SB,
Shahid NS, Breiman RF, Breiman RE, Steinhoff MC. 2008. Effectiveness of
maternal influenza immunization in mothers and infants. N Engl J Med
359:1555–1564. https://doi.org/10.1056/NEJMoa0708630.

9. Centers for Disease Control and Prevention (CDC). 2013. Updated rec-
ommendations for use of tetanus toxoid, reduced diphtheria toxoid, and
acellular pertussis vaccine (Tdap) in pregnant women—Advisory Com-
mittee on Immunization Practices (ACIP), 2012. MMWR Morb Mortal
Wkly Rep 62:131–135. https://www.cdc.gov/mmwr/preview/mmwrhtml/
mm6207a4.htm.

10. England PH. 2016. Vaccination against pertussis (whooping cough) for
pregnant women-2016: information for health care professionals. Public
Health England, Nottingham, United Kingdom. https://www.gov.uk
/government/uploads/system/uploads/attachment_data/file
/529956/FV_JUNE_2016_PHE_pertussis_in_pregnancy_information
_for_HP_.pdf.

11. England PH. 2014. Whooping cough vaccination programme for preg-
nant women: extension to 2014. Public Health England, Nottingham,
United Kingdom. https://www.gov.uk/government/uploads/system
/uploads/attachment_data/file/197839/130510_Pertussis_continuation
_letter_FINAL.pdf.

12. Chu HY, Englund JA. 2014. Maternal immunization. Clin Infect Dis 59:
560 –568. https://doi.org/10.1093/cid/ciu327.

Eudailey et al.

January/February 2018 Volume 3 Issue 1 e00505-17 msphere.asm.org 18

http://www.aidsdatahub.org/sites/default/files/publication/UNAIDS_FactSheet_Children_2016.pdf
http://www.aidsdatahub.org/sites/default/files/publication/UNAIDS_FactSheet_Children_2016.pdf
https://doi.org/10.1056/NEJMoa0907736
https://doi.org/10.1186/1471-2458-13-450
https://doi.org/10.1186/1471-2458-13-450
http://apps.who.int/iris/bitstream/10665/128494/1/9789241507585_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/128494/1/9789241507585_eng.pdf?ua=1
https://doi.org/10.1016/S0031-3955(05)70217-0
https://doi.org/10.1016/S0031-3955(05)70217-0
https://doi.org/10.1056/NEJMra1509044
https://doi.org/10.1016/j.vaccine.2015.05.077
https://doi.org/10.1016/j.vaccine.2015.05.077
https://doi.org/10.1056/NEJMoa0708630
https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6207a4.htm
https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6207a4.htm
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/529956/FV_JUNE_2016_PHE_pertussis_in_pregnancy_information_for_HP_.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/529956/FV_JUNE_2016_PHE_pertussis_in_pregnancy_information_for_HP_.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/529956/FV_JUNE_2016_PHE_pertussis_in_pregnancy_information_for_HP_.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/529956/FV_JUNE_2016_PHE_pertussis_in_pregnancy_information_for_HP_.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/197839/130510_Pertussis_continuation_letter_FINAL.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/197839/130510_Pertussis_continuation_letter_FINAL.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/197839/130510_Pertussis_continuation_letter_FINAL.pdf
https://doi.org/10.1093/cid/ciu327
msphere.asm.org


13. Tapia MD, Sow SO, Tamboura B, Tégueté I, Pasetti MF, Kodio M, On-
wuchekwa U, Tennant SM, Blackwelder WC, Coulibaly F, Traoré A, Keita
AM, Haidara FC, Diallo F, Doumbia M, Sanogo D, DeMatt E, Schluterman
NH, Buchwald A, Kotloff KL, Chen WH, Orenstein EW, Orenstein LAV,
Villanueva J, Bresee J, Treanor J, Levine MM. 2016. Maternal immunisa-
tion with trivalent inactivated influenza vaccine for prevention of influ-
enza in infants in Mali: a prospective, active-controlled, observer-blind,
randomised phase 4 trial. Lancet Infect Dis 16:1026 –1035. https://doi
.org/10.1016/S1473-3099(16)30054-8.

14. Madhi SA, Cutland CL, Kuwanda L, Weinberg A, Hugo A, Jones S, Adrian
PV, van Niekerk N, Treurnicht F, Ortiz JR, Venter M, Violari A, Neuzil KM,
Simões EA, Klugman KP, Nunes MC, Maternal Flu Trial (Matflu) Team.
2014. Influenza vaccination of pregnant women and protection of their
infants. N Engl J Med 371:918 –931. https://doi.org/10.1056/NEJMoa
1401480.

15. Steinhoff M, Tielsch J, Katz J, Englund J, Kuypers J, Khatry S, Leclerq
SC, Shrestha L. 2015. Evaluation of year-round maternal influenza
immunization in tropical SE Asia: a placebo-controlled randomized
trial. Open Forum Infect Dis 2:1898 –1898. https://doi.org/10.1093/ofid/
ofv133.1445.

16. Amirthalingam G, Andrews N, Campbell H, Ribeiro S, Kara E, Donegan K,
Fry NK, Miller E, Ramsay M. 2014. Effectiveness of maternal pertussis
vaccination in England: an observational study. Lancet 384:1521–1528.
https://doi.org/10.1016/S0140-6736(14)60686-3.

17. Dabrera G, Amirthalingam G, Andrews N, Campbell H, Ribeiro S, Kara E,
Fry NK, Ramsay M. 2015. A case-control study to estimate the effective-
ness of maternal pertussis vaccination in protecting newborn infants in
England and Wales, 2012–2013. Clin Infect Dis 60:333–337. https://doi
.org/10.1093/cid/ciu821.

18. Anonymous. 2013. ACOG Committee opinion no. 566: update on immu-
nization and pregnancy: tetanus, diphtheria, and pertussis vaccination.
Obstet Gynecol 121:1411–1414. https://doi.org/10.1097/01.AOG.000043
1054.33593.e3.

19. Centers for Disease Control and Prevention’s Advisory Committee on
Immunization, United States, American College of Obstetricians and
Gynecologists. 2014. Committee opinion no. 608: influenza vaccination
during pregnancy. Obstet Gynecol 124:648–651. https://doi.org/10.1097/
01.AOG.0000453599.11566.11.

20. Kharbanda EO, Vazquez-Benitez G, Lipkind HS, Klein NP, Cheetham TC,
Naleway A, Omer SB, Hambidge SJ, Lee GM, Jackson ML, McCarthy NL,
DeStefano F, Nordin JD. 2014. Evaluation of the association of maternal
pertussis vaccination with obstetric events and birth outcomes. JAMA
312:1897–1904. https://doi.org/10.1001/jama.2014.14825.

21. Sukumaran L, McCarthy NL, Kharbanda EO, McNeil MM, Naleway AL,
Klein NP, Jackson ML, Hambidge SJ, Lugg MM, Li R, Weintraub ES,
Bednarczyk RA, King JP, DeStefano F, Orenstein WA, Omer SB. 2015.
Association of Tdap vaccination with acute events and adverse birth
outcomes among pregnant women with prior tetanus-containing im-
munizations. JAMA 314:1581–1587. https://doi.org/10.1001/jama.2015
.12790.

22. Sukumaran L, McCarthy NL, Kharbanda EO, Weintraub ES, Vazquez-
Benitez G, McNeil MM, Li R, Klein NP, Hambidge SJ, Naleway AL, Lugg
MM, Jackson ML, King JP, DeStefano F, Omer SB, Orenstein WA. 2015.
Safety of tetanus toxoid, reduced diphtheria toxoid, and acellular per-
tussis and influenza vaccinations in pregnancy. Obstet Gynecol 126:
1069 –1074. https://doi.org/10.1097/AOG.0000000000001066.

23. Permar SR, Fong Y, Vandergrift N, Fouda GG, Gilbert P, Parks R, Jaeger
FH, Pollara J, Martelli A, Liebl BE, Lloyd K, Yates NL, Overman RG, Shen
X, Whitaker K, Chen H, Pritchett J, Solomon E, Friberg E, Marshall DJ,
Whitesides JF, Gurley TC, Von Holle T, Martinez DR, Cai F, Kumar A, Xia
SM, Lu X, Louzao R, Wilkes S, Datta S, Sarzotti-Kelsoe M, Liao HX, Ferrari
G, Alam SM, Montefiori DC, Denny TN, Moody MA, Tomaras GD, Gao F,
Haynes BF. 2015. Maternal HIV-1 envelope-specific antibody responses
and reduced risk of perinatal transmission. J Clin Invest 125:2702–2706.
https://doi.org/10.1172/JCI81593.

24. Rossi P, Moschese V, Broliden PA, Fundaró C, Quinti I, Plebani A, Gi-
aquinto C, Tovo PA, Ljunggren K, Rosen J, Wigzell H, Jondal M, Wahren
B. 1989. Presence of maternal antibodies to human immunodeficiency
virus 1 envelope glycoprotein gp120 epitopes correlates with the unin-
fected status of children born to seropositive mothers. Proc Natl Acad
Sci U S A 86:8055– 8058. https://doi.org/10.1073/pnas.86.20.8055.

25. Pollara J, McGuire E, Fouda GG, Rountree W, Eudailey J, Overman RG,
Seaton KE, Deal A, Edwards RW, Tegha G, Kamwendo D, Kumwenda J,
Nelson JA, Liao HX, Brinkley C, Denny TN, Ochsenbauer C, Ellington S,

King CC, Jamieson DJ, van der Horst C, Kourtis AP, Tomaras GD, Ferrari
G, Permar SR. 2015. Association of HIV-1 envelope-specific breast milk
IgA responses with reduced risk of postnatal mother-to-child transmis-
sion of HIV-1. J Virol 89:9952–9961. https://doi.org/10.1128/JVI.01560-15.

26. Van de Perre P. 2003. Transfer of antibody via mother’s milk. Vaccine
21:3374 –3376. https://doi.org/10.1016/S0264-410X(03)00336-0.

27. Fouda GG, Yates NL, Pollara J, Shen X, Overman GR, Mahlokozera T, Wilks
AB, Kang HH, Salazar-Gonzalez JF, Salazar MG, Kalilani L, Meshnick SR,
Hahn BH, Shaw GM, Lovingood RV, Denny TN, Haynes B, Letvin NL,
Ferrari G, Montefiori DC, Tomaras GD, Permar SR, Center for HIV/AIDS
Vaccine Immunology. 2011. HIV-specific functional antibody responses
in breast milk mirror those in plasma and are primarily mediated by IgG
antibodies. J Virol 85:9555–9567. https://doi.org/10.1128/JVI.05174-11.

28. Kuhn L, Trabattoni D, Kankasa C, Sinkala M, Lissoni F, Ghosh M, Al-
drovandi G, Thea D, Clerici M. 2006. HIV-specific secretory IgA in breast
milk of HIV-positive mothers is not associated with protection against
HIV transmission among breast-fed infants. J Pediatr 149:611– 616.
https://doi.org/10.1016/j.jpeds.2006.06.017.

29. Lü FX. 2000. Predominate HIV1-specific IgG activity in various mucosal
compartments of HIV1-infected individuals. Clin Immunol 97:59 – 68.
https://doi.org/10.1006/clim.2000.4910.

30. Mabuka J, Nduati R, Odem-Davis K, Peterson D, Overbaugh J. 2012.
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 8:e1002739. https://doi.org/10.1371/journal
.ppat.1002739.

31. Wright PF, Lambert JS, Gorse GJ, Hsieh RH, McElrath MJ, Weinhold K,
Wara DW, Anderson EL, Keefer MC, Jackson S, Wagner LJ, Francis DP,
Fast PE, McNamara J. 1999. Immunization with envelope MN rgp120
vaccine in human immunodeficiency virus-infected pregnant women. J
Infect Dis 180:1080 –1088. https://doi.org/10.1086/314985.

32. Fouda GG, Amos JD, Wilks AB, Pollara J, Ray CA, Chand A, Kunz EL, Liebl
BE, Whitaker K, Carville A, Smith S, Colvin L, Pickup DJ, Staats HF,
Overman G, Eutsey-Lloyd K, Parks R, Chen H, Labranche C, Barnett S,
Tomaras GD, Ferrari G, Montefiori DC, Liao HX, Letvin NL, Haynes BF,
Permar SR. 2013. Mucosal immunization of lactating female rhesus
monkeys with a transmitted/founder HIV-1 envelope induces strong
Env-specific IgA antibody responses in breast milk. J Virol 87:6986 – 6999.
https://doi.org/10.1128/JVI.00528-13.

33. Liao HX, Tsao CY, Alam SM, Muldoon M, Vandergrift N, Ma BJ, Lu X,
Sutherland LL, Scearce RM, Bowman C, Parks R, Chen H, Blinn JH,
Lapedes A, Watson S, Xia SM, Foulger A, Hahn BH, Shaw GM, Swanstrom
R, Montefiori DC, Gao F, Haynes BF, Korber B. 2013. Antigenicity and
immunogenicity of transmitted/founder, consensus, and chronic enve-
lope glycoproteins of human immunodeficiency virus type 1. J Virol
87:4185– 4201. https://doi.org/10.1128/JVI.02297-12.

34. Nelson CS, Pollara J, Kunz EL, Jeffries TL, Jr., Duffy R, Beck C, Stamper L,
Wang M, Shen X, Pickup DJ, Staats HF, Hudgens MG, Kepler TB, Monte-
fiori DC, Moody MA, Tomaras GD, Liao HX, Haynes BF, Ferrari G, Fouda
GG, Permar SR. 2016. Combined HIV-1 envelope systemic and mucosal
immunization of lactating rhesus monkeys induces a robust immuno-
globulin A isotype B cell response in breast milk. J Virol 90:4951– 4965.
https://doi.org/10.1128/JVI.00335-16.

35. Telemo E, Hanson LA. 1996. Antibodies in milk. J Mammary Gland Biol
Neoplasia 1:243–249. https://doi.org/10.1007/BF02018077.

36. Goldman AS, Garza C, Nichols BL, Goldblum RM. 1982. Immunologic
factors in human milk during the first year of lactation. J Pediatr 100:
563–567. https://doi.org/10.1016/S0022-3476(82)80753-1.

37. Palmeira P, Quinello C, Silveira-Lessa AL, Zago CA, Carneiro-Sampaio M.
2012. IgG placental transfer in healthy and pathological pregnancies.
Clin Dev Immunol 2012:985646. https://doi.org/10.1155/2012/985646.

38. Jensen K, Nabi R, Van Rompay KK, Robichaux S, Lifson JD, Piatak M, Jr.,
Jacobs WR, Jr., Fennelly G, Canfield D, Mollan KR, Hudgens MG, Larsen
MH, Amedee AM, Kozlowski PA, De Paris K. 2016. Vaccine-elicited mu-
cosal and systemic antibody responses are associated with reduced
simian immunodeficiency viremia in infant rhesus macaques. J Virol
90:7285–7302. https://doi.org/10.1128/JVI.00481-16.

39. Giraldo-Vela JP, Rudersdorf R, Chung C, Qi Y, Wallace LT, Bimber B,
Borchardt GJ, Fisk DL, Glidden CE, Loffredo JT, Piaskowski SM, Furlott JR,
Morales-Martinez JP, Wilson NA, Rehrauer WM, Lifson JD, Carrington M,
Watkins DI. 2008. The major histocompatibility complex class II alleles
Mamu-DRB1*1003 and -DRB1*0306 are enriched in a cohort of simian
immunodeficiency virus-infected rhesus macaque elite controllers. J
Virol 82:859 – 870. https://doi.org/10.1128/JVI.01816-07.

Maternal Vaccination to Prevent Oral HIV-1 Acquisition

January/February 2018 Volume 3 Issue 1 e00505-17 msphere.asm.org 19

https://doi.org/10.1016/S1473-3099(16)30054-8
https://doi.org/10.1016/S1473-3099(16)30054-8
https://doi.org/10.1056/NEJMoa1401480
https://doi.org/10.1056/NEJMoa1401480
https://doi.org/10.1093/ofid/ofv133.1445
https://doi.org/10.1093/ofid/ofv133.1445
https://doi.org/10.1016/S0140-6736(14)60686-3
https://doi.org/10.1093/cid/ciu821
https://doi.org/10.1093/cid/ciu821
https://doi.org/10.1097/01.AOG.0000431054.33593.e3
https://doi.org/10.1097/01.AOG.0000431054.33593.e3
https://doi.org/10.1097/01.AOG.0000453599.11566.11
https://doi.org/10.1097/01.AOG.0000453599.11566.11
https://doi.org/10.1001/jama.2014.14825
https://doi.org/10.1001/jama.2015.12790
https://doi.org/10.1001/jama.2015.12790
https://doi.org/10.1097/AOG.0000000000001066
https://doi.org/10.1172/JCI81593
https://doi.org/10.1073/pnas.86.20.8055
https://doi.org/10.1128/JVI.01560-15
https://doi.org/10.1016/S0264-410X(03)00336-0
https://doi.org/10.1128/JVI.05174-11
https://doi.org/10.1016/j.jpeds.2006.06.017
https://doi.org/10.1006/clim.2000.4910
https://doi.org/10.1371/journal.ppat.1002739
https://doi.org/10.1371/journal.ppat.1002739
https://doi.org/10.1086/314985
https://doi.org/10.1128/JVI.00528-13
https://doi.org/10.1128/JVI.02297-12
https://doi.org/10.1128/JVI.00335-16
https://doi.org/10.1007/BF02018077
https://doi.org/10.1016/S0022-3476(82)80753-1
https://doi.org/10.1155/2012/985646
https://doi.org/10.1128/JVI.00481-16
https://doi.org/10.1128/JVI.01816-07
msphere.asm.org


40. Loffredo JT, Sidney J, Piaskowski S, Szymanski A, Furlott J, Rudersdorf R,
Reed J, Peters B, Hickman-Miller HD, Bardet W, Rehrauer WM, O’Connor DH,
Wilson NA, Hildebrand WH, Sette A, Watkins DI. 2005. The high frequency
Indian rhesus macaque MHC class I molecule, Mamu-B*01, does not appear
to be involved in CD8� T lymphocyte responses to SIVmac239. J Immunol
175:5986–5997. https://doi.org/10.4049/jimmunol.175.9.5986.

41. Evans DT, Knapp LA, Jing P, Mitchen JL, Dykhuizen M, Montefiori DC,
Pauza CD, Watkins DI. 1999. Rapid and slow progressors differ by a single
MHC class I haplotype in a family of MHC-defined rhesus macaques
infected with SIV. Immunol Lett 66:53–59. https://doi.org/10.1016/S0165
-2478(98)00151-5.

42. Mühl T, Krawczak M, Ten Haaft P, Hunsmann G, Sauermann U. 2002.
MHC class I alleles influence set-point viral load and survival time in
simian immunodeficiency virus-infected rhesus monkeys. J Immunol
169:3438 –3446. https://doi.org/10.4049/jimmunol.169.6.3438.

43. Mothé BR, Weinfurter J, Wang C, Rehrauer W, Wilson N, Allen TM, Allison
DB, Watkins DI. 2003. Expression of the major histocompatibility com-
plex class I molecule Mamu-A*01 is associated with control of simian
immunodeficiency virus SIVmac239 replication. J Virol 77:2736 –2740.
https://doi.org/10.1128/JVI.77.4.2736-2740.2003.

44. O’Connor DH, Mothe BR, Weinfurter JT, Fuenger S, Rehrauer WM, Jing P,
Rudersdorf RR, Liebl ME, Krebs K, Vasquez J, Dodds E, Loffredo J, Martin
S, McDermott AB, Allen TM, Wang C, Doxiadis GG, Montefiori DC, Hughes
A, Burton DR, Allison DB, Wolinsky SM, Bontrop R, Picker LJ, Watkins DI.
2003. Major histocompatibility complex class I alleles associated with
slow simian immunodeficiency virus disease progression bind epitopes
recognized by dominant acute-phase cytotoxic-T-lymphocyte re-
sponses. J Virol 77:9029 –9040. https://doi.org/10.1128/JVI.77.16.9029
-9040.2003.

45. Jensen K, Dela Pena-Ponce MG, Piatak M, Jr., Shoemaker R, Oswald K,
Jacobs WR, Jr., Fennelly G, Lucero C, Mollan KR, Hudgens MG, Amedee
A, Kozlowski PA, Estes JD, Lifson JD, Van Rompay KKA, Larsen M, De Paris
K. 2017. Balancing trained immunity with persistent immune activation
and the risk of simian immunodeficiency virus infection in infant ma-
caques vaccinated with attenuated Mycobacterium tuberculosis or Myco-
bacterium bovis BCG vaccine. Clin Vaccine Immunol 24:e00360. https://
doi.org/10.1128/CVI.00360-16.

46. Reynolds MR, Sacha JB, Weiler AM, Borchardt GJ, Glidden CE, Sheppard
NC, Norante FA, Castrovinci PA, Harris JJ, Robertson HT, Friedrich TC,
McDermott AB, Wilson NA, Allison DB, Koff WC, Johnson WE, Watkins DI.
2011. The TRIM5{alpha} genotype of rhesus macaques affects acquisition
of simian immunodeficiency virus SIVsmE660 infection after repeated
limiting-dose intrarectal challenge. J Virol 85:9637–9640. https://doi.org/
10.1128/JVI.05074-11.

47. Fenizia C, Keele BF, Nichols D, Cornara S, Binello N, Vaccari M, Pegu P,
Robert-Guroff M, Ma ZM, Miller CJ, Venzon D, Hirsch V, Franchini G. 2011.
TRIM5� does not affect simian immunodeficiency virus SIV(mac251)
replication in vaccinated or unvaccinated Indian rhesus macaques fol-
lowing intrarectal challenge exposure. J Virol 85:12399 –12409. https://
doi.org/10.1128/JVI.05707-11.

48. Kirmaier A, Wu F, Newman RM, Hall LR, Morgan JS, O’Connor S, Marx PA,
Meythaler M, Goldstein S, Buckler-White A, Kaur A, Hirsch VM, Johnson
WE. 2010. TRIM5 suppresses cross-species transmission of a primate
immunodeficiency virus and selects for emergence of resistant variants
in the new species. PLoS Biol 8:e1000462. https://doi.org/10.1371/
journal.pbio.1000462.

49. Lim SY, Chan T, Gelman RS, Whitney JB, O’Brien KL, Barouch DH, Gold-
stein DB, Haynes BF, Letvin NL. 2010. Contributions of Mamu-A*01 status
and TRIM5 allele expression, but not CCL3L copy number variation, to
the control of SIVmac251 replication in Indian-origin rhesus monkeys.
PLoS Genet 6:e1000997. https://doi.org/10.1371/journal.pgen.1000997.

50. Siddappa NB, Watkins JD, Wassermann KJ, Song R, Wang W, Kramer VG,
Lakhashe S, Santosuosso M, Poznansky MC, Novembre FJ, Villinger F,
Else JG, Montefiori DC, Rasmussen RA, Ruprecht RM. 2010. R5 clade C
SHIV strains with tier 1 or 2 neutralization sensitivity: tools to dissect env
evolution and to develop AIDS vaccines in primate models. PLoS One
5:e11689. https://doi.org/10.1371/journal.pone.0011689.

51. Zhang R, Alam SM, Yu JS, Scearce R, Lockwood B, Hwang KK, Parks R,
Permar S, Brandtzaeg P, Haynes BF, Liao HX. 2016. Novel monoclonal
antibodies for studies of human and rhesus macaque secretory compo-
nent and human J-chain. Monoclon Antib Immunodiagn Immunother
35:217–226. https://doi.org/10.1089/mab.2016.0014.

52. Challacombe SJ, Russell MW. 1979. Estimation of the intravascular half-

lives of normal rhesus monkey IgG, IgA and IgM. Immunology 36:
331–338.

53. Ferrantelli F, Rasmussen RA, Buckley KA, Li PL, Wang T, Montefiori DC,
Katinger H, Stiegler G, Anderson DC, McClure HM, Ruprecht RM. 2004.
Complete protection of neonatal rhesus macaques against oral exposure
to pathogenic simian-human immunodeficiency virus by human anti-
HIV monoclonal antibodies. J Infect Dis 189:2167–2173. https://doi.org/
10.1086/420833.

54. Hurst SA, Appelgren KE, Kourtis AP. 2015. Prevention of mother-to-
child transmission of HIV type 1: the role of neonatal and infant
prophylaxis. Expert Rev Anti Infect Ther 13:169 –181. https://doi.org/10
.1586/14787210.2015.999667.

55. Bispo S, Chikhungu L, Rollins N, Siegfried N, Newell ML. 2017. Postnatal
HIV transmission in breastfed infants of HIV-infected women on ART: a
systematic review and meta-analysis. J Int AIDS Soc 20:21251. https://
doi.org/10.7448/IAS.20.1.21251.

56. Smith MM, Kuhn L. 2000. Exclusive breast-feeding: does it have the
potential to reduce breast-feeding transmission of HIV-1? Nutr Rev
58:333–340. https://doi.org/10.1111/j.1753-4887.2000.tb01830.x.

57. Coovadia HM, Rollins NC, Bland RM, Little K, Coutsoudis A, Bennish ML,
Newell ML. 2007. Mother-to-child transmission of HIV-1 infection during
exclusive breastfeeding in the first 6 months of life: an intervention
cohort study. Lancet 369:1107–1116. https://doi.org/10.1016/S0140-6736
(07)60283-9.

58. Hessell AJ, Jaworski JP, Epson E, Matsuda K, Pandey S, Kahl C, Reed J,
Sutton WF, Hammond KB, Cheever TA, Barnette PT, Legasse AW, Planer
S, Stanton JJ, Pegu A, Chen X, Wang K, Siess D, Burke D, Park BS, Axthelm
MK, Lewis A, Hirsch VM, Graham BS, Mascola JR, Sacha JB, Haigwood NL.
2016. Early short-term treatment with neutralizing human monoclonal
antibodies halts SHIV infection in infant macaques. Nat Med 22:362–368.
https://doi.org/10.1038/nm.4063.

59. National Research Council. 2011. Guide for the care and use of labora-
tory animals, 8th ed. National Academies Press, Washington, DC.

60. Moody MA, Santra S, Vandergrift NA, Sutherland LL, Gurley TC, Drinker
MS, Allen AA, Xia SM, Meyerhoff RR, Parks R, Lloyd KE, Easterhoff D, Alam
SM, Liao HX, Ward BM, Ferrari G, Montefiori DC, Tomaras GD, Seder RA,
Letvin NL, Haynes BF. 2014. Toll-like receptor 7/8 (TLR7/8) and TLR9
agonists cooperate to enhance HIV-1 envelope antibody responses in
rhesus macaques. J Virol 88:3329 –3339. https://doi.org/10.1128/JVI
.03309-13.

61. McLellan JS, Chen M, Joyce MG, Sastry M, Stewart-Jones GB, Yang Y,
Zhang B, Chen L, Srivatsan S, Zheng A, Zhou T, Graepel KW, Kumar A,
Moin S, Boyington JC, Chuang GY, Soto C, Baxa U, Bakker AQ, Spits H,
Beaumont T, Zheng Z, Xia N, Ko SY, Todd JP, Rao S, Graham BS, Kwong
PD. 2013. Structure-based design of a fusion glycoprotein vaccine for
respiratory syncytial virus. Science 342:592–598. https://doi.org/10.1126/
science.1243283.

62. Song RJ, Chenine AL, Rasmussen RA, Ruprecht CR, Mirshahidi S, Grisson
RD, Xu W, Whitney JB, Goins LM, Ong H, Li PL, Shai-Kobiler E, Wang T,
McCann CM, Zhang H, Wood C, Kankasa C, Secor WE, McClure HM,
Strobert E, Else JG, Ruprecht RM. 2006. Molecularly cloned SHIV-
1157ipd3N4: a highly replication-competent, mucosally transmissible R5
simian-human immunodeficiency virus encoding HIV clade C Env. J Virol
80:8729 – 8738. https://doi.org/10.1128/JVI.00558-06.

63. Sarzotti-Kelsoe M, Bailer RT, Turk E, Lin CL, Bilska M, Greene KM, Gao H,
Todd CA, Ozaki DA, Seaman MS, Mascola JR, Montefiori DC. 2014.
Optimization and validation of the TZM-bl assay for standardized as-
sessments of neutralizing antibodies against HIV-1. J Immunol Methods
409:131–146. https://doi.org/10.1016/j.jim.2013.11.022.

64. Kourtis AP, Butera S, Ibegbu C, Belec L, Duerr A. 2003. Breast milk and
HIV-1: vector of transmission or vehicle of protection? Lancet Infect Dis
3:786 –793. https://doi.org/10.1016/S1473-3099(03)00832-6.

65. Van Rompay KK, Jayashankar K. 2012. Animal models of HIV transmission
through breastfeeding and pediatric HIV infection. Adv Exp Med Biol
743:89 –108. https://doi.org/10.1007/978-1-4614-2251-8_7.

66. Amedee AM, Rychert J, Lacour N, Fresh L, Ratterree M. 2004. Viral and
immunological factors associated with breast milk transmission of SIV in
rhesus macaques. Retrovirology 1:17. https://doi.org/10.1186/1742-4690
-1-17.

67. Amedee AM, Lacour N, Ratterree M. 2003. Mother-to-infant transmission
of SIV via breast-feeding in rhesus macaques. J Med Primatol 32:
187–193. https://doi.org/10.1034/j.1600-0684.2003.00024.x.

68. Marthas ML, Van Rompay KK, Abbott Z, Earl P, Buonocore-Buzzelli L,
Moss B, Rose NF, Rose JK, Kozlowski PA, Abel K. 2011. Partial efficacy of

Eudailey et al.

January/February 2018 Volume 3 Issue 1 e00505-17 msphere.asm.org 20

https://doi.org/10.4049/jimmunol.175.9.5986
https://doi.org/10.1016/S0165-2478(98)00151-5
https://doi.org/10.1016/S0165-2478(98)00151-5
https://doi.org/10.4049/jimmunol.169.6.3438
https://doi.org/10.1128/JVI.77.4.2736-2740.2003
https://doi.org/10.1128/JVI.77.16.9029-9040.2003
https://doi.org/10.1128/JVI.77.16.9029-9040.2003
https://doi.org/10.1128/CVI.00360-16
https://doi.org/10.1128/CVI.00360-16
https://doi.org/10.1128/JVI.05074-11
https://doi.org/10.1128/JVI.05074-11
https://doi.org/10.1128/JVI.05707-11
https://doi.org/10.1128/JVI.05707-11
https://doi.org/10.1371/journal.pbio.1000462
https://doi.org/10.1371/journal.pbio.1000462
https://doi.org/10.1371/journal.pgen.1000997
https://doi.org/10.1371/journal.pone.0011689
https://doi.org/10.1089/mab.2016.0014
https://doi.org/10.1086/420833
https://doi.org/10.1086/420833
https://doi.org/10.1586/14787210.2015.999667
https://doi.org/10.1586/14787210.2015.999667
https://doi.org/10.7448/IAS.20.1.21251
https://doi.org/10.7448/IAS.20.1.21251
https://doi.org/10.1111/j.1753-4887.2000.tb01830.x
https://doi.org/10.1016/S0140-6736(07)60283-9
https://doi.org/10.1016/S0140-6736(07)60283-9
https://doi.org/10.1038/nm.4063
https://doi.org/10.1128/JVI.03309-13
https://doi.org/10.1128/JVI.03309-13
https://doi.org/10.1126/science.1243283
https://doi.org/10.1126/science.1243283
https://doi.org/10.1128/JVI.00558-06
https://doi.org/10.1016/j.jim.2013.11.022
https://doi.org/10.1016/S1473-3099(03)00832-6
https://doi.org/10.1007/978-1-4614-2251-8_7
https://doi.org/10.1186/1742-4690-1-17
https://doi.org/10.1186/1742-4690-1-17
https://doi.org/10.1034/j.1600-0684.2003.00024.x
msphere.asm.org


a VSV-SIV/MVA-SIV vaccine regimen against oral SIV challenge in infant
macaques. Vaccine 29:3124–3137. https://doi.org/10.1016/j.vaccine.2011.02
.051.

69. Kozlowski PA, Lynch RM, Patterson RR, Cu-Uvin S, Flanigan TP, Neutra
MR. 2000. Modified wick method using Weck-Cel sponges for collec-
tion of human rectal secretions and analysis of mucosal HIV antibody.
J Acquir Immune Defic Syndr 24:297–309. https://doi.org/10.1097/
00042560-200008010-00001.

70. Jensen K, Pena MG, Wilson RL, Ranganathan UD, Jacobs WR, Jr., Fennelly
G, Larsen M, Van Rompay KK, Kozlowski PA, Abel K. 2013. A neonatal oral
Mycobacterium tuberculosis-SIV prime/intramuscular MVA-SIV boost
combination vaccine induces both SIV and Mtb-specific immune re-
sponses in infant macaques. Trials Vaccinol 2:53– 63. https://doi.org/10
.1016/j.trivac.2013.09.005.

71. Phillips B, Fouda GG, Eudailey J, Pollara J, Curtis AD, II, Kunz E, Dennis M,
Shen X, Bay C, Hudgens M, Pickup D, Alam SM, Ardeshir A, Kozlowski PA,
Van Rompay KKA, Ferrari G, Moody MA, Permar S, De Paris K. 2017.
Impact of poxvirus vector priming, protein co-administration, and vac-
cine intervals on HIV gp120 vaccine-elicited antibody magnitude and
function in infant macaques. Clin Vaccine Immunol 24:e00231-17.
https://doi.org/10.1128/CVI.00231-17.

72. Wang SW, Kozlowski PA, Schmelz G, Manson K, Wyand MS, Glickman R,
Montefiori D, Lifson JD, Johnson RP, Neutra MR, Aldovini A. 2000.
Effective induction of simian immunodeficiency virus-specific systemic
and mucosal immune responses in primates by vaccination with proviral
DNA producing intact but noninfectious virions. J Virol 74:10514 –10522.
https://doi.org/10.1128/JVI.74.22.10514-10522.2000.

73. Tomaras GD, Yates NL, Liu P, Qin L, Fouda GG, Chavez LL, Decamp AC,
Parks RJ, Ashley VC, Lucas JT, Cohen M, Eron J, Hicks CB, Liao HX, Self SG,
Landucci G, Forthal DN, Weinhold KJ, Keele BF, Hahn BH, Greenberg ML,
Morris L, Karim SS, Blattner WA, Montefiori DC, Shaw GM, Perelson AS,
Haynes BF. 2008. Initial B-cell responses to transmitted human immu-
nodeficiency virus type 1: virion-binding immunoglobulin M (IgM) and
IgG antibodies followed by plasma anti-gp41 antibodies with ineffective
control of initial viremia. J Virol 82:12449 –12463. https://doi.org/10
.1128/JVI.01708-08.

74. Fouda GG, Eudailey J, Kunz EL, Amos JD, Liebl BE, Himes J, Boakye-
Agyeman F, Beck K, Michaels AJ, Cohen-Wolkowiez M, Haynes BF,
Reimann KA, Permar SR. 2017. Systemic administration of an HIV-1
broadly neutralizing dimeric IgA yields mucosal secretory IgA and virus
neutralization. Mucosal Immunol 10:228 –237. https://doi.org/10.1038/
mi.2016.32.

75. Li M, Gao F, Mascola JR, Stamatatos L, Polonis VR, Koutsoukos M, Voss G,
Goepfert P, Gilbert P, Greene KM, Bilska M, Kothe DL, Salazar-Gonzalez
JF, Wei X, Decker JM, Hahn BH, Montefiori DC. 2005. Human immuno-
deficiency virus type 1 env clones from acute and early subtype B
infections for standardized assessments of vaccine-elicited neutralizing
antibodies. J Virol 79:10108 –10125. https://doi.org/10.1128/JVI.79.16
.10108-10125.2005.

76. Montefiori DC. 2009. Measuring HIV neutralization in a luciferase re-
porter gene assay. Methods Mol Biol 485:395– 405. https://doi.org/10
.1007/978-1-59745-170-3_26.

77. Trkola A, Matthews J, Gordon C, Ketas T, Moore JP. 1999. A cell line-
based neutralization assay for primary human immunodeficiency virus
type 1 isolates that use either the CCR5 or the CXCR4 coreceptor. J Virol
73:8966 – 8974.

78. Pollara J, Hart L, Brewer F, Pickeral J, Packard BZ, Hoxie JA, Komoriya A,
Ochsenbauer C, Kappes JC, Roederer M, Huang Y, Weinhold KJ, Tomaras
GD, Haynes BF, Montefiori DC, Ferrari G. 2011. High-throughput quantita-
tive analysis of HIV-1 and SIV-specific ADCC-mediating antibody responses.
Cytometry A 79:603–612. https://doi.org/10.1002/cyto.a.21084.

79. Koene HR, Kleijer M, Algra J, Roos D, von dem Borne AE, de Haas M. 1997.
Fc gammaRIIIa-158V/F polymorphism influences the binding of IgG by
natural killer cell Fc gammaRIIIa, independently of the Fc gammaRIIIa-
48L/R/H phenotype. Blood 90:1109 –1114.

80. Bradley T, Pollara J, Santra S, Vandergrift N, Pittala S, Bailey-Kellogg C,
Shen X, Parks R, Goodman D, Eaton A, Balachandran H, Mach LV,
Saunders KO, Weiner JA, Scearce R, Sutherland LL, Phogat S, Tartaglia J,
Reed SG, Hu SL, Theis JF, Pinter A, Montefiori DC, Kepler TB, Peachman
KK, Rao M, Michael NL, Suscovich TJ, Alter G, Ackerman ME, Moody MA,
Liao HX, Tomaras G, Ferrari G, Korber BT, Haynes BF. 2017. Pentavalent
HIV-1 vaccine protects against simian-human immunodeficiency virus
challenge. Nat Commun 8:15711. https://doi.org/10.1038/ncomms
15711.

81. Edmonds TG, Ding H, Yuan X, Wei Q, Smith KS, Conway JA, Wieczorek L,
Brown B, Polonis V, West JT, Montefiori DC, Kappes JC, Ochsenbauer C.
2010. Replication competent molecular clones of HIV-1 expressing Re-
nilla luciferase facilitate the analysis of antibody inhibition in PBMC.
Virology 408:1–13. https://doi.org/10.1016/j.virol.2010.08.028.

82. Wiseman RW, Karl JA, Bohn PS, Nimityongskul FA, Starrett GJ, O’Connor
DH. 2013. Haplessly hoping: macaque major histocompatibility complex
made easy. ILAR J 54:196 –210. https://doi.org/10.1093/ilar/ilt036.

83. Newman RM, Hall L, Kirmaier A, Pozzi LA, Pery E, Farzan M, O’Neil SP,
Johnson W. 2008. Evolution of a TRIM5-CypA splice isoform in Old World
monkeys. PLoS Pathog 4:e1000003. https://doi.org/10.1371/journal.ppat
.1000003.

84. Hudgens MG, Gilbert PB. 2009. Assessing vaccine effects in repeated
low-dose challenge experiments. Biometrics 65:1223–1232. https://doi
.org/10.1111/j.1541-0420.2009.01189.x.

85. Hudgens MG, Gilbert PB, Mascola JR, Wu CD, Barouch DH, Self SG. 2009.
Power to detect the effects of HIV vaccination in repeated low-dose
challenge experiments. J Infect Dis 200:609 – 613. https://doi.org/10
.1086/600891.

86. Nolen TL, Hudgens MG, Senb PK, Koch GG. 2015. Analysis of repeated
low-dose challenge studies. Stat Med 34:1981–1992. https://doi.org/10
.1002/sim.6462.

Maternal Vaccination to Prevent Oral HIV-1 Acquisition

January/February 2018 Volume 3 Issue 1 e00505-17 msphere.asm.org 21

https://doi.org/10.1016/j.vaccine.2011.02.051
https://doi.org/10.1016/j.vaccine.2011.02.051
https://doi.org/10.1097/00042560-200008010-00001
https://doi.org/10.1097/00042560-200008010-00001
https://doi.org/10.1016/j.trivac.2013.09.005
https://doi.org/10.1016/j.trivac.2013.09.005
https://doi.org/10.1128/CVI.00231-17
https://doi.org/10.1128/JVI.74.22.10514-10522.2000
https://doi.org/10.1128/JVI.01708-08
https://doi.org/10.1128/JVI.01708-08
https://doi.org/10.1038/mi.2016.32
https://doi.org/10.1038/mi.2016.32
https://doi.org/10.1128/JVI.79.16.10108-10125.2005
https://doi.org/10.1128/JVI.79.16.10108-10125.2005
https://doi.org/10.1007/978-1-59745-170-3_26
https://doi.org/10.1007/978-1-59745-170-3_26
https://doi.org/10.1002/cyto.a.21084
https://doi.org/10.1038/ncomms15711
https://doi.org/10.1038/ncomms15711
https://doi.org/10.1016/j.virol.2010.08.028
https://doi.org/10.1093/ilar/ilt036
https://doi.org/10.1371/journal.ppat.1000003
https://doi.org/10.1371/journal.ppat.1000003
https://doi.org/10.1111/j.1541-0420.2009.01189.x
https://doi.org/10.1111/j.1541-0420.2009.01189.x
https://doi.org/10.1086/600891
https://doi.org/10.1086/600891
https://doi.org/10.1002/sim.6462
https://doi.org/10.1002/sim.6462
msphere.asm.org

	RESULTS
	Maternal i.m. MVA gp120 prime–i.m.-i.n. gp120 boost immunization strategy proves safe and elicits high levels of plasma IgG and milk IgA. 
	Breadth of maternal vaccine-elicited plasma and milk IgG/IgA responses elicited by HIV-1 Env i.m.-i.n. immunization. 
	Total and sIgA responses in milk elicited by HIV-1 Env i.m.-i.n. immunization. 
	Placental transfer of vaccine-elicited gp120-specific IgG at delivery is highly variable. 
	Correlation between maternal and infant vaccine-elicited anti-HIV-1 Abs at delivery. 
	Decline of passively transferred vaccine-elicited IgG in infant plasma. 
	Similar risk of oral SHIV infection for maternal HIV-1 Env vaccine-elicited IgG passively immunized and control infants. 
	Passively acquired binding and functional Ab responses in infants at the start of oral SHIV challenges do not correlate with the number of challenges to infection. 
	Mucosal 1086.C gp120-specific IgG and IgA in passively immunized infants shortly after birth did not correlate with the number of challenges to infection. 
	Similar Ab responses in passively Env-immunized and control infants at 8 weeks postinfection. 
	Direct correlation of activation status of infant systemic CD4+ T cells with the number of challenges to infection. 

	DISCUSSION
	MATERIALS AND METHODS
	Animal care and sample collection. 
	Maternal immunization regimen. 
	Preparation and titration of SHIV stock for infant oral challenge. 
	Blood and breast milk processing. 
	Stool and saliva IgG/IgA detection by ELISA. 
	Plasma IgG depletion. 
	BAMA. 
	Env-specific and total IgG/IgA concentration measurement by ELISA. 
	Milk HIV-1 Env-specific and total sIgA concentration measurement by ELISA. 
	Neutralization assays. 
	ADCC. 
	Plasma binding to the surface of HIV-1-infected cells. 
	Characterization of CD4+ T cell populations. 
	MHC class I and TRIM5 genotyping. 
	Statistical methods. 
	Data availability. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

