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Abstract
A better understanding of 1) maternal HIV Envelope (Env)-specific IgG
responses that are partially protective against vertical HIV transmission, and 2)
factors that mediate the transplacental transfer of maternal protective IgG is
needed to improve infant health in early life, in which maternal passivelyacquired IgG mediates protection against neonatal infections. To understand
maternal factors and IgG characteristics that mediate transplacental IgG transfer,
we examined transplacental transfer efficiency determinants of maternal HIV
and standard vaccine-antigen-specific IgG in a population of HIV-infected
women, which have disrupted transplacental IgG transfer. Our findings suggest
that maternal health factors and maternal IgG characteristics, such as binding to
placentally expressed Fc receptors, IgG subclass frequency, and Fc region glycan
profiles all mediate transplacental IgG transfer efficiency. We also identified
maternal linear variable loop 3 (V3)-specific IgG binding and neutralizing
responses targeting the C terminal region as partially protective against vertical
transmission of HIV. These novel findings provide a roadmap of maternal factors
and IgG characteristics as targets that can be harnessed to improve the
transplacental IgG transfer of routinely-administered maternal vaccines and
benchmarks for assessing maternal HIV vaccines that target the V3 loop.
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1. Introduction 1, 2, 3, 4
1.1 Mother to child transmission of HIV
Mother-to-child-transmission (MTCT) of HIV remains a major public
health world problem with more than 150,000 new infant infections continuing to
occur each year (1). Antiretroviral therapy (ART) treatment during pregnancy
has drastically reduced MTCT to low rates (2-4). Despite significant efforts to
increase ART availability to HIV-infected pregnant women in low and middleincome countries, as many as 49% of women do not attend the minimum
antenatal care visit (ANC) as defined by the World Health Organization, and up
to 65% of HIV-infected women from these areas that attend ANC visits do not
receive optimal ART treatments during pregnancy (5). While ART during
pregnancy has drastically reduced MTCT incidence, even under optimal
The information given in this chapter is reprinted with permission from Martinez D. R. et
al. Maternal Binding and Neutralizing IgG Responses Targeting the C-Terminal Region of
the V3 Loop Are Predictive of Reduced Peripartum HIV-1 Transmission Risk. Journal of
Virology. April 13th, 2017. It has been modified to meet the format requirements of this
dissertation.
2 The information given in this chapter is reprinted with permission from Martinez D. R. et
al. Noncanonical placental Fc receptors What is their role in modulating transplacental
transfer of maternal IgG? PLOS Pathogens. August 30th, 2018.
3 The information given in this chapter is reprinted with permission from Douglas A. D.,
Martinez D. R. et al. The Role of Maternal HIV Envelope-specific Antibodies in Mother-toChild Transmission Risk. Frontiers in Immunology. September 4th, 2017.
4 The information given in this chapter is reprinted with permission from Fouda GG,
Martinez D. R. et al. The Impact of IgG transplacental transfer on early immunity.
Immunohorizons. January 1st, 2018.
1
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prophylactic ART regimens pediatric HIV infections can still occur (2).
Furthermore, certain triple ART combinations administered during pregnancy
may have detrimental effects on infant health such as increased adverse
pregnancy outcomes, preterm delivery, and even infant death associated with
protease-containing ART (6). Thus, there is a pressing need to develop additional
strategies, such as immune-based treatments, that can synergize with ART
regimens to completely eliminate MTCT of HIV.

1.2 Challenges for eliminating MTCT of HIV
MTCT of HIV can occur via three distinct modes: during pregnancy
(antepartum), during labor and delivery (peripartum), and during breastfeeding
(postpartum). Challenges for the elimination of pediatric HIV infections include:
the lack of universal HIV testing in HIV-infected pregnant women, lack of
universal treatment to all HIV-infected pregnant women, and diagnosis of HIV
infection in late pregnancy (1, 7). Yet despite the wide success of maternal ART
treatment throughout pregnancy and prophylaxis at delivery in drastically
reducing MTCT of HIV to rates as low as 2%, several challenges with ART
remain. These challenges include limited ART availability and treatment in lowincome countries – where the majority of MTCT cases occur – ART-associated
2

infant toxicity, and poor maternal adherence to ART treatments (1). Therefore,
there is an urgent need to develop additional strategies that may synergize with
current ART treatments to eliminate MTCT of HIV. Yet only 30–40% of HIVexposed infants become infected, suggesting that maternal factors may be
partially protective against MTCT of HIV (7, 8). Potentially protective factors
could include maternal HIV Env-specific IgG responses. Therefore, investigating
the role of maternal Env-specific IgG responses will be critical for the design of a
maternal HIV vaccine.

1.3 MTCT risk factors and the role of maternal HIV Env-specific IgG responses
Established maternal risk factors of vertical HIV transmission include:
plasma viral load levels, peripheral CD4+ T cell count, delivery mode (caesareansection vs vaginal delivery), and infant gestational age at ART initiation (6, 9-12).
Yet, despite these risk factors, in the absence of ART, only up to 40% of HIVinfected women transmit the virus to their infant. This suggests the presence of
maternal immune factors that contribute to protection of the infant from HIV
acquisition. Maternal IgG is passively transferred across the placenta to the fetus
throughout the latter half of pregnancy and provides protection to the fetus
against infections during the first year of life (13-16). Despite the known
3

protective role of maternal passively acquired IgG against several neonatal
pathogens, the ability of maternal HIV Envelope (Env)-specific IgG to mediate
partial protection against MTCT of HIV remains unclear (17, 18). High levels of
maternal Env-specific IgG in non-transmitting women as compared to
transmitting women have been associated with reduced MTCT risk (19). In
addition, other studies reported higher amounts of neutralizing antibodies in
HIV-infected non-transmitting women compared to transmitting women (20-23).
Yet additional studies that evaluated maternal plasma neutralization breadth did
not confirm a role in MTCT risk (24-26). These opposing findings could be
because of inconsistent sample sizes across studies, unclear timing and mode of
infection, the testing of mother and infant samples with distinct collection times,
lack of control of established factors that are associated with MTCT, such as
peripheral CD4+ T cell count and maternal plasma viral load, maternal ART
treatment during pregnancy, and infant ART prophylaxis at delivery or during
breastfeeding (27, 28). Therefore, the role of maternal HIV Env-specific
neutralizing antibodies and transmission risk remain unclear.

1.4 Maternal humoral correlates of protection against MTCT of HIV

4

To better understand the role of maternal protective antibody responses
during MTCT, our group recently conducted a comprehensive maternal humoral
correlates of protection study of MTCT of HIV using n =248 samples from the
historic Women and Infant Transmission Study (WITS), a North American, clade
B infection cohort that was enrolled prior to the availability of ART (22). To
correct for established factors that are associated with MTCT risk – such as
maternal plasma viral load, peripheral CD4+ T cell count, infant gestational age,
and delivery mode – HIV-infected transmitting and non-transmitting women
were clinically matched based on these characteristics. Yet, in this population of
HIV-infected women, we identified maternal V3-specific IgG binding responses,
tier 1 virus-neutralizing responses, and CD4 binding site (CD4bs)-blocking
responses as humoral measures that were predictive of reduced MTCT risk (22).
Analysis of the fine specificity and function of maternal V3-specific IgG
responses that were associated with reduced transmission risk showed that both
binding and neutralizing responses were dependent on the C-terminal region
(21). Altogether, these studies demonstrate that transmitting and nontransmitting women have differences in HIV Env-specific IgG responses and can
partially protect against vertical transmission of clade B viruses. In a separate
study, maternal HIV membrane proximal external region (MPER)-specific IgG
5

responses were associated with lower MTCT risk (29), suggesting that multiple
Env epitopes may afford partial protection against MTCT of HIV.
Yet, maternal humoral correlates of protection such as maternal V3specific binding responses, CD4bs-blocking responses, and tier 1 virus
neutralizing responses were not associated with reduced MTCT risk in HIV,
clade C virus-infected women from the Breastfeeding and Nutrition (BAN)
cohort (n = 88) (30). Several differences in HIV-infected women from the BAN
and WITS cohorts and may explain the lack of reproducibility of the humoral
correlates of protection from one cohort to the other. Firstly, HIV-infected
women from the BAN study received ART during pregnancy whereas WITS
HIV-infected women did not. In addition, women enrolled in the BAN cohort
were primarily infected with HIV clade C viruses whereas WITS cohort women
were primarily infected with HIV clade B viruses. Thus, maternal humoral
correlates of protection against MTCT of HIV in HIV, clade B virus-infected
women may not be universally protective against other HIV viral clades and in
the setting of clinical interventions (i.e., maternal ART prophylaxis or treatment)
to prevent MTCT of HIV.
A better understanding of maternal humoral responses that are
potentially protective against MTCT of HIV will provide a roadmap that can be
6

used to evaluate future maternal HIV vaccine candidates that transiently raise
the levels of partially protective HIV Env-specific IgG responses during
pregnancy.

1.5 Maternal Env-specific IgG Abs may mediate immune pressure of
circulating maternal viruses
In addition to defining the fine-specific and function of maternalV3specific IgG responses, we identified an association between high levels of
maternal plasma V3-specific IgG binding and tier 1 “easy to neutralize” virus
neutralizing responses with lower MTCT risk (22). Importantly, it was recently
shown that Env-specific IgG antibodies that mediate tier 1 virus neutralizing
activity exert immune pressure on autologous circulating viruses and therefore
select for neutralization resistant autologous viruses that repopulate the plasma
virus pool (31). Autologous virus escape from concurrent tier 1 virus neutralizing
antibodies has important implications in the setting of MTCT, as the susceptible
fetus is passively immunized with maternal IgG and only exposed to viruses to
which those antibodies are raised against. Therefore, ability of maternal
antibodies to neutralize concurrently circulating autologous viruses may be an
important feature for blocking infection against MTCT of HIV. We hypothesized
7

that maternal plasma tier 1 virus neutralizing activity that predicted reduced
MTCT risk of HIV could be a surrogate marker for maternal autologous virus
neutralizing antibodies (22). Therefore, defining the epitope specificities of
maternal tier 1 virus-neutralizing antibodies may be important for designing
maternal vaccine strategies aimed at reducing MTCT risk.
A better understanding of maternal HIV Env-specific IgG and their role in
mediating partial protection against MTCT will be required to develop effective
immune-based strategies that can synergize with current ART prophylaxis
treatments. Maternal IgG is transplacentally transferred to fetus during gestation
and provides protection against common pathogenic infections in the first year of
life (32-34). As maternal HIV Env-specific IgG responses are present throughout
gestation and around the time of infant exposure to HIV, studying MTCT of HIV
is a unique setting to elucidate the role of HIV Env-specific IgG in mediating
partial protection. Elucidating how maternal HIV viruses initiate infection in the
presence of maternal HIV Env-specific IgG neutralizing and non-neutralizing
antibodies (NAbs) may also provide insights of how HIV superinfection occurs
in adults. Furthermore, defining HIV Env escape mechanisms from maternal
autologous virus NAbs could also help inform the design of maternal vaccines
that elicit humoral responses that can block MTCT.
8

1.6 Transmitted founder (T/F) viruses that infect infants and their
neutralization sensitivity to maternal HIV Env-specific antibodies
Similar to HIV transmission in adults, in the setting of MTCT, only one to
a few HIV viruses are vertically transmitted, which is indicative of a genetic
bottleneck (Figure 1A) (20, 25-28). However, it remains unclear if maternal HIV
Env-specific antibodies drive the selective genetic bottleneck observed in the
setting of MTCT. Previous studies have suggested that infant viruses may be
more neutralization resistant to maternal neutralizing antibodies (10, 23). Yet
other studies did not observe a similar infant virus neutralization resistance to
maternal plasma (24, 35). One potential mechanism of infant virus neutralization
resistance to paired maternal plasma may be the selective mutation of key amino
acid sites, including N-linked glycan sites (Figure 1B).
Previous studies have demonstrated that distal amino acid residues
within the Env, yet outside key neutralization epitopes (i.e., CD4 binding site,
V1V2, and V3), modulate neutralization resistance to maternal neutralizing
antibodies (36) (Figure 1B). Interestingly, we recently reported that infant
transmitted founder (T/F) viruses are more resistant to paired maternal plasma
compared to non-transmitted maternal variants, indicating the selection of infant
T/F viruses by their ability to escape neutralization by maternal autologous-virus
9

neutralizing antibodies (37). While there could be a role for maternal neutralizing
antibodies in impacting the selection of infant transmitted founder viruses,
another possible hypothesis that could explain differences in vertical
transmission outcomes among HIV-infected women is that maternal neutralizing
antibody responses in transmitting and non-transmitting women are distinct.
A recent study examined autologous virus plasma neutralizing responses
in 10 transmitting and 10 non-transmitting HIV, clade A virus-infected women
and reported no differences in autologous virus-neutralizing activity and
transmission risk with respect to transmission outcome (35). Furthermore, a
similar proportion of neutralization-resistant viruses to paired maternal plasma
was observed among the 10 transmitting and 10 non-transmitting women. Yet it
should be noted that there may be differences in autologous virus neutralizing
responses in monoclonal B cell responses in transmitting and non-transmitting
HIV-infected women. In HIV-infected individuals, V3 loop and CD4 binding
site-specific antibodies can neutralize the majority of autologous viruses isolated
from plasma (31). Yet, these V3 and CD4 binding site-specific IgG mAbs could
neutralize easy-to-neutralize tier 1 virus isolates but could not neutralize
difficult-to-neutralize heterologous tier 2 virus isolates, suggesting that these
commonly elicited, non-broadly neutralizing neutralizing mAbs may select for
10

HIV strains that predominate the virus pool in HIV-infected individuals.
Similarly, in a recent study, maternal V3-specific IgG monoclonal antibodies
(mAb) isolated from a non-transmitting mother neutralized a large proportion of
autologous circulating viruses isolated from plasma, suggesting that these
commonly-elicited, V3-specific IgG responses may impede MTCT through
autologous virus neutralization. Yet, in the setting of MTCT, maternal HIV Envspecific antibody responses need to only block the pool of genetically similar
maternal viruses. Therefore, defining maternal NAbs and their specific Env
epitopes will be required for developing safe and effective maternal vaccination
strategies.
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Figure 1 The selective bottleneck of infant transmitted/founder viruses in the
setting of MTCT.
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1.7 Mechanisms of transplacental IgG transfer
The transplacental transfer of maternal IgG to the fetus is critical for
protection against infectious diseases in the first year of life (32). Maternal
protective IgG is transferred from the maternal to the fetal circulatory system via
the placenta, and this process begins in the first trimester of pregnancy (38). By
37-40 weeks of gestation, maternal passively-acquired IgG concentrations in
newborns can exceed maternal IgG serum levels in normal pregnancies (33, 34,
39-41). Yet, the molecular mechanisms of transplacental transfer of maternal IgG
remain poorly understood. In order to reach the fetal circulatory system,
maternal IgG must traverse three distinct placental anatomical barriers: 1) the
syncytiotrophoblast cell barrier, 2) the villous stroma containing placental
fibroblasts and Hofbauer cells, and 3) fetal endothelial cells. It is well established
that IgG crosses the syncytiotrophoblast by binding to the canonical IgG shuttle
receptor: Fc receptor neonatal (FcRn) (38, 42). However, how maternal IgG
traverses the subsequent placental barriers is not completely understood, as they
do not express FcRn, yet recent RNAseq analyses have shown that Fcγ receptors,
including FcγRIIIa, FcγRIIa, FcγRIIb, and FcγRI, are expressed in term placentas
(43). However, it should be cautioned that it is not yet known if these
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noncanonical placental FcRs play a role, if at all, in the transplacental transfer of
maternal IgG.
A deeper understanding of the molecular mechanism(s) of IgG binding to
placentally expressed Fc receptors could be important for the 1) design novel
maternal IgG-based therapeutics and vaccines with optimal transplacental
transfer efficiency with the ultimate goal of increasing infant protection against
congenital and neonatal infectious diseases; and 2) optimize the Fc region of
immunomodulatory IgG monoclonal antibody therapeutics for blunted
transplacental transfer to potentially reduce the transplacental transport of
maternal self-reactive IgG in women with autoimmune disorders.
1.8 Transplacental transfer activity of FcRn and its molecular interactions with
IgG
Human FcRn consists of alpha and beta subunits that assemble to form a
membrane-bound heterodimer receptor (42, 44). FcRn is primarily expressed in
intracellular endosomes in placental syncytiotrophoblast cells and it shuttles
maternal IgG from the apical side to the basolateral membrane (44). In the
proposed model of the transplacental transfer of IgG in syncytiotrophoblast cells:
IgG is first phagocytosed into endosomes containing membrane-bound FcRn
14

(44). Upon exposure to endosome acidification from pH 7.4 to pH 6, IgG Fc binds
to FcRn via electrostatic interactions (38, 44). Next, the endosome is released on
the basolateral side of the syncytiotrophoblast, and once the FcRn:IgG complex is
extracellularly exposed to pH 7.4, the complex dissociates releasing IgG into the
villous stroma (44).
The acidic pH-dependent interaction of IgG and placental FcRn is
modulated by the formation of salt bridges between basic amino acid residues
H310 (IgG1 subclass amino acid numbering convention) in the CH2 domain and
H435 and H436 in the CH3 domain of the Fc region, and they interact with acidic
amino acid residues E117, E132, and D137 in the beta subunit of FcRn (45). While
crystallography data demonstrate that amino acid residues within the CH2 and
CH3 domains of IgG Fc interact with outer amino acid residues in the beta
subunit of FcRn, mutational analyses suggest that additional amino acid residues
outside the binding interface of IgG and Fc are also important for binding affinity
(46). For example, single amino acid residue substitutions of T307, E380, and
N434 to alanine residues result in up to a 3-fold increase in binding to FcRn, and
up to a 12-fold increase when alanines at these positions are introduced in
combination (46). Thus, amino acid residues outside the binding interface of IgG
Fc and FcRn may also be important for binding. Furthermore, recent studies
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demonstrated that IgG1 Fc region M428L and N434S mutations significantly
improve the serum half-life of therapeutic IgG in adults by increasing binding
affinity to FcRn (47). Yet, the potential impact of these Fc region mutations on
transplacental IgG transfer efficiency remains unknown and should be
investigated.

1.9 The potential role of FcγRIII and FcγRII in transplacental IgG transfer
The molecular mechanisms of the transplacental IgG transfer beyond the
syncytiotrophoblastic cell barrier remain poorly understood. Importantly,
placental cell barriers internal to the syncytiotrophoblast layer, including
fibroblasts and Hofbauer cells of the villous stroma, and fetal endothelial cells,
do not express the canonical placental IgG shuttle receptor FcRn (Figure 2). Yet,
these downstream placental cell barriers express noncanonical Fc receptors. For
example, Hofbauer cells express FcγRIII, FcγRII, and FcγRI, but not FcRn
whereas placental fibroblasts are not known to express any Fcγ receptors.
Finally, while the fetal endothelial cell – the final cell barrier that maternal IgG
crosses before reaching the fetal circulatory system – does not express FcRn, it
does express FcγRII (38, 48, 49). Previous studies that examined the
transplacental IgG transfer activity of FcγRIIb showed that endocytosed IgG
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colocalizes with FcγRIIb in endothelial cell endosomes (48-50). Intriguingly, both
IgG-bound FcγRIIb and free FcγRIIb were observed inside these endosomes,
suggesting that this low IgG affinity receptor may play a role in the shuttling of
maternal IgG into the lumen of fetal endothelial vessels (49). In addition,
FcγRIIIa and FcγRI, when engaged with IgG, can signal through Ig tyrosineactivating motif (ITAM), whereas FcγRIIb signals through Ig tyrosine-inhibition
motif (ITIM) (51). However, the Fc receptor IgG-dependent activation or
inhibition of downstream placental cell signaling pathways as they relate to
transplacental IgG transfer is unknown. Placental FcγRIII expression, as defined
by immunohistochemistry analyses, is largely localized to syncytiotrophoblast
cells in the placental villous tree (Figure 2) (32) (52-55). FcγRIIIa tryptophan
amino acid residues interact with invariant prolines and the interchain disulfide
bridge of the CH2 domains of IgG, and these amino acid residues are conserved
among all four IgG subclasses in humans (56). Specific Fc region amino acid
residues are similarly required for binding to FcγRIIb. In fact, mutational
analyses suggest that several Fc region amino acid residues within the CH2
domain can alter binding to FcγRIIb (57). In addition to Fc region outer-surface
contact amino acid residues, the IgG Fc region N-linked glycosylation (N297 in
IgG1) is important for binding affinity to FcγRs (58), and this Fc region glycan is
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conserved among the 4 IgG subclasses (56). For example, an Fc region
digalactosylated glycan increases the affinity for FcγRIIIa whereas fucose
decreases the binding affinity (59, 60). Therefore, both Fc region amino acid
residues and Fc region N-linked glycans mediate IgG binding to placental Fcγ
receptors, raising the question of whether modulation of these IgG Fc
characteristics could impact placental IgG transfer efficiency.
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Figure 2 The distribution of Fc receptor expression in placental villous trees.
Maternal IgG present in the intervillous space crosses through distinct cell
barriers including: syncytiotrophoblasts, the villous stroma which contains
Hofbauer cells and fibroblasts, and fetal endothelial cells. Placental FcRn and
FcγRIIIa are expressed in the outermost cell barrier of the villous tree: the
syncytiotrophoblast. Hofbauer cells located in the villous stroma express FcγRI,
FcγRIIb and FcγRIIIa. Fetal endothelial cells express FcγRIIb but not FcRn.

1.10 Fc receptor polymorphisms and their potential role on transplacental IgG
transfer activity
To date, no common single nucleotide polymorphisms (SNPs) have been
identified for human FcRn (61). However, allelic variation near the FcRn
promoter has been implicated in altered transcriptional activity of FcRn in
distinct human populations. As an example, variable number of tandem repeats
(VNTR) variant 3 is more prevalent in Caucasian populations and this allelic
variation in the promoter is associated with increased transcriptional activity
compared to VNTR variant 2 (61). Nonsynonymous polymorphisms can also
alter expression levels of FcγRIIb. For example, FcγRIIb can encode a
nonsynonymous T > C SNP which leads to either an I232 or T232 (62).
Interestingly, a T232 has been implicated in reduced localization to the
membrane (63), which could potentially alter the ability of FcγRIIb to shuttle
maternal IgG in fetal endothelial cells. Promoter SNPs have also been implicated
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in modulating gene expression levels of FcγRIIb (64), suggesting that SNPs
regulate both the localization and expression levels of FcγRIIb. Similarly,
nonsynonymous polymorphisms in FcγRIIIa nucleotide point mutations that
lead to either F158 or V158, have been implicated in altering the binding affinity
to IgG (65, 66). For example, FcγRIIIa V158 has a stronger binding affinity for
IgG subclasses compared to FcγRIIIa F158. Thus, polymorphisms among
placentally expressed Fcγ receptors may play a role in transplacental IgG
transfer.

1.11 IgG characteristics that impact the transplacental transfer of maternal IgG
The transplacental transfer efficiency of antigen-specific IgG can vary
across antigen specificities. As an example, in normal, full term pregnancies, the
transplacental transfer efficiency of pertussis-specific IgG may be >200% yet
group B streptococcus-specific IgG may be at most 70% (67, 68). It remains
unclear why transplacental transfer efficiency of IgG varies across antigen
specificities, IgG characteristics could contribute to this observed variability. For
example, IgG subclass has been shown to play a role in modulating
transplacental IgG transfer. Previous studies have demonstrated that there is
variation among the transplacental transfer of distinct IgG subclasses. IgG2 is
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transplacentally transferred with the least efficiency whereas IgG1 is transferred
with the most efficiency (34, 69). Yet it has also been shown that distinct antigens
may elicit different IgG subclass responses (70). Specifically, bacterial pathogens
that contain capsule, such as Haemophilus influenzae Type B (HiB), elicit
predominant IgG2 subclass responses whereas other pathogens like Clostridium
tetanus primarily elicit IgG1 subclass responses (39, 70). Additionally, Fc region
glycosylation profiles and antibody avidity have also been shown to impact the
efficiency of transplacental transfer (71, 72). Interestingly, the binding strength of
IgG subclasses to the main Fc receptor that shuttles maternal IgG to the fetus – Fc
receptor neonatal (FcRn) – could also mediate transplacental IgG transfer
efficiency. For example, both IgG1 and IgG4 subclasses have comparably high
affinity to FcRn and are transplacentally transferred with the most efficiency,
whereas both IgG3 and IgG2 had lower affinities for FcRn and are generally
transferred with the least efficiency (73).

1.12 Maternal infections can impact transplacental IgG transfer
In healthy and full-term pregnancies, the transplacental transfer of
maternal IgG is highly efficient. In fact, in healthy full-term pregnancies,
passively acquired infant cord blood IgG concentrations at delivery are higher
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than maternal IgG serum concentrations (33, 34, 41). Yet, in pathologic settings
such as maternal HIV and malaria infections, the transplacental IgG transfer can
be impaired. Maternal malaria infection can lead to the reduced transplacental
transfer of both vaccine-antigen and malaria-specific IgG (74-77). While the
underlying mechanism of the impaired transplacental IgG transfer in pregnant,
malaria-infected women remain unclear, studies have suggested that placental
malaria modulates placental pathologies via an influx of immune cells into the
placental intervillous space (78). Yet the poor transplacental transfer of maternal
IgG is also observed in HIV-infected pregnant women. In fact, HIV exposed
uninfected (HEU) infants passively acquire lower levels of maternal IgG
compared to HIV-unexposed infants (75, 79-83). The impaired transplacental
transfer of maternal IgG in HIV-infected women is observed for several antigenspecific IgG including: Haemophilus influenzae Type B, Bordetella pertussis, Group
B Streptococcus (GBS), and measles virus (84). Yet, clinical interventions such as
long-term antiretroviral therapy (ART) in pregnant women can improve the
efficiency of transplacental IgG transfer (85). Therefore, early and prolonged
maternal clinical treatments such as ART therapy may be exploited to improve
the transplacental IgG transfer.
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Hypergammaglobulinemia is characterized by high levels of serum
immunoglobulin and is a hallmark of both HIV and malaria infection. Maternal
hypergammaglobulinemia has also been associated with poor transplacental
transfer of measles, tetanus toxoid, and respiratory syncytial virus-specific IgG
(74, 86). Yet the relationship of maternal hypergammaglobulinemia and poor
transplacental IgG transfer remains unclear. However, it is possible that the high
levels of maternal IgG observed in both HIV and malaria-infected women
saturate placental shuttle Fc receptors such as FcRn and impair the transplacental
transfer of antigen-specific IgG. A better understanding of how maternal
infections impair the transplacental transfer of maternal IgG will be important to
devise strategies that improve this process and extend the window of infant
protection against neonatal pathogens in early life.
1.13 How could the placentally expressed Fc receptors be harnessed for
improving infant health?
From our current understanding of the placental transfer of IgG, it
remains unclear if placentally expressed Fc receptors (87), such as the Type II Fc
receptor DC-SIGN, or undiscovered IgG shuttle receptors play a role, if at all, in
transplacental IgG transfer. A deeper understanding of the molecular
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mechanisms of maternal IgG binding to alternative placental Fc receptors could
be important for designing IgG-based therapeutics that increase infant protection
against congenital viral infections and in early life. In fact, maternal passive
immunization with polyclonal IgG during pregnancy has shown to be protective
against congenital cytomegalovirus infection and is also being tested as a
treatment strategy against congenital Zika syndrome (88, 89). Therefore, future
studies are needed to 1) define whether or not these noncanonical placentally
expressed Fc receptors play a role in mediating the transplacental transfer of
maternal IgG, and 2) define how Fc receptor allelic variation impacts the
transplacental transfer of maternal IgG. These data will guide the design of IgGbased maternal vaccines and therapeutics, fine-tuning transplacental transfer of
IgG to improve maternal and infant health.

1.14 Introduction to the Dissertation Chapters
Despite several years of intensive investigation, the role of maternal HIV Envspecific IgG responses and predicting MTCT risk remain unclear. To this end,
my dissertation research aimed at elucidating the fine-specificity and function of
maternal potentially protective V3-specific IgG responses. In addition, we also
examined if maternal autologous virus monoclonal antibody neutralizing
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function differentiates HIV-infected transmitting and non-transmitting women.
Finally, as several studies have shown that the transplacental transfer of
maternal IgG is poor in HIV-infected women, we sought to define maternal
factors and IgG characteristics that contribute to this poor transplacental IgG
transfer.
Chapter 2 outlines the materials and methods utilized for elucidating the finespecificity and function of maternal V3-specific IgG responses.
Chapter 3 begins with a brief introduction of the results and their context in the
field and outlines our findings of the fine-specificity and function of maternal
V3-specific IgG neutralizing responses that are predictive of decreased MTCT
risk and has a discussion of the results.
Chapter 4 outlines the materials and methods used for evaluating the role of
maternal autologous virus neutralizing monoclonal antibody responses in
transmitting and non-transmitting women.
Chapter 5 also beings with a brief introduction of the results and outlines the
results of maternal autologous neutralizing monoclonal antibody responses in
transmitting and non-transmitting women, and ends with a discussion of the
results.
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Chapter 6 outlines the materials and methods used for identifying factors that
modulate the transplacental transfer of maternal IgG.
Chapter 7 begins with a brief introduction, and outlines the results of factors that
mediate the transplacental transfer of maternal IgG in HIV-infected women and
has a discussion of the results.
Chapter 8 is a brief conclusion of all of the results.
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2. Materials and Methods of maternal V3-specific IgG responses in MTCT 1
2.1 Study Cohort.
Maternal plasma samples were obtained from the Woman and Infant
Transmission Study (WITS), an observational cohort that was followed in North
America before ART therapy was the standard of clinical care. This study
enrolled ART naïve HIV-infected pregnant women from 1988 - 2007.
Transmitting mothers (n = 83) were selected from the WITS cohort by the
following criteria: no ART treatment during pregnancy, detectable plasma viral
loads (>50 copies/ml plasma), and non-heparin plasma sample available between
the end of the second trimester (≥25 weeks of gestation) and two months
postpartum. Transmitting mothers were matched in a 1:2 ratio (case to control) to
non-transmitting mothers (n = 165) using propensity score matching for known
co-variates of transmission risk: maternal viral loads, peripheral CD4+ T cell
count at the timepoint closest to delivery, delivery mode (vaginal vs. caesarian
section), and infant gestational age (as determined by estimated delivery date), as
described previously (22). Importantly, comparison of clinical characteristics of
matched transmitting and non-transmitting mothers did not reveal significant
The information given in this chapter is reprinted with permission from Martinez D. R. et
al. Maternal Binding and Neutralizing IgG Responses Targeting the C-Terminal Region of
the V3 Loop Are Predictive of Reduced Peripartum HIV-1 Transmission Risk. Journal of
Virology. April 13th, 2017. It has been modified to meet the format requirements of this
dissertation.
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differences in maternal viral loads, peripheral CD4 + T cell count, infant
gestational age, or delivery mode (22).

2.2 Ethics statement.
Approval was obtained from the institutional review board at Duke University
to utilize de-identified maternal plasma samples from this cohort.

2.3 Binding Antibody Multiplex Assay.
Maternal plasma V3-specific binding responses were measured against a
multiclade panel of consensus V3 peptides designed by Dr. Bette Korber (90):
V3.B (NNTRKSIHIGPGRAFYATGDIIGDIRQAHC), V3.M
(NNTRKSIHIGPGQAFYATGDIIGDIRQAHC), V3.C
(NNTRKSIRIGPGQTFYATGDIIGDIRQAHC), V3.A
(NNTRKSVRIGPGQAFYATGDIIGDIRQAHC), V3.CRF2
(NNTRKSVRIGPGQTFYATGDIIGDIRQAHC), V3.D
(NNTRQSTHIGPGQALYTT-RIIGDIRQAHC), and V3.CRF1
(NNTRTSITIGPGQVFYRTGDIIGDIRKAYC). V3.B K305Q/I307T/H308T mutant
(NNTRQSTTIGPGRAFYATGDIIGDIRQAHC), V3.B F317L/A319T/D322R mutant
(NNTRKSIHIGPGRALYTT-RIIGDIRQAHC), V3.B K305A
(NNTRASIHIGPGRAFYATGDIIGDIRQAHC), V3.B I307A
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(NNTRKSAHIGPGRAFYATGDIIGDIRQAHC), V3.B H308A
(NNTRKSIAIGPGRAFYATGDIIGDIRQAHC), V3.B F317A
(NNTRKSIHIGPGRAAYATGDIIGDIRQAHC), V3.B A319K
(NNTRKSIHIGPGRAFYKTGDIIGDIRQAHC), V3.B D322A
(NNTRKSIHIGPGRAFYATGAIIGDIRQAHC), and V3.B F317A/A319K/D322A
(NNTRKSIHIGPGRAAYKTGAIIGDIRQAHC) peptides were purchased from
CPC Scientific (Sunnyvale, CA). The V3 mutant peptides were named in
accordance to the HIV HXB2 amino acid standard numbering scheme. Binding
antibody multiplex assays (BAMA), were performed as described previously
(91). Briefly, a total of 5 × 106 carboxylated fluorescent beads (Luminex Corp,
Austin, TX) were covalently coupled to 25µg of V3 consensus clade and mutant
peptides. Maternal plasma was tested at 1:2500 dilution against V3.B, V3.M, and
V3.B (F317L/A319T/D322R) mutant and at a 1:250 dilution against V3.C, V3.A,
V3.CRF2, V3.B, and V3.B (K305Q/I307T/ H308T) mutant peptides. Maternal
plasma was tested at 1:25 dilution against V3.D and V3.CRF1 peptides. Finally,
maternal plasma was tested at 1:1000 dilution against V3.B K305A, V3.B I307A,
V3.B H308A, V3.B F317A, V3.B A319K, V3.B D322A, V3.B F317A/A319K/D322A
peptides. Maternal plasma V3-specific IgG was detected with a mouse antihuman IgG (Southern Biotech, Birmingham, AL) phycoerythrin-conjugated
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antibody at 4µg/ml as described previously (91). Antibody measurements were
acquired using a Bio-Plex 200 instrument (Bio-Rad, Hercules, CA). CH22, a V3specific monoclonal IgG (92), was used as a positive control. Normal human
serum was used a negative control. All MFI values were blank subtracted. A
panel of 30 human HIV seronegative samples was used to determine a binding
(MFI) cutoff against each antigen for each of the tested dilutions.

2.4 Env V3-specific IgG subclass BAMA.
To measure V3-specific IgG subclass responses, maternal samples diluted 1:40
were tested against a scaffolded V3 loop protein gp70MNV3. IgG subclass
biotinylated antibody detectors were used to measure subclass specificity. IgG1biotin (BD Pharmingen, clone: G17-1), IgG2-biotin (BD Pharmingen, G18-21),
IgG3-biotin (Calbiochem, clone: HP6047), and IgG4-biotin (BD Pharmingen,
clone: G17-4), were detected at 4µg/ml in separate assays for each IgG subclass.
Plates were washed and Streptavidin-conjugated phycoerythrin antibody diluted
to 1:100 was added to wells. A V3-specific mAb CH22 (92) was included as a
positive control, and normal human serum was used as the negative control. All
MFI values were blank subtracted.
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2.5 V3 linear peptide ELISA.
Binding of maternal IgG to V3.B wild-type, V3.B (K305Q/I307T/ H308T) mutant,
V3.B/D (F317L/A319T/D322R) mutant was measured by plate-based ELISA. High
binding 384 well ELISA plates (Corning) were coated with 2µg/ml of V3 peptides
overnight at 4°C and then blocked with SuperBlock (4% whey protein, 15% goat
serum, and 0.5% Tween 20 diluted in 1X PBS). Maternal plasma V3-specific IgG
was tested at 1:100 starting dilution in 12 serial 3-fold dilutions. The V3-specific
mAb CH22 (92) was used as the positive control, and the RSV-specific
monoclonal antibody Pavilizumab (Synagis) was used as the negative control.
An anti-HRP-conjugated goat anti-human IgG antibody (Sigma Aldrich) was
used at 1:10,000 dilution followed by addition of SureBlue reserve TMB substrate
(KPL, Gaithersburg, MD). Reactions were stopped by Stop solution (KLP,
Gaithersburg, MD). Optical densities were detected at 450nm. Log10EC50 and
Log10AUC was calculated for maternal V3-specific IgG binding responses against
each V3.B, V3.B mutant, V3.B/D mutant.

2.6 Peptide competition neutralization assays.
Maternal plasma samples at 1:80 final dilution were incubated with 50µg/ml of
either an SF162 V3 peptide (NNTRKSITIGPGRAFYATGDIIGDIRQAH), a
31

scrambled peptide (HTGKYTYPTNIAIRGRGNKFRNKKI), and with no peptide
for 1hr at 37°C. Pre-absorbed maternal samples were then used to measure
neutralization of the tier 1 HIV-1 SF162 in the TZM-bl cell based neutralization
assay as described previously (93). Briefly, neutralizing activity was measured
after 48 hours by a reduction in luciferase gene expression. Maternal plasma
neutralizing activity was reported as 50% in the reduction in relative luminescent
units (RLU) as compared to the virus control after the subtraction of the
background RLU from cell control wells.

2.7 Neutralization assay against HIV-2 V3.B wild-type and HIV-2 V3.B A319T
and D322N chimera viruses.
HIV-2 WT and HIV-2 HIV-1 V3 A319T D322N chimeric viruses were obtained as
a gift from George Shaw. HIV-2 HIV-1 V3.B wild-type chimeric virus was
generated by site directed mutagenesis (94). We performed site directed
mutagenesis using a QuikChange II XL site-directed mutagenesis kit according
to the manufacturer instructions. Chimeric viruses were sequenced to ensure the
desired mutations were present. To produce infectious molecular clones, 12µg of
viral plasmid was transfected with FuGene (Promega, Madison, WI) at a 1:4
volume ratio in 293T cells and viruses were titrated in TZM-bl cells as described
32

previously (95). Infectious viruses with infectivity of at least 10X the cell control
background RLU were used in the TZM-bl neutralization assay. HIV-2 WT, HIV2 V3.B A319T D322N, and HIV-2 V3.B wild-type were tested in the neutralization
assay. Chimeric virus HIV-2 V3.B F317A was successfully mutagenized but did
not meet the infectivity threshold of 10X the cell background. Maternal plasma
was tested for neutralization against the HIV-2 WT, HIV-2 V3.B wild-type, and
HIV-2 V3.B A319T D322N chimeric viruses as described above at a starting
dilution of 1:1000 in a TZM-bl cell line. DH295, a V3-specific IgG, tier 1 virus
neutralizing antibody isolated from a non-transmitting mother from the WITS
cohort was included as the positive control. Normal human serum was included
as the negative control.

2.8 V3-specific IgG modulation of co-receptor usage assays.
The CCR5 inhibitor Maraviroc (NIH AIDS reagent program, #11580) and CXCR4
inhibitor Bicyclam JM-2987 (AMD-3100 – NIH AIDS reagent program, # 8128)
were diluted 5-fold starting at a 1 µM starting concentration and added to TZMbl cells. Dilutions of Maraviroc and Bicyclam were separately added to TZM-bl
cells and incubated for 1hr at 37°C. Maternal V3-specific IgG antibodies isolated
from a non-transmitting mother DH291, DH294, DH298, DH299, and a positive
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control heterologous V3-specific IgG mAb (19b) were tested at a non-neutralizing
concentration of 5µg/ml against a virus isolated from the same non-transmitting
mother (5426.31). We also selected a non-transmitting and transmitting mother to
isolate plasma V3-specific IgG antibodies and tested their ability to modulate
virus co-receptor usage at sub-neutralizing concentrations against CCR5 tropic
non-transmitting maternal virus 5426.31 and CXCR4 tropic virus MN.3. Briefly,
maternal undiluted plasma was incubated with Bio-V3.B wild-type peptide
conjugated to streptavidin-magnetic beads (NEB: S1420S) at 4mg/ml overnight at
37°C in rotation. Maternal polyclonal V3-specific antibodies were separated from
plasma by magnetic beads, eluted with 0.1M glycine, pH 2.9 and buffer
exchanged with 1X PBS in 100,000 Da Amicon Ultra-0.5 mL Centrifugal Filters
(EMD Millipore: UFC510008) at 2500g. Maternal V3-specific IgG mAbs and
purified antibodies were incubated with MN.3 virus at sub-neutralizing
concentrations of 1µg/ml for 1hr at 37°C and then added to TZM-bl cells in the
presence of diluted Maraviroc or Bicyclam. Virus infectivity was measured after
48 hours by measuring luciferase activity with Bright-Glo (Promega, Madison,
WI) in the presence and absence of V3-specific mAbs and Maraviroc.

2.9 Statistical methods.
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The statistical analysis plan was finalized prior to data analysis. A multivariable
logistic regression model was used with transmission status as the dependent
variable as described previously (22). In our primary analysis, we measured
maternal V3-specific IgG responses against a panel of nine V3 peptides listed in
Table 1. Maternal plasma V3-specific IgG responses against each of these V3
peptides was measured and analyzed in a multivariable logistic regression
model with transmission status as the dependent variable. To correct for multiple
comparisons in our primary analysis, we applied a false discovery rate (q value –
false discovery rate [FDR] p value) with a significance threshold of p < 0.05, and
q < 0.2. In a secondary analysis, we measured maternal V3-specific IgG binding
and neutralizing responses against V3 mutant peptides and viruses that were
designed based on results from our primary analysis. All primary outcome p
values were adjusted for multiple comparisons corrections and were used to
interpret results from the primary analysis. Multiple comparison p values are
listed as FDR p values. All secondary analyses p values are listed as raw p
values. Raw p values were used to interpret results from secondary analyses.
Significant raw p values are marked by an asterisk. All regression analyses were
adjusted for the following known covariates of MTCT risk of HIV: maternal
plasma viral loads at the time of delivery, peripheral CD4+ T cell count, infant
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gestational age, and delivery mode. A Mann-Whitney-Wilcoxon signed rank test
was used to compare the inhibition in ID50 in a TZM-bl neutralization assay
under a no peptide, scrambled, and V3 peptide condition.
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3. Maternal binding and neutralizing IgG responses targeting the C terminal
region of the V3 loop are predictive of reduced peripartum HIV-1 transmission
risk
3.1 Introduction
The HIV envelope has four main vulnerable neutralization sites: the CD4
binding site, the membrane proximal external region, the variable loop 1 and 2
(V1V2) and variable loop 3 (V3). Antibodies against the V3 loop were recently
found to be associated with decreased risk of HIV acquisition in the RV144
vaccine efficacy trial when other antibody responses were low (96-98).
Furthermore, vaccine-elicited V3-specific responses in this efficacy trial may have
imposed immune pressure on specific V3 loop amino acid residues on
breakthrough viruses (99, 100). In the setting of MTCT of HIV, we also found
maternal V3-specific IgG binding responses targeting C terminal region V3
amino acid residues to be associated with reduced MTCT risk. In this study, we
employed a multivariable logistic regression model to define the fine-specificity
and neutralizing function of potentially-protective maternal V3-specific IgG
responses using transmitting (case) and non-transmitting (control) maternal
plasma samples from the WITS cohort (22). Further defining the fine-specificity
and function of maternal V3-specific IgG responses that are predictive of reduced
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MTCT risk could inform maternal immunization strategies aimed at temporarily
raising the level of potentially-protective V3-specific antibodies targeting
autologous maternal viruses. Such immune-based prevention strategies that can
synergize with current ART treatment strategies will likely be required to
achieve an HIV-free generation.

3.2 Mapping the regions in the V3 loop critical for the maternal V3-specific
IgG binding responses that predict reduced MTCT of HIV in the WITS cohort.
In the WITS cohort, maternal V3-specific IgG binding responses predicted
reduced MTCT risk (OR: 0.86, CI = 0.75 – 1.00, p = 0.04) (22). The V3 loop located
near the apex of the HIV Env gp120 has been previously described as the
principal neutralizing domain (PND), as it is readily accessible to V3-specific
binding and neutralizing antibodies (Figure 3A, structure of the BG505
SOSIP.664 HIV-1 Env trimer (101). To define the fine-epitope specificity of the
maternal plasma V3-specific IgG responses associated with reduced MTCT risk
in the WITS cohort, we measured the ability of maternal plasma to bind to a
multi-clade panel of V3 consensus peptides. The V3 peptides from the panel
differ at several amino acid residues located in regions flanking the V3 crown
GPG motif (Figure 3B). Maternal V3-specific IgG binding responses bound with
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greatest strength to the V3.B peptide, compared to other clade consensus V3
peptides. Maternal V3-specific IgG responses also strongly bound to the V3.M
consensus peptide, which only differs from V3.B at amino acid residue position
R315Q (Figure 3C). This suggests that this amino acid residue is not important
for mediating the binding of potentially protective V3-specific IgG responses.
Maternal V3-specific IgG bound with moderate strength to V3.C, V3.A, and
V3.CRF2 consensus peptides. V3.C, V3.A and V3.CRF2 peptides differed at
amino acid residues I307V, H308R, R315Q, and A316T, as compared to the V3.B
consensus peptide. The marked decrease in binding strength against V3.C, V3.A,
and V3.CRF2 suggests that these distinct amino acid residue positions are
important for maternal V3-specific IgG binding. Finally, maternal V3-specific IgG
bound with low strength to V3.D and V3.CRF1 consensus peptides (Figure 3C).
These clade D and CRF1 consensus V3 peptides differed from V3.B peptide at
amino acid residue positions, K305Q, R315Q, F317L, A319T, and D322R. In
addition, the V3.CRF1 peptide differed at amino acid residue positions Q329K,
and H331Y, as compared to the V3.B clade consensus peptide. Therefore, these
amino acid residue positions are also important for the potentially-protective V3specific IgG binding. Expectedly, maternal V3-specific IgG binding responses
were predictive of reduced MTCT risk against V3.B (OR: 0.86, CI = 0.75 – 1.00, p =
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0.04, q = 0.18) (Table 1). Yet the association of maternal plasma V3-specific IgG
binding responses and reduced MTCT risk was abrogated against other clade
consensus V3 peptides, suggesting amino acid residues that differ between these
peptides and V3.B are important for the binding of potentially-protective
maternal V3-specific IgG (Figure 3D, Table 1).

Figure 3 The breadth of plasma V3-specific IgG responses of HIV-1 infected
mothers from the WITS cohort. Maternal plasma linear V3-specific IgG responses
were tested against a multiclade consensus linear V3 peptide panel. (A) HIV Env
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gp120 with the V3 loop in green (Kwon et al. 2015 Nat Struct mol Bio 22:522-531).
(B) Differences in amino acid residues across the multiclade consensus V3
peptides as compared to V3.B consensus peptide are shown in red, and the V3
loop crown is highlighted in yellow. (C) Clade-specific maternal V3-specific IgG
responses (n = 248) measured by a binding antibody multiplex assay (BAMA).
Vertical lines indicate the median and boxes depict 25-75% of mean fluorescent
intensity (MFI) against each peptide. Bars depict range. V3-specific mAb CH22
was used as a positive control (mean MFI at 5 µg/ml: 27808, 28,309, 25,991,
23,476, 26,317, 2301, and 826 for V3.B, V3.M, V3.C, V3.A, V3.CRF2, V3.D, and
V3.CRF1, respectively). Normal human serum was used as a negative control
(mean MFI at 1:500 dil: 100). (D) Odds ratio plot of maternal clade-specific V3specific IgG binding responses and MTCT risk. Raw (p) and false discovery rate
p value (FDR p) are reported.

To test the relative importance of these identified amino acid residues in the
flanking regions of the V3 loop, we generated two mutant V3 peptides and
measured maternal V3-specific IgG binding. We generated a N terminal region
V3.B K305Q, I307T, H308T mutant peptide, and a C terminal region V3.B F317L,
A319T, D322R mutant peptide, which were designed based on the most
frequently occurring amino acid residue at each position. Despite a marked
decrease in binding strength of maternal V3-specific binding responses against
the N terminal region V3.B K305Q, I307T, H308T mutant, maternal V3-directed
IgG responses to this peptide were still predictive of reduced MTCT risk (OR:
0.88, CI = 0.80 – 0.97, p = 0.01) by BAMA, suggesting that V3 amino acid residues
K305, I307 and H308, while important for V3 binding, are not the target of
potentially-protective V3-specific IgG responses associated with reduced MTCT
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risk (Figure 4). In contrast, maternal V3-specific IgG responses against the C
terminal region V3.B F317L, A319T, D322R mutant peptide, were found to no
longer be predictive of reduced MTCT risk (OR: 0.94, CI= 0.86 – 1.03, p = 0.19)
(Figure 4, and Table 1). These findings were confirmed in a linear peptide ELISA
with the V3.B K305Q, I307V, H308T mutant trending towards being predictive of
MTCT risk, yet V3-specific IgG responses against V3.B F317A, A319T, D322R
mutant peptide were not predictive of reduced MTCT risk (Table 1). Altogether,
these findings confirm that the V3 loop is a target of potentially-protective
maternal responses, and suggest that amino acid residues C terminal to the V3
crown mediate the binding of potentially-protective maternal V3-specific IgG.
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3.3

Figure 4 Maternal plasma V3-specific IgG responses against linear V3.B wildtype, V3.B mut K305Q/I307T/H308T, and V3.B/D F317L/A319T/D322R peptides
and their association with MTCT risk. (A) Maternal plasma linear V3-specific IgG
binding responses against V3.B wild-type peptide in non-transmitting (NT, blue)
and transmitting (T, red) women. (B) Maternal plasma V3-specific IgG responses
against triple mutant V3.B mut peptide K305Q/I307T/H308T in NT and T
mothers. (C) Maternal plasma V3-specific IgG responses against V3.B/D
F317L/A319T/D322R in NT and T mothers. The horizontal line represents the
median MFI and the boxes depict 25-75% of mean fluorescent intensity (MFI)
against each peptide. V3-specific mAb CH22 was used as a positive control
(mean MFI at 5 µg/ml: 25,711, 8,713, and 25,240 for V3.B, V3.B
K305Q/I307T/H308T mutant, and V3.B/D F317L/A319T/D322R mutant,
respectively). Normal human serum was used as a negative control (mean MFI at
1:500 dil: 100). (D) Odds ratio plot depicting maternal linear V3-specific IgG
binding responses against each V3 peptide and association with MTCT risk. Raw
(p) and FDR corrected p values (FDR p) are shown.
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Table 1: Primary and Secondary maternal V3-specific IgG response and MTCT
risk immune correlate analyses

Primary

Secondary

Antigen
V3.B wild-type
V3.M
V3.C
V3.A
V3.CRF2
V3.D
V3.CRF1
V3.B mutant K305Q, I307T,
H308T
V3.B/D F317L, A319T, D322R

OR
0.86
0.90
0.94
0.93
0.96
0.98
0.94

Lower
CL
0.75
0.80
0.86
0.85
0.89
0.91
0.87

0.88

0.80

0.97

0.01

0.11

0.94

0.86

1.03

0.19

0.24

V3.B K305A
V3.B I307A
V3.B H308A
V3.B F317A
V3.B A319K
V3.B D322A
V3.B F317A A319K D322A
gp70MNV3 IgG1 subclass
V3.B wild-type
V3.B mutant K305Q, I307T,
H308T
V3.B/D F317L, A319T, D322R
V3.B wild-type peptide
Scrambled peptide
No peptide
HIV-2 V3.B wild-type A319T
D322N
HIV-2 V3.B wild-type

0.68
0.79
0.85
0.87
0.83
0.77
0.90
0.85
0.84

0.56
0.64
0.69
0.74
0.70
0.65
0.77
0.66
0.75

0.82
0.97
1.05
1.03
0.99
0.92
1.04
1.09
0.95

0.0001
0.02
0.13
0.10
0.04
0.004
0.15
0.20
0.005

0.07
0.01
0.18
0.14
0.18
0.05
0.19
0.23
0.01

0.90

0.80

1.01

0.07

0.12

0.94
0.58
0.49
0.50

0.84
0.39
0.32
0.33

1.06
0.86
0.75
0.73

0.31
0.007
0.001
0.0004

0.31
0.01
0.005
0.004

0.69

0.40

1.17

0.16

0.29

0.49

0.30

0.79

0.004

0.01
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UpperC Raw_
L
p
1.00
0.04
1.01
0.08
1.03
0.17
1.02
0.10
1.04
0.33
1.04
0.47
1.01
0.07

FDR_p
0.18
0.18
0.24
0.19
0.37
0.47
0.18

Assay

BAMA

ELISA

Competition
Neutralization
Neutralization

3.3 Mapping single amino acid residues within the V3 loop C terminal region
that are the target of potentially-protective maternal V3-specific IgG responses.
As maternal V3-specific IgG responses are dependent on amino acid residues
that flank the V3 loop crown, (Figure 5), we sought to define the importance of
each residue in mediating the binding of protective maternal V3 IgG responses.
We designed V3 peptides with single alanine substitutions at each position
identified as important for binding in the multi-clade V3 peptide panel binding
analysis, except for amino acid residue position 319, in which a lysine was
inserted in place of a naturally occurring alanine (102). We tested if we could
eliminate the protective association of maternal plasma V3-specific IgG binding
antibody responses and reduced MTCT risk against each specific V3.B mutant
peptide. Intriguingly, maternal plasma V3-specific IgG binding responses against
the triple mutant V3.B F317A, A319K, D322A was no longer associated with
reduced MTCT risk (OR: 0.90, CI = 0.77 – 1.04, p = 0.15), suggesting at least one of
these residues was key to the binding of potentially-protective V3-specific IgG
responses (Figure 5). Maternal V3-specific IgG binding responses against the
single mutants V3.B A319K, and V3.B D322A were still predictive of reduced
MTCT risk, ruling out these amino acid residues as the target of potentiallyprotective maternal V3-specific IgG binding responses (OR: 0.83, CI = 0.77 – 0.99,
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p = 0.04, and OR: 0.77, CI = 0.65 – 0.92, p = 0.004, respectively) (Figure 5). Yet,
maternal V3-specific IgG binding responses against V3.B F317A were no longer
predictive of reduced MTCT risk (OR: 0.87, CI = 0.74 – 1.03, p = 0.10), suggesting
that amino acid residue F317, which is located C terminal to the V3 crown, is an
important target of potentially-protective maternal V3-specific IgG binding
responses in the WITS cohort (Figure 5C).

Figure 5 Maternal plasma linear V3-specific IgG binding responses and MTCT
risk against single amino acid residue substituted peptides. (A) Magnitude of
maternal plasma linear V3-specific IgG binding responses against V3.B wildtype, V3.B F317A /A319K/D322R, V3.B D322R, V3.B A319K, and V3.B F317A. V3specific mAb CH22 was used as a positive control (mean MFI at 5 µg/ml: 13,817,
25,241, 26,639, and 3,710 for V3.B, F317A/A319K/D322A, V3.B D322A, V3.B
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A319K, and V3.B F317A, respectively) in non-transmitting (NT, blue) and
transmitting (T, red) women. Normal human serum was used as a negative
control (mean MFI at 1:500 dil: 100). (B) Odds ratio plot of V3.B wild-type, V3.B
triple mutant, and V3.B single mutant peptides. As this analysis was designed as
a secondary, immune correlate analysis, significant raw p values are demarcated
by * = p < 0.05. (C) Predicted structural location of amino acid targets of maternal
IgG responses associated with reduced MTCT risk. The HIV Env V3 loop with
amino acid residue positions F317, A319, and D322 that are targeted by maternal
plasma binding and neutralizing IgG responses associated with reduced MTCT
risk are shown in red. The V3 structure was generated using PyMOL.

3.4 IgG subclass of maternal V3-specific IgG responses and MTCT risk.
A retrospective analysis of the moderately efficacious RV144 vaccine trial
revealed that HIV-1 risk in vaccine recipients was associated with anti-V1V2specific IgG3 subclass responses and distinguished this vaccine regimen from a
non-efficacious vaccine (103, 104). While the specific mechanism by which IgG3
subclass responses mediate reduced HIV-1 transmission risk is unclear, the
importance of IgG3 subclass responses in vertical HIV transmission settings
remains unexplored. Therefore, to determine whether V3-specific IgG subclass
responses differed in frequency between non-transmitting and transmitting
women in the WITS cohort, we measured maternal plasma V3-directed IgG
subclass responses against a scaffolded gp70MNV3 protein. Maternal V3-specific
IgG1 subclass binding responses were detectable at the highest frequency of all
IgG subclasses and in the majority of non-transmitting and transmitting women
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(93% non-transmitters and 89% transmitters, Figure 6). The V3-specific IgG3
subclass responses were also detectable at a similar frequency in nontransmitting and transmitting women (19% of non-transmitters and 16%
transmitters). Similarly, V3 IgG2-specific responses were detectable in only 8%
non-transmitters and 2% transmitters, and there was no statistical difference in
the frequency of IgG2 subclass responses. V3-specific IgG4 subclass responses
were not detectable in any women from this cohort. Thus, no IgG subclass
response solely contributes to the potentially-protective V3-specific IgG response
that was associated with reduced MTCT risk.

Figure 6 Maternal V3-specific IgG subclass response frequencies in nontransmitting (NT, blue) and transmitting (T, red) mothers. The frequency of
detectable maternal plasma V3-specific IgG1, IgG2, IgG3, and IgG4 responses is
depicted from left to right.
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3.5 Maternal V3-specific IgG contributes to tier 1 virus neutralizing responses
associated with reduced MTCT risk.
We previously described that maternal V3-specific binding, tier 1 virusneutralization, and CD4-binding site blocking responses strongly correlated with
one another and were co-linear in their ability to predict MTCT risk in this cohort
(22). We therefore sought to assess the degree to which maternal V3-specific IgG
antibodies contribute to the potentially-protective tier 1 virus neutralizing
responses (22). To assess the contribution of maternal plasma linear V3-specific
IgG to tier 1 HIV-1 virus-neutralization, we performed V3 peptide competition
neutralization assays with the tier 1 clade B variant SF162. Maternal V3-specific
IgG neutralizing responses against SF162 remained predictive of reduced MTCT
risk in the presence of the V3.B peptide, a scrambled peptide, and no peptide
(Table 1). However, maternal SF162 neutralizing responses in both nontransmitting and transmitting mothers were reduced in the presence of the V3.B
peptide compared to both the scrambled and no peptide conditions, and the
reduction in ID50 in the presence of a V3 wild-type peptide was statistically
significant (Figure 7A) suggesting that maternal V3-specific neutralizing
antibodies that target linear V3 epitopes partially mediate the tier 1 virus
neutralization response. Yet, antibodies directed against Env epitopes other than
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V3, such as those directed against the CD4-binding site also likely contribute to
the tier 1 virus neutralization phenotype that was associated with reduced MTCT
risk.

Figure 7 Maternal plasma linear V3-specific neutralizing responses and MTCT
risk. (A) Maternal non-transmitting (NT, blue) and transmitting (T, red) women
neutralizing responses against HIV-1 SF162 in the presence of no peptide, a
scrambled peptide, and a V3.B wild-type linear peptide with p values from a
Mann-Whitney test. (B) Maternal plasma linear V3-specific neutralizing
responses against HIV-2 V3.B wild-type, and HIV-2 V3.B A319T D322N mutant.
V3-specific mAb CH22 was used as a positive control and normal human sera
was used as a negative control. (C) Odds ratio plot of maternal tier 1 virus
neutralizing responses against HIV-1 SF162 in the presence of no peptide,
scrambled, and V3.B wild-type peptide and MTCT risk. (D) Odds ratio plot of
maternal V3-specific neutralizing responses against HIV-2 V3.B wild-type, and
HIV-2 V3.B A319T D322N chimeric viruses and MTCT risk. As this analysis was
designed as a secondary, immune correlate analysis, significant raw p values are
demarcated by * = p < 0.05.
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3.6 Mapping the fine-specificity of the V3-specific neutralizing antibodies
associated with reduced MTCT risk.
Amino acid residue positions 319 and 322 are located in the C terminal V3
region, which we found to be important for binding of maternal plasma V3specific IgG binding responses (Figure 4). To probe the fine-specificity of
maternal V3-mediated neutralization of maternal tier 1 virus neutralizing
responses that were associated with reduced MTCT risk in the WITS cohort (22),
we used highly sensitive HIV-2/HIV-1 V3 chimeric viruses, which only detect
V3-directed HIV-1 neutralizing responses (94). We measured maternal V3specific IgG neutralizing responses against HIV-2/HIV-1 V3.B wild-type, HIV2/HIV-1 V3.B A319T D322N chimeric viruses, and an HIV-2 wild-type control in
a TZM-bl neutralization assay. Expectedly, neither HIV-1 Env-specific or V3specific IgG polyclonal responses from non-transmitting nor transmitting women
neutralized the HIV-2 WT control virus (Figure 7). Yet maternal V3-specific
neutralizing responses against HIV-2 V3.B wild-type chimeric virus were highly
predictive of reduced risk of MTCT (OR: 0.49, CI = 0.30 – 0.79, p = 0.004) in the
peripartum cohort. Interestingly, the association between the isolated V3-specific
neutralization of HIV-2 V3.B was completely abrogated when amino acid
residues A319 and D322 in the C terminal region of the V3 loop were mutated to
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A319T and D322N in the chimeric virus (OR: 0.69, CI = 0.40 – 1.17, p = 0.16).
These results suggest that the V3 loop is an important target of potentiallyprotective neutralizing responses in non-transmitting women and that V3specific neutralizing responses depend on amino acid residues A319 and D322 in
the V3 loop (Figure 5C). Thus, maternal V3-specific neutralizing antibodies that
target amino acid residues A319 and D322 are predictive of reduced MTCT risk
of HIV. While potentially-protective maternal V3-specific IgG binding responses
predictive of reduced MTCT risk were dependent on amino acid residue F317,
the HIV-2 V3.B F317A chimeric virus did not achieve the infectivity threshold of
10 times the cell control background RLU for use in a TZM-bl neutralization
assay.

3.7 The role of maternal V3-specific IgG in co-receptor usage of autologous
maternal circulating viruses.
The V3 loop has been described as a determinant of virus tropism through
modulation of co-receptor interaction (105), thus V3-specific maternal antibodies
could block MTCT by interfering with co-receptor binding. To explore this
potential alternative mechanism of V3-specific IgG on virus transmission, we
investigated whether V3-specific IgG antibodies impact virus co-receptor usage
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of autologous maternal viruses isolated from a non-transmitting mother (22). We
utilized V3-specific IgG mAbs isolated from a non-transmitting mother and
plasma V3-specific IgG antibodies purified from a non-transmitting and
transmitting mother from the WITS cohort to assess their impact on the
susceptibility of a circulating virus variant from a non-transmitting mother to the
CCR5 inhibitor Maraviroc. Maternal V3-specific IgG monoclonal antibodies
DH291, DH298, DH299, and 19b, a heterologous positive control specific for the
C terminal region (22) as well as polyclonal V3-specific Abs isolated from a nontransmitting and transmitting mother, when present at sub-neutralizing
concentrations of 5µg/ml altered susceptibility of the maternal autologous virus
to low levels of the CCR5 inhibitor (Figure 8A). Furthermore, maternal V3specific IgG antibodies DH291, DH294, and polyclonal V3-specific responses
isolated from a non-transmitting and transmitting mother could similarly
modulate co-receptor inhibition of a CXCR4 tropic virus, MN.3, when we tested
at sub-neutralizing concentrations of 1µg/ml (Figure 8B). Altogether, these
results suggest that maternal V3-specific IgG could block autologous maternal
virus transmission through an alternative non-neutralizing pathway of altering
viral interactions with co-receptors expressed on infant cells.
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Figure 8 Altered CCR5 and CXRC4 co-receptor inhibitor sensitivity by HIV-1
viruses in the presence of maternal V3-specific antibodies. (A) Maternal V3specific IgG antibodies isolated from a non-transmitting and transmitting mother
tested at sub-neutralizing concentrations 5µg/ml against an autologous
circulating virus (5426.31) in the presence of serially diluted Maraviroc. (B)
Maternal V3-specific IgG antibodies from a non-transmitting and transmitting
mother tested at sub-neutralizing concentrations against a MN.3 in the presence
of serially diluted AMD-3100.

3.8 Discussion
3.9 C terminal region amino acid position 317 is important for the binding of
potentially protective maternal V3-specific IgG
Our limited understanding of mechanistic immune correlates of
protection against MTCT of HIV remains a major challenge in developing safe
and effective immune strategies to prevent pediatric HIV. Yet, our recent
humoral immune correlate analysis of clade B HIV-infected women
demonstrated that maternal V3-specific IgG binding and tier 1 virus neutralizing
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responses were both predictive of reduced MTCT risk in clade B HIV-infected
women (22). This result was surprising, as HIV Env-specific responses that target
the V3 loop predominantly mediate virus neutralization of tier 1 virus variants,
yet infant transmitted/founder HIV-1 variants uniformly resemble the more
difficult to neutralize tier 2-like viruses. The V3 loop of gp120 has been
extensively described as an important target of HIV Env-specific cross-clade
neutralizing antibodies (106, 107). In fact, the V3 loop has been previously
described as the principal neutralizing domain (PND) on the HIV Env
glycoprotein spike, and is a major target of autologous virus neutralizing
antibodies (31) (Figure 3). V3-specific antibodies are relatively easy to induce by
vaccination, but have been shown to only neutralize easy to neutralize T cell
adapted strains and not clinically relevant strains (108, 109). Yet it was recently
shown in the moderately efficacious RV144 vaccine efficacy trial that vaccineelicited antibody responses mediated immune pressure in breakthrough viruses
at V3 amino acid residue position F317 (99, 100). Interestingly, we determined
that maternal V3-specific binding responses predictive of reduced MTCT risk in
the WITS cohort were similarly dependent on V3 amino acid residue F317.
Together, these studies suggest that amino acid position 317 may be important
for the binding of protective antibody responses in more than one transmission
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setting. These findings also suggest that V3-specific IgG responses may be
important in reducing HIV transmission risk.
Maternal V3-specific IgG responses associated with reduced MTCT risk
were previously reported (22), and in this study, we demonstrate that amino
acids localized to the C terminal region in the V3 loop are important for this
association (Figure 4). Importantly, this association was observed in measures of
humoral immunity by different assays (BAMA, ELISA, and neutralization),
which demonstrates the robustness of this finding. Despite the repeatable
association of maternal V3-specific IgG antibody responses and reduced MTCT
risk, it should be noted that the protective effect of maternal V3-specific IgG
binding responses against reduced MTCT risk was modest in both the multiplex
BAMA and ELISA assays. Furthermore, a caveat to our findings is that while
maternal V3-specific IgG binding responses to V3.B K305Q, I307T, H308T mutant
were still predictive of reduced MTCT risk by BAMA, the association between
maternal V3-specific IgG binding responses and reduced MTCT risk as measured
by ELISA only trended towards significance (Figure 4, Table 1). The differences
in the association of maternal V3-specific IgG binding to V3.B K305Q, I307T,
H308T mutant and reduced MTCT risk as measured by BAMA and ELISA may
be explained by sensitivity differences in these assays.
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3.10 V3-specific IgG subclass responses are not predictive of reduced MTCT
risk
Anti-V1V2-specific IgG3 subclass responses were associated with
decreased HIV-1 risk in vaccinees from the moderately protective RV144 vaccine
efficacy trial (103). Here we tested maternal V3-specific IgG3 subclass responses
and found they were detected at similarly low frequencies in non-transmitting
and transmitting women. Maternal V3-specific IgG2 subclass responses were also
detected at similarly low frequencies in non-transmitting compared to
transmitting women. Expectedly, maternal V3-specific IgG1 subclass responses
were most frequently detected in both non-transmitting and transmitting women
and at similar frequency within these groups (Figure 6). A potential explanation
for the lack of association between V3-specific IgG subclass and reduced
transmission risk is that the scaffolded gp70 MNV3 protein compared to V3.B
wild-type differs as at amino acid residues in the C terminal region, which we
have demonstrated to be important for the binding of potentially-protection.
Therefore, V3-specific IgG subclass, as measured by our current assay, does not
seem to be a major determinant of MTCT of HIV.
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3.11 V3-specific IgG neutralizing responses that are predictive of reduced
MTCT risk target the C terminal loop
We previously identified maternal tier 1 virus neutralizing responses as
predictive of reduced MTCT risk in the WITS cohort (22). Interestingly, in this
study, maternal plasma neutralization of the HIV tier 1 virus variant SF162 in the
presence of a V3.B wild-type peptide was still predictive of reduced MTCT risk,
suggesting that other protective antibody responses directed against epitopes
other than the V3 loop may mediate neutralization (Figure 7A). It is also possible
that potentially-protective maternal V3-specific IgG responses are mediated by
non-linear epitope-targeting antibodies and may not be inhibited by the linear
V3.B wild-type peptide. We therefore measured the isolated contribution of
maternal V3-specific neutralizing responses to tier 1 virus-neutralization using
sensitive HIV-2/HIV-1 V3 chimeric viruses. Interestingly, the isolated maternal
V3-specific neutralizing response against the HIV-2 V3 wild-type chimeric virus
was highly predictive of reduced MTCT risk, suggesting that the protective
mechanism of V3-specific IgG responses is virus neutralization (Figure 7B). Yet,
the insertion of two non-consensus amino acid residues at positions 319 and 322
abrogated the association of the V3-specific neutralization and reduced MTCT
risk, suggesting these amino acid residues are critical for V3-specific IgG
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mediated neutralization. Amino acid residues positions 319 and 322 are within
close proximity in V3 and also in the C terminal region of the V3 crown.
Therefore, residues 319 and 322 may encompass a single binding and
neutralizing epitope of protective maternal antibody responses (Figure 5C).
However, it should be noted that due to the inability to produce an infectious
HIV-2 V3 F317A chimeric virus, we cannot rule out this C terminal amino acid
residue as the target of potentially-protective maternal V3-specific neutralizing
responses associated with reduced MTCT risk. Another caveat to our study is
that key amino acid residues that mediated the binding of potentially-protective
maternal V3-specific responses can vary across viral clades. Therefore, it remains
unclear if maternal V3-specific responses that target amino acid residues F317,
A319, and D322 mediate decreased MTCT risk of non-clade B virus HIV
infection. It should also be noted that maternal V3-specific neutralizing response
inhibition by a linear V3.B wild-type peptide with F317, A319, and D322 amino
acid residues did not remove the association between tier 1 virus neutralization
and reduced MTCT risk. Yet, the association of maternal V3-specific neutralizing
responses and reduced MTCT risk was completely removed by the insertion of
non-consensus residues into the C terminal region of HIV-2 V3.B chimeric virus.
The observed differences in the inhibition of potentially-protective maternal V359

specific responses could perhaps be due to differences in neutralization
sensitivity of HIV-1 tier 1 virus isolates and chimeric HIV-2 V3 viruses, and to
differences in the conformation and structure between linear V3 peptides and the
V3 loop on chimeric viruses. Altogether, these findings suggest that the
potentially-protective maternal neutralizing responses in the WITS cohort target
the C-terminal domain in the V3 loop.

3.12 Maternal V3-specific IgG responses modulate virus inhibition of coreceptor binding
The C-terminal region in the V3 loop encompasses amino acid residues
that are predictive of co-receptor usage in CCR5 and CXCR4 tropic viruses (110112). In fact, co-receptor preference for CXCR4 can be predicted by the presence
of acidic amino acid residues at position 322, whereas the absence of charged
amino acid residues at position 322 is generally predictive of CCR5-tropic viruses
(111). Yet, maternal clade B, CCR5 tropic viruses predominantly initiate infection
of the infant (transmitted/founder viruses) (113). Circulating autologous CXCR4
tropic viruses could potentially be blocked by maternal protective V3-specific
IgG binding and neutralizing responses and only enable co-receptor binding of
CCR5-tropic strains. Interestingly, maternal V3-specific IgG antibodies mediated
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co-receptor binding inhibition of a maternal circulating virus 5426.31 and
reference strain MN.3, suggesting that maternal autologous V3-specific IgG may
affect viral interactions with the CCR5 and CXCR4 co-receptors on infant CD4+ T
cells (Figure 8). This finding suggests that V3-specific IgG may utilize more than
one mechanism (neutralization, modulation of co-receptor usage) to reduce
MTCT risk. However, the ability of V3-specific IgG to modulate co-receptor
binding inhibition was only examined in one non-transmitting and transmitting
mother and should be explored in a larger population of HIV-infected pregnant
mothers.

3.13 Amino acid residue mutations within and outside of the V3 loop
modulate the binding and neutralizing activity of V3-specific IgG responses
In the setting of pregnancy, the infant is passively immunized with
maternal IgG that is raised against the viruses to which the infant is exposed.
Maternal HIV Env-specific IgG responses may select vertically transmitted
viruses that escape maternal IgG through mutations of specific amino acid
residues in the envelope spike. Importantly, we previously reported that viruses
isolated from a non-transmitting mother were sensitive to neutralization by
autologous V3-specific IgG monoclonal antibodies. There was also evidence of
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immune escape from this V3-specific autologous virus neutralizing response by
specific compensatory mutations within the envelope yet outside the V3 loop.
Mutations at amino acid residue positions N188 and V200 within the C2 region
mediated maternal autologous virus neutralization sensitivity to V3-specific IgG
responses potentially by making the V3 loop accessible to neutralizing antibodies
(22). Other studies have also reported Env amino acid mutations outside of V3
that increase V3 exposure to V3-specific neutralizing antibodies (114). In this
study, we identified amino acid mutations within the V3 loop C terminal region
that completely remove the association between maternal protective V3-specific
responses and reduced MTCT risk. Therefore, mutations both outside and within
the V3 loop may be important to enable accessibility to V3-specific binding and
neutralizing antibodies.
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4. Materials and Methods of Maternal Neutralizing Antibodies in MTCT 1
4.1 Study Subjects
Malawian and U.S. HIV-infected pregnant women were enrolled in the WITS
and CHAVI009 cohorts after HIV infection was confirmed by two separate
enzyme immunoassays or Western blot tests. Four transmitting women and their
infants from the North American Women Infant Transmission Study (WITS)
cohort and the Malawian Center for HIV/AIDS Vaccine Immunology 009
(CHAVI009) cohort were selected based on the following criteria: in utero or
peripartum HIV-infected infants with an identifiable infant plasma T/F virus by
single genome analysis (SGA), paired maternal plasma samples available within
4 months of infant plasma SGA analysis, and paired maternal peripheral blood
mononuclear cell (PBMC) sample availability from within 3 months of vertical
transmission. As expected, U.S. pregnant women from the WITS cohort were
primarily infected with clade B HIV virus, and Malawian pregnant women from
the CHAVI009 cohort were primarily infected with clade C HIV virus (24). Both
cohorts and their enrollment criteria have been previously described (22, 24, 115).

Some of the information given in this chapter is reprinted with permission from Kumar A,
Smith CEP, Giorgi EE, Eudailey J, Martinez D. R. et al. Infant transmitted/founder viruses
from peripartum transmission are neutralization resistant to paired maternal plasma. Plos
Pathogens. 2018. It has been modified to meet the format requirements of this dissertation.
1
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In utero transmission was defined by a positive PCR result at delivery.
Peripartum transmission was defined by a negative HIV PCR or culture from
peripheral blood samples collected within 7 days of birth with subsequent a
positive result >7 days after birth. Three non-transmitting women were also
selected from the WITS and CHAVI009 cohort. Clinical characteristics of the
maternal and infant pairs used in this study are in Table 2. Maternal and infant
patients that were used to isolate single genome amplicons and M.ConSgp120specific memory B cells are listed in Table 4.

4.2 Ethics Statement
The study CHAVI009 was approved by the College of Medicine Research and
Ethics Committee in Malawi and by all participating institutions’ institutional
review boards. The WITS study was approved by institutional review boards
(IRBs) of each study site – the study sites include Massachusetts (sub-sites in
Boston and Worcester), New York (centers in Manhattan and Brooklyn), Texas
(Houston), Puerto Rico (San Juan), and Illinois (Chicago) – approved the original
WITS study protocol, and written informed consent was obtained from all
participants (116). Maternal and infant samples from the WITS and CHAVI009
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cohort were received as de-identified material and were deemed as non-human
subject research by the Duke University medical school IRB.

4.3. HIV Env single genome amplicon (SGA) isolation
Viral RNA (vRNA) was isolated from maternal and infant plasma using the EZ1
Virus Mini Kit 2.0 on BIO ROBOT EZ1 (Qiagen) according to manufacturer
specifications. cDNA was reverse transcribed with 1X reaction buffer, 0.5 mM of
each deoxynucleoside triphosphate (dNTP), 5 mM DTT, 2 U/mL RNaseOUT, 10
U/mL of SuperScript III reverse transcription mix (Invitrogen), and 0.25 mM
antisense primer 1.R3.B3R (5’-ACTACTTGAAGCACTCAAGGCAAGCT
TTATTG-3’) using 20µl of vRNA. The cDNA was used for first round PCR
amplification using Platinum Taq DNA polymerase High Fidelity (Invitrogen) by
end-point dilution PCR in 96 well plates (Applied Biosystems, Inc.). Only PCR
reactions with < 30% positive reactions were used in order to maximize the
likelihood of isolating single genome amplicons. First round PCR HIV Env single
amplicons were generated using 07For7 (5’AAATTAYAAAAATTCAAAATTTTCGGGTTTATTACAG-3’) and 2.R3.B6R (5’TGA AGCACTCAAGGCAAGCTTTATTGAGGC -3’) primer pairs. Second
round PCR amplification was performed with primers VIF1 (5’65

GGGTTTATTACAGGGACAGCAGAG -3’) (nt 5960–5983 in the HXB2 tat coding
region) and Low2c (5’- TGAGGCT TAAGCAGTGGGTT CC -3’) (nt 9413–9436 in
HXB2 nef) and using 2µl of the first round PCR as the template. All first round
PCR reactions were performed in 20µl reactions using: 1X buffer, 2 mM MgSO4,
0.2 mM of each dNTP, 0.2µM of each primer, and 0.025 U/µl Platinum Taq High
Fidelity polymerase (Invitrogen). First round PCR amplification conditions were
1 cycle of 94°C for 2 minutes, 35 cycles of 94°C for 15 seconds, 58°C for 30
seconds, and 68°C for 4 minutes, followed by 1 cycle of 68°C for 10 minutes.
Second round PCR conditions were one cycle of 94°C for 2 minutes, 45 cycles of
94°C for 15 seconds, 58°C for 30 seconds, and 68°C for 4 minutes, followed by 1
cycle of 68°C for 10 minutes. Second round PCR amplicon products were
visualized by agarose gel electrophoresis and positive products were sequenced
using an ABI3730xl genetic analyzer (Applied Biosystems). The final 3’-half
genome PCR product was ~4160 nucleotides in length and included Env gp160.
Partially overlapping Env sequences from each PCR amplicon were assembled
and edited using Sequencher (Gene Codes, Inc). Sequences with double peaks
per base read were discarded. HIV Env sequence alignments and phylogenetic
trees were generated using ClustalW and Highlighter plots were created using
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Los Alamos National Laboratory HIV tools at
https://www.hiv.lanl.gov/content/sequence/HIGHLIGHT/highlighter_top.html.

4.4 Identification of Infant transmitted founder (T/F) HIV Env sequences
All maternal and infant envelope sequences were aligned using the Gene Cutter
tool available at the Los Alamos National Laboratory (LANL) website
(http://www.hiv.lanl.gov/content/sequence/GENE_CUTTER/cutter.html) and
edited manually. Full-length HIV envelope sequences were manually trimmed
using Seaview (117). The infant T/F Env virus sequences were visually examined
in phylogenetic trees and highlighter plots. Infant consensus sequences of the
major T/F lineage were created using the LANL Consensus Maker tool
(http://www.hiv.lanl.gov/content/sequence/CONSENSUS/consensus.html).
Highlighter plots and phylogenetic trees were rooted on the consensus of the
major Env variant in infants infected with one or more T/F viruses. Maternal and
infant envelope sequences were aligned using Bio-NJ phylogeny (Mega 6
Software) and highlighter plot
(http://www.hiv.lanl.gov/content/sequence/HIGHLIGHT/HIGHLIGHT_XYPLOT
/highlighter.html). The number of infant T/F viruses in each patient was
determined by visual inspection of the phylogenetic tree and highlighter plot of
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infant-maternal env sequence alignments. Env hypermutation was also
evaluated using the tool Hypermut
(http://www.hiv.lanl.gov/content/sequence/HYPERMUT/hypermut.html). Env
sequences with a significant hypermutation (p<0.1) were removed from the
alignment and not included in further analysis. When an Env sequence had high
hypermutation frequencies (118), positions within the APOBEC signature context
were removed (The timing of infection was inferred using the Poisson Fitter
method after removing putative recombinants and/or hypermutated sequences
for all 4 infant infections. Days since HIV infection were calculated using the
Poisson Fitter tool
(http://www.hiv.lanl.gov/content/sequence/POISSON_FITTER/ pfitter.html)
which estimates the time since infection based on the accumulation of random
mutations from the most recent common ancestor (MRCA) (119)). For infants
infected with 2 or more T/F viruses, only the major Env variant was analyzed to
obtain the time since the infection. The defined Env mutation rate was 2.16e-5.
Values were reported in days with a 95% confidence interval and a goodness-offit p-value.

4.5 Selection of maternal Env sequences
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To select maternal non-transmitted variants and capture the most divergent
sequences from the infant T/F, we devised an algorithm in R as follows:
identification of the most variable positions in the amino acid alignment and
ranking of all sequences with respect to the frequencies at these positions.
Sequences are then selected starting from the most divergent based on motif
coverage as observed in the alignment and in the phylogenetic tree (in other
words, if a group of diverging sequences all share the same motif, only one in the
group and/or tree node is selected).

4.6 Cloning of maternal and infant T/F Env SGAs
A –CACC 5’ end was introduced using primers Env1A (5’caccTTAGGCATCTCCTATGGCAGGAAGAAG-3’) and Rev19 (5’ACTTTTTGACCACTTGCCACCCAT-3’) into maternal and infant T/F virus
amplicons in the first round PCR reaction. Maternal and infant PCR products
were ligated into pcDNA3.1 Directional TOPO vectors (Invitrogen). Phusion®
High-Fidelity PCR Master Mix with HF Buffer was used according to the
manufacturer guidelines (New England BioLabs). Env cloned gene plasmids
were then transformed into XL10 gold chemically competent E. coli cells.
Transformed bacterial cultures were grown at 37°C for 16 hours on LB ampicillin
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plates and single colonies were selected. Bacterial colonies were propagated in
liquid broth containing 100µg/ml Ampicillin and plasmids were miniprepped
and quality controlled by BamHI and XhoI (New England BioLabs) restriction
enzyme digestion. Plasmids containing the Env insert of correct size were
sequenced to confirm 100% sequence identity with the original Env infant
consensus sequence. Plasmids were propagated in large scale and megaprepped
using a commercially available kit (Qiagen) and re-sequenced to confirm 100%
sequence identity.

4.7 HIV pseudovirus preparation in 293T cells
HIV Env pseudoviruses were prepared by transfecting 60% confluent
293T cells (ATCC, Manassas, VA) with 4µg of Env plasmid DNA and 8µg of
Env-deficient HIV plasmid DNA using the FuGene 6 transfection reagent (Roche
Diagnostics) as described previously (120). Two days after transfection, the
culture supernatant containing pseudoviruses was harvested, and filtered using
0.22µm sterile filters, aliquoted, and stored at -80°C. An aliquot of freezedthawed pseudovirus was used to measure pseudovirus infectivity in TZM-bl
cells. 20µl of pseudovirus was distributed in duplicate to 96-well flat bottom
plates (Co-star) and 10,000 TZM-bl cells in grown media (Dulbecco’s modified
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Eagle’s medium (DMEM)-10% fetal bovine serum (FBS) containing HEPES) and
10µg/ml of DEAE-dextran were added to each well. After a 48 hr of incubation at
37°C in 5% CO2, 100µl of medium was removed from pseudovirus containing
wells and 100µl of luciferase reagent Bright-Glo™ was added and incubated at
room temperature for 2 min. 100µl of the cell lysate was transferred to a 96-well
black solid plate (Costar), and the luminescence was using a Victor plate reader
(Perkin Elmer).

4.8 Isolation of M.ConSgp120-specific B cells from HIV-infected, transmitting
and non-transmitting mothers
Peripheral Env-specific IgG-expressing memory B cells were isolated from
4 HIV-infected transmitting women and 3 HIV-infected non-transmitting women
as described previously (22). Thawed PBMCs were stained with a cell viability
marker (Aqua Vital Dye- Life technologies-L34957), SAV-AF647 (Life
technologies-S21374), SAV-BV421 (BioLegend - 405225)-labeled M.ConSgp120
and the following antibodies: CD27 PE-Cy7 (eBioscience), anti-IgG FITC (Jackson
Immuno Research), IgD PE, CD19 APC-Cy7, CD3 PE-Cy5, CD235a PE-Cy5 (BD
Pharmingen), CD14 BV605, CD16 BV570 (Sony/iCyt), CD10 ECD, CD38 APC
AF700 (Beckman Coulter). Total B cells were gated as viable (Aqua Vital Dye
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negative) CD14/CD16 and CD3/CD235a negative, and CD19 positive. HIV Envspecific, IgG-expressing memory B cells were further selected by gating for IgD
negative and M.ConSgp120 double positive cells using dual color (SAV-AF647
and SAV-BV421) antigen-specific labeling. Flow cytometric data was acquired on
a BD FACS AriaII (BD Biosciences) at the time of sorting and the data analyzed
using FlowJo (Tree Star Inc). Single cell sorting of double MConSgp120-specific B
cells was performed using a FACSAriaII (BD Biosciences) as single-cells into 96well plates preloaded with an RNA stabilization cocktail as described previously
(22).

4.9 Variable heavy and light chain gene amplification, transient transfection,
and screening ELISA
B cell cDNA was generated by reverse transcription using random
hexamer primers and SuperScript III reverse transcriptase. B cell
immunoglobulin variable heavy and light chain genes were amplified by nested
PCR using forward and reverse primer sets as previously described (115). IgG
isotype was determined by sequence homology to germline genes. Somatic
hypermutation and inferred V(D)J rearrangement was determined by Somatic
Diversification analysis (SoDA) as previously described (121). Overlapping PCR
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was used to construct variable gene PCR products with full-length IgG1 (for
heavy chain) and kappa or lambda (for light chain) cassettes for expression in
293T cells (122). The supernatants of transiently transfected 293T cells were
screened for binding against a panel of HIV proteins and peptides by ELISA.
Binding ELISA were performed by coating high-binding 384 well plates
(Corning) for 1 hour at RT with: M.ConSgp120, Con6gp120, MNgp120gDneg11,
gp70MV3, Bio-V3.B (Bio-NNTRKSIHIG PGRAFYATGDIIGDIRQAHC), Bio-V3.C
(Bio-KKKNNTRKSIRIGPGQTFYATGDIIGDIRQAHC), gp70BcaseAV1V2, BioV2.B (Bio-KKKTSIRDKVQKEYALFYKLDVVP), Bio-V2.1086C (BioKKKTELKDKKHKVHALFYKLDVVP), Bio-RV144.C5.2B (BioKKKSELYKYKVVKIEPLGVAPTKAKRRVVQREKRAV), YU2 core, YU2 core
D368R mutant, MulVgp70, and a scrambled peptide
(HTGKYTYPTNIAIRGRGNKFRNKKI). Plates were washed 1X and blocked for 2
hours at RT with SuperBlock (4% whey protein, 15% goat serum, and 0.5%
Tween 20 diluted in 1X phosphate-buffered saline [PBS]). After a 2X wash, 10µl
of transient transfection supernatant was added in duplicate and incubated at
room temperature (RT) for 1 hour. Plates were washed 2X and a horseradish
peroxidase (HRP)-conjugated goat anti-human IgG antibody (Sigma Aldrich)
was used at a 1:10,000 dilution and incubated at RT for 1 hour. Plates were
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washed 4X and SureBlue reserve TMB substrate (KPL, Gaithersburg, MD) was
added. Reactions were stopped by stop solution (KLP, Gaithersburg, MD) and
optical densities (OD) were detected at 450mn. Binding positivity cutoffs for each
antigen was set as 2X the background OD of the negative control transfection
supernatant.

4.10 Monoclonal antibody screening and large-scale production
Forty three out of 155 monoclonal antibodies (mAbs) isolated from 4 HIVinfected transmitting women and forty one of 242 mAbs isolated from 3 HIVinfected women were selected for large-scale transfection based on diverse Vh
gene usage, no more than 2 clonally related monoclonal antibodies per B cell
lineage, diversity in fine-specificity (i.e., V3-specific and V1V2-specific), and high
optical density values in a screening ELISA. The screening ELISA HIV Env panel
was: MconSgp120, Con6gp120, MNgp120, gp70BcaseA V1V2, V2.B, gp70MNV3,
V3.B, V3.C, C1, C5, YU2 core, YU2 core D368R mutant, MulVgp70, and a
scrambled peptide. Heavy and light chain variable gene expressing plasmids
encoding an IgG1 Fc region with S298A/E333A/K334A/N434A mutations
(Genscript) for optimized binding to FcγRIIIa and co-transfected using an
ExpiFectamine 293 Transfection Kit in Expi293F (Thermo) cells at 2.5million
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cells/ml in 100ml flasks in suspension. Supernatants were harvested 5 days later
and IgG mAbs were purified using Pierce Protein A beads (Thermo). mAbs were
buffered exchanged with 60ml of sterile 1XPBS. Purified IgG mAbs were tested
at 5µg/ml against the same HIV Env protein and peptide panel tested in the
antibody screening ELISAs to confirm Env binding specificity. Binding positivity
cutoffs were set as 2X the background OD of a CH65 (influenza-specific mAb)
negative control for each antigen. HIVIG (NIH AIDS reagent program) was used
as the positive control for each HIV antigen. Purified mAbs were tested by
Western blot and Coomassie stain to confirm mAb purity.

4.11 HIV neutralization assays
Serum/plasma samples were heat-inactivated at 56˚C for 1 hr prior to
assay. Murine leukemia virus SVA.MLV was used as a negative control (123).
Neutralizing antibody activity was measured in 96-well culture plates by using
Tat-regulated luciferase (Luc) reporter gene expression to quantify reduction in
virus infection in TZM-bl cells (NIH AIDS Research and Reference Reagent
Program). Assays were performed with HIV-1 Env-pseudotyped viruses as
described previously (124). Test samples were diluted over a range of 1:20 to
1:43740 in cell culture medium and pre-incubated with virus (~150,000 relative
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light unit equivalents) for 1-1.5 hr at 37˚C. 10,000 TZM-bl cells + 10µg/ml of
DEAE-dextran per well were added. After a 48-hour incubation, cells were lysed
and luminescence was measured using Bright-Glo™ in black 96-well plates using
a Victor plate reader (Perkin Elmer). Neutralization titers were defined as the
sample dilution or monoclonal antibody concentration at which a 50% reduction
of relative luminescence units (RLU) was observed in the virus control wells after
subtraction of background RLU in cell control wells. A response was considered
positive if the plasma ID50 against infant T/F viruses was at least 3 times higher
than the ID50 versus SVA.MLV. A flu-specific CH65 IgG mAb was included as a
negative control. HIV broadly neutralizing antibodies PGT128 IgG, PG9 IgG, and
VRC01 IgG were included as positive controls.
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5. Autologous virus-neutralizing monoclonal antibodies in HIV-infected,
vertically-transmitting and non-transmitting US and Malawian women.
5.1 Introduction
While maternal V3-specific and CD4-binding site-blocking IgG responses were
associated with a reduced MTCT risk in the WITS cohort, it is unclear whether 1)
maternal Env-specific IgG responses select for neutralization-resistant maternal
viruses that give rise to viruses that initiate HIV infection in the infant, or if 2)
autologous virus-neutralizing activity is a feature that distinguishes HIV-infected
non-transmitting from transmitting mothers. Therefore, in this study, we sought
to define the role of maternal HIV Env-specific mAb repertoire in the context of
MTCT. We isolated HIV Env-specific antibodies from three non-transmitting and
four transmitting women and measured their neutralizing activity against
concurrent maternal non-transmitted plasma viruses and paired infant founder
viruses. To our knowledge, this is the first study that has examined if A) infant
founder viruses are defined by their neutralization resistance to paired maternal
Env-specific monoclonal IgG antibodies and B) compared the HIV Env-specific
autologous virus-neutralizing activity at the monoclonal B cell level in
transmitting and non-transmitting women. A deeper understanding of the role of
maternal autologous virus-neutralizing antibodies in MTCT of HIV will be
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crucial for the development of novel maternal or infant vaccination strategies
that can synergize with current ART therapies to reach the goal of an HIV-free
generation.

5.2 Results
5.3 Clinical characteristics of U.S. and Malawian HIV-infected women.
U.S. HIV-infected women were enrolled in the WITS cohort prior to the
administration of ART prophylaxis during pregnancy or at delivery as the
standard of clinical care. Malawian HIV-infected women received a single dose
of nevirapine at delivery. Non-transmitting U.S. and Malawian women had a
median CD4+ T cell count of 406 cells/mm3 and a median viral load of 58,915
copies/ml (Table 2). Transmitting U.S. and Malawian women had a median CD4+
T cell count of 281 cells/mm3 and a median viral load of 78,730 copies/ml.
Uninfected infants had a median gestational age of 37 weeks at birth, and HIVinfected infants had a median gestational age of 38 weeks (Table 2). Of the four
HIV-infected infants included in this study, two infants became infected
perinatally, and the other two infants were infected in utero. All infants were
born by vaginal delivery except for 1 HIV-infected infant (155.1), who was born
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by Caesarean section. The delivery mode for one HIV-exposed uninfected infant
(193.1) was unknown.
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Table 2: Maternal HIV disease progression factors in HIV-infected non
transmitting and transmitting U.S. and Malawian women

Transmission
status
Non-transmitter
Non-transmitter
Non-transmitter
Transmitter
Transmitter
Transmitter
Transmitter

UNK2

Maternal CD4+ T cell
count (cells/mm3)
787

Maternal viral
load (copies/ml)
29,337

Paired infant
gestational age (week)
37

vaginal

188

58,915

40

vaginal

406

75,934

36

c-section

318

87,193

295

70,267

266

5,207

213

163,069

Patient ID Mode of transmission Cohort Mode of delivery
193.1
5807
301
155.1
601
9105
3902

NA
NA
NA
Peripartum
Peripartum
in utero
in utero

WITS
CHAVI00
9
CHAVI00
9
WITS
CHAVI00
9
CHAVI00
9
CHAVI00
9

vaginal
vaginal
vaginal

1NA

= not
applicable
2UNK = Unknown
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36
UNK1
40
38

5.4 Isolation and phylogenetic relationships of maternal and infant Env gene
sequences
Infant plasma samples were used to isolate 121 full length Env SGAs
(Table 3). Three of four (75%) infants – two peripartum HIV-infected infants
(155.1 and 0601) and one in utero infected infant (9112) – were infected with one
transmitted founder virus, whereas one of four (25%) infants – in utero infected
infant 3902 – was infected with at least three genetically distinct transmitted
founder viruses (Table 3). We calculated the timing of infection in each infant by
estimating the age in days of the most recent common ancestor (MRCA).
Peripartum-infected infants 155.1 and 0601 were estimated to have been infected
soon after delivery, whereas the in utero-infected infants were estimated to have
been infected in the last month of gestation (Table 3). All of the infant T/F viruses
fit a Poisson distribution.
We then constructed neighbor-joining phylogenetic trees and highlighter
plots of the infant T/F viruses and maternal Env sequences to define their genetic
relationships (Figure 9 and Figure 10). The highlighter plots revealed low genetic
diversity in the infant Env populations and high genetic diversity in the maternal
Env populations. As we isolated over 20 infant Env sequences, we had a greater
than 90% confidence that all Env variants within the population were sampled. A
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total of 130 full length Env sequences were isolated from four transmitting
women near the time of delivery or at delivery (Figure 9). Similarly, 104 full
length Env sequences were isolated from three non-transmitting women from
samples close to delivery (Figure 10). Using an algorithm described previously
(37), we selected 51 and 23 representative Env variants for pseudovirus
production from the four transmitting and three non-transmitting women (6-17
per mother), respectively.
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Table 3: Number of infant and maternal sequences, T/F viruses, and estimated
days since most common recent ancestor (MRCA) in infants.
Maternal and
Infant Pair ID

Number of Infant Estimated number
Env gene SGAs of infant T/F viruses

Infant age at
sample
collection (days)

Estimated days since
Most Recent Common
Ancestor (MRCA)
(95% CI)

Notes

Number of Paired
Maternal Env gene
SGAs

155.1

23

1

120 days

63 (50,76)

Fits a Poisson distribution

39

0601

31

1

38 days

66 (50,82)

Fits a Poisson distribution

29

3915

47

3

delivery

32 (21,43)

Fits a Poisson distribution

36

9112

20

1

delivery

18 (12,24)

Fits a Poisson distribution

26
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Figure 9 HIV env single genome amplicons isolated from U.S. and Malawian HIVinfected, transmitting women and their paired infants. Neighbor joining trees and
highlighter plots of A) a U.S. and B) a Malawian peripartum transmitting motherinfant pair, and C, D) two Malawian in utero transmitting mother-infant pairs. One
T/F virus was identified for infants born to 155.1, 0601, and 9105, whereas three T/F
viruses were identified for the infant born to 3902. Infant amplicons are shown in
red and maternal amplicons are shown in blue in the neighbor joining trees. Red
tick marks denote non-synonymous amino acid mutations, and green tick marks
denote synonymous amino acid mutations. Amit Kumar also contributed to data
shown in this figure.
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Figure 10 HIV env single genome amplicons isolated from U.S. and Malawian
HIV-infected, non-transmitting women. Neighbor joining trees and highlighter
plots of A) U.S. and B, and C) Malawian non-transmitting women. Maternal
amplicons are shown in blue in the neighbor joining trees. Red tick marks denote
non-synonymous amino acid mutations and green tick marks denote
synonymous amino acid mutations. Amit Kumar also contributed to data shown
in this figure.

5.5 Isolation of Env-specific IgG mAbs in HIV-infected transmitting and nontransmitting women
A total of 91 HIV Env-specific IgG mAbs were isolated from four HIVinfected transmitting women, and 134 HIV Env-specific IgG mAbs were isolated
from three HIV-infected non-transmitting women (Tables 5, 6, 7, and 8). Envspecific IgG mAbs with diverse antigen specificities, including V3, V1V2, and
CD4 binding site-specific IgG monoclonal antibodies, were isolated from both
transmitting and non-transmitting women. We isolated 15 V3-specific IgG mAbs,
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10 V1V2-specific IgG mAbs, and 24 CD4 binding site-specific mAbs from four
transmitting women. Similarly, we isolated 22 V3-specific IgG mAbs, 15 V1V2specific mAbs, and 16 CD4 bindings-specific IgG mAbs from 3 non-transmitting
women, suggesting that the monoclonal antibody B cell epitope specificity was
not a predictor of transmission status. We then generated 43 Env-specific IgG
mAbs that were isolated from transmitting women and 41 Env-specific IgG
mAbs that were isolated from non-transmitting women, and tested their
autologous virus neutralization activity against paired maternal non-transmitted
variants and paired infant T/F viruses.
Table 4 Timepoints of maternal and infant plasma used for HIV Env single
genome isolation and PBMC samples used for isolation of gp120-specific double
positive B cells

Transmission status
Non-transmitter

Patient ID
193.1

Non-transmitter

5807

Non-transmitter

0301

Transmitter

155.1

Transmitter

0601

Transmitter

9105

Transmitter

3902

1PP:

Postpartum
2AP: Antepartum

Cohort Infant T/F SGA timepoint Maternal SGA timepoint
WITS
2 months PP1
CHAVI00
1 month PP
9
CHAVI00
1 month PP
9
WITS
CHAVI00
9
CHAVI00
9
CHAVI00
9

Maternal PBMC sample
6 months PP
3 months PP
3 months PP

4 months post infection

delivery

2 months PP

3 months post infection

delivery

1 month PP

delivery (cord blood)

delivery

2 months AP and 1 month PP

delivery (cord blood)

1 month AP2

3 months PP
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Table 5: HIV Env-specific binding of small-scale transfected IgG mAbs isolated
from U.S. and Malawian HIV-infected transmitting women 155.1 and 0601.
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Table 6: HIV Env-specific binding of small-scale transfected IgG mAbs isolated
from Malawian HIV-infected transmitting women 9105 and 3902.
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Table 7: HIV Env-specific binding of small-scale transfected IgG mAbs isolated
from Malawian HIV-infected non-transmitting women 0301 and 5807.
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Table 8: HIV Env-specific binding of small-scale transfected IgG mAbs isolated
from U.S. HIV-infected non-transmitting woman 193.1.
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5.6 Affinity maturation characteristics of Env-specific IgG mAbs isolated from
transmitting and non-transmitting women
Hallmark features of highly evolved HIV Env-specific antibodies include:
high somatic hypermutation rates within the variable heavy and light chain
genes, long heavy chain complementarity determining region 3 (HCDR3s), and a
bias in Vh and Vl gene usage (125). We therefore examined whether maternal
Env-specific IgG mAbs that were isolated from HIV-infected transmitting and
non-transmitting women showed differences in these affinity-maturation
characteristics. We found no difference in the Vh gene usage of Env-specific IgG
mAbs isolated from HIV-infected non-transmitting and transmitting women
(Figure 11). Yet, Env-specific IgG mAbs isolated from HIV-infected transmitting
women showed statistically significant higher rates of Vh somatic mutation
levels compared to those of non-transmitting women (Figure 11). More
specifically, maternal gp120-specific IgG mAbs that were isolated from
transmitting women were more somatically mutated compared to those of nontransmitting women (Figure 11). In contrast, V3, V1V2, or CD4 binding sitespecific IgG mAbs that were isolated from transmitting women were not more
somatically mutated than those of non-transmitting women. Finally, there was
no difference in the HCDR3 length of the Env-specific IgG mAbs that were
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isolated from HIV-infected transmitting women compared to those of the nontransmitting women. Together, these findings suggest that maternal gp120specific IgG mAbs that were isolated from these transmitting women have
higher somatic mutation frequencies compared to those of non-transmitting
women.

Figure 11 Vh gene usage distribution, affinity maturation, and HCDR3 length of
Env-specific IgG mAbs isolated from U.S. and Malawian HIV-infected women.
Vh genes of isolated Env-specific IgG mAbs isolated from A) non-transmitting
women and B) transmitting women. C) Vh somatic hypermutation frequency of
HIV Env-specific IgG mAbs isolated from non-transmitting (blue) and
transmitting (red) women. D) Vh somatic hypermutation frequencies of gp120,
V1V2, V3, and CD4-binding site-specific IgG mAbs. E) HCDR3 amino acid length
of Env-specific IgG mAbs. P values are from a Mann-Whitney test.
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5.7 Maternal autologous neutralizing monoclonal antibody responses in HIVinfected transmitting and non-transmitting women
We then tested 43 of the 91 Env-specific IgG mAbs isolated from
transmitting women against tier 1 viruses SF162.LS, MN.3, and MW965 and their
paired maternal autologous virus and infant T/F virus neutralizing activity.
Twenty-six of the 43 Env-specific IgG mAbs neutralized at least one of the three
tier 1 viruses tested (Table 9). In contrast, the majority of the 43 Env-specific IgG
mAbs isolated from transmitting women did not neutralize the maternal
concurrent autologous viruses (Table 9). Maternal linear V3-specific IgG mAbs
isolated from two separate transmitting women mediated low levels of
autologous virus neutralization. Specifically, linear V3-specific IgG mAb
H650099 neutralized 1 out of 13 (7%) of maternal autologous non-transmitting
viruses. Similarly, linear V3-specific IgG mAb H650129 neutralized 1 out of 17
(5%) of maternal autologous non-transmitted viruses. In contrast, the paired
infant T/F viruses were neutralization-resistant to these maternal linear V3specific IgG mAbs, suggesting that maternal V3-specific IgG mAbs mediate
autologous virus neutralization and could select for neutralization-resistant
viruses that repopulate the maternal plasma virus pool. Yet maternal linear V3specific IgG mAbs isolated from one U.S. non-transmitting woman neutralized 6
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out of 9 (66%) of the maternal autologous non-transmitted viruses, suggesting
that non-transmitting women may have a higher autologous virus neutralizing
activity (Table 10).

Table 9 Tier 1 and autologous virus neutralization activity of Env-specific IgG
mAbs isolated from U.S. and Malawian HIV-infected transmitting women.
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Table 10 Tier 1 virus and autologous virus neutralization activity of Env-specific
IgG mAbs isolated from a U.S. HIV-infected non-transmitting woman

5.8 V3-specific IgG mAbs isolated from HIV-infected transmitting and nontransmitting women
We then examined the fine-epitope specificity of maternal V3-specific IgG
mAbs with measurable maternal autologous virus neutralizing activity. To map
the fine-epitope specificity, we utilized a library of N and C terminal mutant V3
peptides (Table 11). V3-specific IgG mAb H650099, which was isolated from
transmitting woman 9105, strongly bound to both V3.C and V3.B, suggesting
cross-clade binding reactivity. Yet the strong V3-specific binding activity of
H650099 was completely ablated against C terminal mutant peptides V3.B
F317A, A319K, D322A, V3.B F317L/A319T/D322R, and V3.B F317A, suggesting
that amino acid residue F317 was solely required for the binding activity to V3
(Figure 12). In contrast, V3-specific IgG mAB H650129, which was isolated from
transmitting woman 3902, strongly bound to V3.C and weakly bound to V3.B,
suggesting that the binding activity of this V3-specific IgG mAb was clade95

specific. The V3-specific binding activity of H650129 was ablated against either N
terminal mutant V3 peptides V3.B K305Q/I307T/H308T, V3.B K305A, V3.B I307A
or C terminal mutant V3 peptides V3.B F317A, A319K, D322A, V3.B
F317L/A319T/D322R, V3.B F317A, and V3.V A319K, suggesting that H650129
requires both N and C terminal amino acid residues for binding (Figure 12). In
contrast, V3-specific IgG mAb H650367, which was isolated from nontransmitting woman 193.1, strongly bound to V3.B wild type and showed a
significant decrease in binding activity against V3.B K305Q/I307T/H308T and
V3.B K305A, suggesting that N terminal amino acid residue K305 modulates
binding activity. Altogether, these findings suggest that N and C terminal V3
amino acid residues mediate the binding of maternal V3-specific IgG with
autologous virus neutralizing activity.
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Figure 12: Binding of autologous-virus neutralizing V3-specific IgG mAbs
isolated from transmitting women.
Table 11: V3.B mutant peptide library
Bio-V3.C
Bio-V3.B
Bio-V3.B (K305Q/I307T/H308T)
Bio-V3.B(F317L/A319T/D322R)
Bio-V3.B (K305A)
Bio-V3.B (I307A)
Bio-V3.B (H308A)
Bio-V3.B (F317A)
Bio-V3.B(A319K)
Bio-V3.B (D322A)
Bio-V3.B (F317A, A319K, D322A)

NNTRKSIRIGPGQTFYATGDIIGDIRQAHC
NNTRKSIHIGPGRAFYATGDIIGDIRQAHC
NNTRQSTTIGPGRAFYATGDIIGDIRQAHC
NNTRKSIHIGPGRALYTT-RIIGDIRQAHC
NNTRASIHIGPGRAFYATGDIIGDIRQAHC
NNTRKSAHIGPGRAFYATGDIIGDIRQAHC
NNTRKSIAIGPGRAFYATGDIIGDIRQAHC
NNTRKSIHIGPGRAAYATGDIIGDIRQAHC
NNTRKSIHIGPGRAFYKTGDIIGDIRQAHC
NNTRKSIHIGPGRAFYATGAIIGDIRQAHC
NNTRKSIHIGPGRAAYKTGAIIGDIRQAHC
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Figure 13: Binding of autologous-virus neutralizing V3-specific IgG mAbs
isolated from a non-transmitting woman.
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5.9 The neutralization sensitivities of infant T/F viruses and maternal nontransmitted viruses to broadly neutralizing antibodies
Separate studies that examined whether infant T/F viruses are inherently
more neutralization-resistant to broadly neutralizing antibodies reached distinct
conclusions (37, 113). We therefore measured the neutralization sensitivity of
infant T/F viruses to broad and potent broadly neutralizing antibodies VRC-01
and PG9. Infant T/F viruses 155.11, 3902 and 9112 were neutralization-sensitive
to VRC01, as were the closest maternal non-transmitted variants. Infant T/F
viruses 155.1 and 3902 were neutralization-sensitive to PG9, as was the closest
maternal non-transmitted variant. Similarly, infant T/F virus 9112 was
neutralization-resistant to PG9, as was the closest maternal variant, suggesting
that the neutralization sensitivity of the most closely related maternal nontransmitted variant and the paired infant T/F virus is generally uniform. Yet
infant T/F virus 0616 and the closest maternal non-transmitted variant were
neutralization-resistant to PG9, while all of the remaining and more
phylogenetically distant maternal non-transmitted variants were neutralizationsensitive to PG9, suggesting that in some mother-infant pairs, maternal
circulating viruses may acquire Env mutations that modulate their
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neutralization-resistance to broadly-neutralizing plasma antibodies such as PG9
and initiate infection in the infant (Table 9).
5.10 Malawian HIV-infected transmitting women have broad neutralizing
plasma responses compared to Malawian and U.S. non-transmitting women
Given that the infant T/F virus and the closest maternal non-transmitted
variant of mother-infant pair 0601 were both neutralization-resistant to PG9, we
examined whether HIV-infected transmitting women had broadly-neutralizing
antibody plasma responses. We tested maternal plasma neutralizing responses
against a multiclade panel of HIV viruses that represent genetic and antigenic
global HIV diversity (127). Interestingly, only one (0301) of three HIV-infected
non-transmitting women had neutralization breadth against seven of nine (77%)
global panel HIV viruses (Table 12). Yet, three (0601, 9105, and 3902) of the four
HIV-infected transmitting women, including the mother-infant pair whose
viruses showed neutralization-resistance to PG9, had neutralization breadth
against eight out of nine (88%) HIV viruses from the global panel (Table 12).
Together, these findings suggest that maternal plasma broad neutralization
breadth may also be an additional MTCT risk factor and that these broadly
neutralizing maternal plasma responses may not be protective against the
vertical transmission of HIV.
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Table 12. Heterologous virus neutralizing activity of U.S. and Malawian
transmitting and non-transmitting women against genetically and antigenically
representative viruses of global HIV diversity.

T

NT
positive control
positive control
negative
control

PTID
100155.1
0601
9105
3902
0301
5807
100193.1
VRC01
PGT128
CH65

ID50
<20
21-100
101-200
201-500
>501

246F3
<20
326
79
111
184
<20
<20
0.4
NT

CE1176
<20
410
970
2637
495
24
<20
3.23
NT

CNE55
<20
422
70
361
714
<20
<20
0.12
NT

X1632
<20
309
121
87
35
21
<20
0.11
NT

CEO217
<20
338
175
161
107
<20
<20
0.28
NT

BJOX2000
<20
719
1884
213
301
<20
<20
NT
0.02

25710
<20
229
643
152
105
35
<20
0.71
NT

TRO.11
<20
297
677
48
49
24
21
0.35
NT

CH119
<20
1106
707
111
58
<20
26
1.15
NT

>25

>25

>25

>25

>25

>25

>25

>25

>25

IC50
(ug/ml)
>25
24-1
0.99-0.1
0.09-0.01

5.11 Mapping the specificity of maternal plasma broad neutralizing antibodies
To map the fine-specificity of specific broadly- neutralizing antibodies in
maternal plasma, we utilized a panel of global panel HIV mutant viruses that are
diagnostic of CD4 binding site, V2 apex glycan, and V3 glycan broadlyneutralizing antibody activity (Table 13). We tested maternal plasma neutralizing
responses against: BJOX2000, BJOX2000 N332A – a mutant that is diagnostic of
V3 glycan-targeting BnAbs, BJOX2000 N160K – a mutant that is diagnostic of V2
apex-targeting BnAbs, and TRO.11 N276Q, TRO.11 N279A, TRO.11 N280D, and
TRO.11 G458Y - all of which are predictive of CD4 binding site-targeting BnAbs
(Table 13). Interestingly, transmitting women 0601 and 9105 robustly neutralized
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wild type BJOX2000 (Table 13). Yet, the neutralization activity of both
transmitting women 0601 and 9105 against BJOX2000 N332A was reduced by at
least or greater than three-fold, suggesting the presence of V3-glycan targeting
broadly neutralizing antibody plasma responses. However, we did not detect a
reduction in the neutralizing activity against BJOX2000 N160K, TRO.11 N276Q,
TRO.11 N279A, TRO.11 N280D, or TRO.11 G458Y mutant viruses in transmitting
women 0601 and 9105, suggesting the absence of both V2-apex glycan targeting
and CD4 binding site-specific broadly neutralizing antibody plasma responses.
In contrast, non-transmitting woman 0301 with broad neutralization breadth
demonstrated no difference in neutralizing responses against either TRO.11 or
BJOX2000 wild type viruses compared to the mutant viruses (Table 13).
Table 13. Mapping of neutralizing antibody responses in U.S. and Malawian
HIV-infected women.

PTID
T
NT

0601
9105
3902
0301
PGT128
VRC01
PG9
CH65

TRO.11
N276Q
472
736
32
<20
0.02
24.02

TRO.11
N279A
2009
2225
92
90
<0.02
>50.00

TRO.11
N280D
3587
6117
548
695
<0.02
>50

TRO.11
G458Y
1390
2804
86
99
<0.02
>50

TRO.11
WT
297
970
48
48
0.04
0.93

>50

>50

>50

>50

>50

ID50
<20
21-100
101-200
201-500

IC50
(ug/ml)
>50
49-1
0.99-0.1
0.090.01

>501
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BJOX2000
N160K
502
3562
859
54
0.03

BJOX2000
N332A
259
210
93
63
>50

BJOX2000
WT
719
2225
213
105
<0.02

>50
>50

0.12
>50

0.18
>50

5.12 Discussion.
The development of a safe and effective maternal HIV vaccine will require
the characterization of maternal humoral responses that are capable of blocking
vertical virus transmission. A humoral correlates of protection against MTCT of
HIV analysis demonstrated that maternal V3-specific IgG binding responses and
tier 1 virus neutralizing responses both predicted decreased MTCT risk (22). In
the work described in earlier chapters of this dissertation, I demonstrated that
these potentially protective maternal V3-specific IgG binding and neutralizing
responses targeted the C terminal region of V3 (21). The mapping of maternal
V3-specific binding and neutralizing responses to the same region within the V3
loop led us to hypothesize that the potential mechanism of these potentially
protective responses was mediated through maternal autologous virus
neutralization. To test that hypothesis, we isolated maternal Env-specific IgG
responses from U.S. and Malawian HIV-infected transmitting and nontransmitting women and tested their neutralization activity against paired infant
T/F viruses and paired concurrently circulating maternal viruses. In this study,
we compared the 1) autologous virus neutralization activity in HIV-infected
transmitting and non-transmitting women, and 2) examined whether infant T/F
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viruses are defined by their neutralization resistance to paired maternal Envspecific IgG monoclonal antibodies.

5.13 Genetic bottlenecks in the vertical transmission of HIV and maternal Envspecific IgG mAb characteristics
In agreement with previous studies that described infant viruses that are
vertically transmitted, we found that infants infected via in utero or peripartum
became infected with one infant T/F virus and, in one case, with multiple infant
T/F viruses (Figure 9) (37, 128). In contrast, maternal Env SGAs isolated from
both transmitting and non-transmitting women demonstrated a high degree of
genetic heterogeneity, suggesting that these HIV-infected women may have been
chronically infected. While previous studies have examined maternal plasma
Env-specific IgG binding and neutralizing responses and their association with
MTCT risk (21, 22, 37), to date, no study has examined Env-specific B cell
responses at the monoclonal antibody level in the context of MTCT of HIV. We
found that both HIV-infected transmitting and non-transmitting women
generated Env-specific monoclonal IgG responses against vulnerable regions of
HIV Env, suggesting that epitope-specificity frequency and distribution of Envspecific IgG responses are not defining features of either transmitting or non104

transmitting women. In agreement with these findings, we did not detect
differences in the Vh gene usage of Env-specific IgG mAbs isolated from
transmitting compared to those from non-transmitting women (Figure 11). In
contrast, we detected higher affinity maturation rates of maternal gp120-specific
IgG responses in transmitting women compared to non-transmitting women.
However, these higher rates of gp120-specific IgG affinity maturation in
transmitting women compared to non-transmitting women were not associated
with the activity of autologous virus neutralizing responses.

5.14 Maternal V3-specific IgG mAbs that target the V3 N and C terminal
regions mediate autologous virus neutralization
Antibody responses to the Env V3 loop have been previously associated
with a decreased risk of HIV transmission in both adult and pediatric settings
(22, 100). V3-specific IgG antibodies can mediate the neutralization of HIV
isolates from distinct clades (129). Moreover, vaccine-elicited V3-specific IgG
responses in the moderately efficacious RV144 vaccine trial were highly crossreactive with V3 cyclic peptides from diverse clades (100). A viral sieve analysis
comparing the breakthrough viruses isolated from RV144 vaccinees to viruses
isolated from placebo-control individuals revealed that N terminal amino acid
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residue 307 and C terminal amino acid residue 317 modulated vaccine efficacy
(100). Similarly, C terminal amino acid residues within the V3 loop were found to
be important for the binding of maternal V3-specific IgG responses that were
associated with reduced MTCT risk (21). Yet maternal V3-specific IgG mAbs
isolated from both transmitting and non-transmitting women were specific for N
and C terminal amino acid residues within the V3 loop (Figure 12 and Figure 13),
highlighting the importance of these regions within the V3 loop. While V3specific IgG mAb autologous virus neutralization activity against maternal nontransmitted viruses was low, these findings provide proof-of-concept that
maternal V3-specific IgG monoclonal antibody responses can mediate
autologous virus neutralization in HIV-infected women (Table 9 and Table 10).
Moreover, infant T/F viruses were completely neutralization-resistant to the
same maternal linear V3-specific IgG mAbs that neutralized maternal nontransmitted autologous virus variants, suggesting a potential role of maternal
V3-specific IgG mAbs in selecting for neutralization-resistant maternal viruses in
HIV-infected transmitting women that may initiate MTCT of HIV. Thus, we
conclude that maternal V3-specific IgG responses that neutralize maternal
autologous non-transmitted variants target both the N and C terminal regions of
the V3 loop.
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5.15 Plasma broadly-neutralizing antibody responses are not protective against
MTCT of HIV
In this study we found that an infant T/F virus and the closest maternal
non-transmitted variant were neutralization- resistant to broadly neutralizing
antibody PG9. Interestingly, and in agreement with Ghulam-Smith et al., clade C
virus-infected transmitting women showed more broadly-neutralizing responses
compared to clade C virus-infected non-transmitting women (Table 12). In
contrast, we did not observe broadly-neutralizing responses in either
transmitting or non-transmitting U.S. women. These findings suggest that
distinct virus clades (i.e., clade B vs clade C viruses) may elicit neutralizing
antibodies with distinct breadth in HIV-infected pregnant women. Moreover, we
mapped the plasma broadly-neutralizing responses in two HIV-infected clade C
virus transmitting women to V3 glycan-targeting antibodies, suggesting that
maternal plasma broadly-neutralizing antibody responses could be an additional
risk factor for MTCT of HIV (Table 13). These findings could also suggest that
maternal vaccination strategies that elicit broadly-neutralizing responses may
not be sufficient to block MTCT. However, a caveat to our findings is that we
were only able to reliably map V3-glycan targeting broadly neutralizing
responses in transmitting women 9105 and 0601. Thus, two key question remain:
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1) are additional broadly-neutralizing lineages present in transmitting women
9105 and 0601? And 2) do multiple broadly-neutralizing plasma responses (i.e.,
CD4 binding site and V3 glycan) lead to a decrease in MTCT risk? Future studies
should focus on elucidating whether the presence of more than one broadlyneutralizing antibody lineage is also a risk factor for MTCT.
Altogether, our findings suggest maternal plasma linear V3-specific
monoclonal antibody responses can mediate maternal autologous virus
neutralizing activity in both transmitting and non-transmitting women.
Therefore, maternal vaccination strategies that transiently raise the levels of
maternal plasma linear V3-specific IgG autologous virus neutralizing responses
could help reduce MTCT risk.
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6. Materials and methods of transplacental IgG transfer determinants.
6.1 Study population
HIV-infected women and their HIV-infected or HIV-exposed uninfected (HEU)
infants were selected from 2 previously described maternal-infant cohorts based
on the availability of maternal plasma and paired infant cord blood plasma
sample from delivery (22, 24, 115). N=120 maternal and infant cord-blood
samples from delivery were obtained from the Woman and Infant Transmission
Study (WITS) cohort. WITS study participants were HIV-infected women from
North America, thus primarily infected with clade B virus. All 120 infants
included from the WITS cohort were HEU as determined by plasma HIV load
PCR testing at delivery. Forty-seven maternal and infant cord blood plasma
samples from delivery were obtained from the Center for HIV/AIDS Vaccine
Immunology 009 (CHAVI009) cohort of HIV-infected women from Malawi.
Mothers and infants enrolled in the CHAVI009 study received a single dose
Nevirapine at delivery. Five infants from the CHAVI009 cohort were HIVinfected in utero, and n=42 infants were HEU as determined by whole blood HIV
DNA PCR testing at delivery.

6.2 Ethics statement
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Approval was obtained from the institutional review board at each collaborating
institution and enrollment clinical sites to utilize de-identified maternal and
infant cord blood plasma samples from the WITS and CHAVI009 cohorts.

6.3 Measurement of antigen-specific IgG levels
A binding antibody multiplex assay (BAMA) was used to measure maternal and
infant HIV and non-HIV-specific IgG responses. Briefly, carboxylated beads were
coupled to HIV and non-HIV antigens as described previously (91). A total of 5 ×
106 carboxylated fluorescent beads (Luminex Corp) were covalently coupled to
25µg of proteins and peptides tested. Recombinant HIV and non-HIV antigens
included: Con6gp120, MNnegD11gp120, gp70MNV3, gp70BcaseAV1V2,
MulVgp70_his, Bio-V3.C (Bio-KKKNNTRKSIRIGPGQTFYATGDIIGDIRQAHC),
Bio-MPER03 (Bio-KKKNEQELLELDKWASLWNWFDITNWLWYIR), BioMPER656, (Bio-KKKNEQELLELDKWASLWNWFNITNWLW), Tetanus toxoid
(Pfenex, Inc), Pertussis toxin (Sigma-Aldrich), Influenza
hemagglutinin/A/Solomon Islands/03/2006 (Protein Sciences Corp), Rubella virus
capsid (Abcam), Diphtheria toxin (Sigma), Hemaphilus Influenza B Type B
oligosaccharide-Human Serum Albumin conjugate (BEI Resources), Hepatitis B
surface antigen (Abcam), and Respiratory syncytial virus DSCAV-1 surface
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antigen (a kind gift of Dr. Barney Graham, NIH VRC). Peptides were purchased
from CPC Scientific (Sunnyvale, CA). Maternal and infant plasma was tested
against Con6gp120, MNnegD11gp120, gp70MNV3, gp70BcaseAV1V2,
MulVgp70_his, Bio-V3.C, Bio-MPER03, Bio-MPER656, Tetanus toxoid, Pertussis
toxin, Influenza hemagglutinin/A/Solomon Islands/03/2006, Rubella virus capsid,
Diphtheria toxin, and Respiratory syncytial virus (RSV) DSCAV-1 surface
antigen at 1:100 dilution in serum diluent (1X PBS, 1% milk, 5% normal goat
serum, 0.05% Tween-20). Maternal and infant plasma was tested against
Haemophilus Influenza B (Hib) Type B oligosaccharide-Human Serum Albumin
conjugate and Hepatitis B surface antigen at a 1:25 dilution in a modified serum
diluent to reduce background (1X PBS, 1% milk, 5% normal goat serum, 0.05%
Tween-20, 0.05% polyvinyl alcohol, and 0.08% polyvinylpyrrolidone). Maternal
and infant plasma HIV and vaccine antigen-specific IgG was detected with a
mouse anti-human IgG (Southern Biotech, Birmingham, AL) phycoerythrinconjugated antibody at 4µg/ml as described previously (91). A HIVIG standard
was used to calculate concentration of Con6gp120-specific IgG antibodies in
mother infant pairs. A membrane proximal external region (MPER)-specific IgG
2F5 mAb was used to calculate the concentration of MPER-specific IgG in mother
infant pairs. A V3-specific IgG CH22 mAb was used to calculate the
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concentration of maternal and infant V3-specific IgG. A V1V2-specific IgG CH58
mAb was used to calculate the concentration of V1V2-specific IgG in mother
infant pairs. An influenza hemagglutinin-specific IgG mAb (CH65) was used to
calculate the concentration of flu-specific IgG in mother infant pairs. Finally, an
RSV surface antigen-specific mAb (Palivizumab - MedImmune) was used to
calculate the concentration of RSV-specific IgG in mother infant pairs.
Concentration of tetanus toxoid, pertussis toxin, rubella virus capsid,
Haemophilus influenzae type B, hepatitis B, and diphtheria toxin-specific IgG was
determined by using commercially available WHO international standards
(National Institute for Biological Standards and Controls – anti-tetanus toxoid
sera: 26/288, anti-pertussis sera: 06/140, anti-rubella sera: 91/688, antiHaemophilus influezae type B: 09/222, anti-Hepatitis B: 07/164, anti-diphtheria
toxin: 10/262). Normal human sera samples were used as a negative control for
HIV antigens. All MFI values were blank bead and well subtracted. All mother
infant samples were tested at the same dilution. Antibody measurements were
acquired using a Bio-Plex 200 instrument (Bio-Rad).

6.4 Calculation of transplacental IgG transfer efficiency
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Maternal IgG transplacental transfer efficiency was calculated as infant antigenspecific IgG concentration/maternal antigen-specific IgG concentration X 100.
Efficient transplacental transfer was defined as >99% transfer efficiency for the
majority (>75%) of measured antigen-specific IgG. Variable transplacental
transfer was defined as efficient (>99%) and poor (<60%) transfer efficiency of
measured antigen-specific IgG within a mother infant pair. Poor transplacental
transfer was defined as <60% transfer efficiency for the majority of measured
antigen-specific IgG.

6.5 Measurement of HIV and non-HIV antigen-specific IgG subclass
To measure HIV and vaccine-antigen IgG subclass responses, maternal samples
were tested against a Con6gp120, MNgDneg11gp120, gp70MNV3,
gp70BcaseAV1V2, tetanus toxoid, pertussis toxin, MulVgp70_his, influenza
hemagglutinin/A/Solomon Islands/03/2006 (Protein Sciences Corp), and a blank
bead at a 1:40 dilution by BAMA. Biotinylated antibody detectors against each
IgG subclass were used as detectors at 4µg/ml: IgG1-biotin (BD Pharmingen,
clone: G17-1), IgG2-biotin (BD Pharmingen, G18-21), IgG3-biotin (Calbiochem,
clone: HP6047), and IgG4-biotin (BD Pharmingen, clone: G17-4). Plates were
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washed 3X and streptavidin-conjugated phycoerythrin antibody diluted was
used at 1:100 dilution and added to wells. All MFI values were blank subtracted.

6.6 IgG Fc region glycosylation analysis
Maternal plasma samples were heat inactivated at 56°C for 1 hour. Maternal
plasma samples were incubated with 25µl of uncoated streptavidin coated
magnetic beads (New England Biolabs) at room temperature (RT) in rotation.
MNnegD11gp120, tetanus toxoid, and pertussis toxin antigens were biotinylated
with LC-LC-biotin (Thermo Scientific) according to the manufacturer protocol.
Streptavidin coated magnetic beads were activated with 0.5M NaCl, 20mM TrisHCl [pH 7.5], 1mM EDTA and incubated with biotinylated antigens at RT for 1
hour in rotation. Maternal plasma and coupled beads were mixed and incubated
at RT for 1 hour in rotation. Adsorbed plasma samples were removed and
antigen-specific IgG bound to the antigen-coupled beads was digested with
IDEZ (New England Biolabs) at 37°C for 1 hour in rotation. Cleaved Fc region
supernatants were digested with PNGaseF (New England Biolabs) according to
manufacturer specifications. To precipitate Fc region glycans, ice-cold ethanol
was added and incubated at -20°C for 30 min. Plates were spun and the ethanol
layer was transferred to clean plates. Plates were spun in a Centrivap (Labconco
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Corporation) and dried glycans were labeled with APTS dye (Life Technology) in
Sodium Cyanoborohydride in Tetrahydrofuran (Sigma). Labeled glycans were
transferred to filtered plates (Harvard Apparatus) containing P-2 slurry (BioRad) and excess APTS dye was removed by washing with water. Cleaned Fc
region labeled glycans were run immediately on a 3130 Genetic analyzer Sanger
sequencer (Applied Biosystems) as described previously (130).

6.7 Measurement of total plasma IgG
A goat anti-human polyclonal IgGs (Life Technologies) was used to coat high
binding 384 well ELISA plates (Corning) with 3µg/ml overnight at 4°C. Plates
were washed and blocked with SuperBlock (4% whey protein, 15% goat serum,
and 0.5% Tween 20 diluted in 1X PBS) for 2 hours at RT. Maternal total plasma
IgG was tested at 1:1000 starting dilution and was serially diluted in 3-fold
dilutions. Reagent grade normal human serum IgG (Sigma) was used as a
standard at a starting concentration of 10µg/ml and was serially diluted in 3-fold
dilutions. An anti-IgG HRP conjugated anti-human IgG antibody produced in
goat (Sigma Aldrich) was used at 1:10,000 dilution. After washing the plates,
SureBlue reserve TMB substrate (KPL) was added. Substrate reactions were
stopped by adding an equal volume of Stop solution (KPL). Optical densities
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were read at 450nm using a Spectramax plate reader. OD values within the linear
range of a 5-parameter standard curve were used to interpolate the total IgG
concentration of plasma samples.

6.8 Placental RNAseq analysis and assessment of FcR expression levels
Placental biopsy samples in RNAlater from HIV-infected Malawian women were
thawed on ice. Fifty mg of tissue was homogenized in Trizol (Invitrogen), and
total RNA was purified with miRNeasy extraction kit (Qiagen) according to the
manufacturer guidelines. RNA quality was assessed on Bioanalyzer 2100
instrument using RNA 6000 Nano Kit (Agilent). Total RNA libraries were
prepared from 500 ng purified RNA using TruSeq Stranded Total RNA with
Ribo-Zero Gold Kit (Illumina). Deep sequencing was performed on a Nextseq500
sequencer (Illumina) using 75bp paired-end reads. Raw BCL (base call) files
generated from NextSeq sequencer were converted to FASTQ files using
bcl2fastq Conversion Software v2.18. During BCL to FASTQ processing, bcl2fastq
also separates multiplexed samples and removes adapters. Each pair of a FASTQ
file were sequentially mapped to human ribosomal RNA and hemoglobin
sequences using a gapped aligner STAR (131) to make sure that rRNA was
depleted and there was no hemoglobin contamination. Raw RNA-seq data in
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FASTQ file format was quality controlled during and after sequencing to identify
potential technical issues. Cleaned sequencing reads of placental FcRs were then
mapped to the human reference genome (assembly GRCh38, Gencode
annotation release 25) using STAR to generate read counts for each of annotated
genes. The raw gene read count data was normalized using edgeR (132).

6.9 FcR binding antibody multiplex assay
Fv and Fc profiles of plasma antibodies were characterized using a multiplexed
assay as described previously (133, 134). In brief, a panel of recombinant proteins
were covalently coupled to fluorescent beads (Luminex). To display biotinylated
peptides, streptavidin (Rockland) was coupled to beads first to capture the
peptides. In duplicate, test samples were diluted 1:250 or 1:1,000 into a 384-well
microplate (Greiner Bio One) containing ∼500 beads of each specificity per well.
Following bead opsonization, beads were washed and subsequently incubated
with Fc detection reagents, including human FcRs (135), anti IgG and IgA
antibodies (Southern Biotech), and C1q (Sigma-Aldrich), followed by a final
wash. Data were acquired on a FlexMap3D instrument (Luminex) and raw data
were reported as MFI values.
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6.10 Statistical analysis
The statistical analysis plan was finalized prior to data analysis. Multivariable
linear regression models with sandwich variance estimates were used to evaluate
the association between transfer efficiency and covariates of interest. Before
regression, transfer efficiency was rank-gauss transformed (i.e. they are ranked
and the ranks are transformed by the inverse Gaussian probability function).
Missing antibody-specific transfer efficiencies were imputed using the R package
mice. Principal component analysis of glycan markers was performed after the
markers were scaled to 1. All statistical procedures were implemented using the
R language and environment for statistical computing and graphics. All p values
were adjusted for multiple comparisons using the Benjamini-Hochberg
procedure. False discovery rate (FDR) p values are reported as FDR values.
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7. Maternal HIV disease progression and IgG Fc region characteristics predict
transplacental transfer efficiency of antigen-specific IgG in HIV-infected
women.
7.1 Introduction
Protective immunity in the first few months of life is reliant on maternal
IgG that is passively transferred across the placenta (15, 136-138). This
transplacental transfer of protective IgG can be enhanced by maternal
vaccination during pregnancy. For example, it is estimated that worldwide
incidence rates of neonatal tetanus have decreased by 75% from the years 2000 to
2013 due to the wide-scale implementation of maternal tetanus toxoid
vaccination during pregnancy (139). Furthermore, maternal immunization
against influenza has also had a positive impact on infant health, with up to a
63% decrease in influenza infection rates in the first six months of life in infants
born to vaccinated mothers compared to those born to unvaccinated women
(140). Yet, despite the remarkable successes of maternal vaccination, in 2015,
>900,000 neonates died from vaccine-preventable respiratory infections
worldwide (141). As an example, even though the maternal coverage for
pertussis vaccination exceeds 80%, neonatal pertussis rates have increased threefold over the last three decades in the U.S. alone (142). Moreover, maternal
119

passively acquired pertussis-specific IgG can wane to low levels in newborns as
early as two months of life, leaving the infant vulnerable to infection (142, 143).
Therefore, there is an urgent need to 1) improve the transplacental IgG transfer
efficiency of current maternal vaccines that are routinely administered during
pregnancy and 2) develop novel maternal vaccine strategies designed for
efficient placental IgG transfer to combat congenital and neonatal infections. On
the other hand, minimizing placental IgG transfer of monoclonal biologic
therapies is an important goal of improving the safety of this class of therapeutics
for pregnant women and their infants. A more detailed understanding of clinical
and antibody factors that modulate the transplacental transfer efficiency of
protective maternal IgG will be required to improve the transfer of protective
IgG to the fetus and extend the window of passively acquired IgG-mediated
protection in infants.
The transplacental transfer of maternal IgG begins in the first trimester of
pregnancy and by 20 weeks of gestation, maternal IgG levels in cord blood
represent approximately 10% of the maternal blood levels (40). In normal
pregnancies, by 37-40 weeks of gestation, infant cord blood levels can exceed
maternal plasma IgG concentrations (15, 33, 40, 41). Yet in the setting of specific
maternal infections, such as HIV, the transplacental transfer of IgG is impaired
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(15, 74, 79, 81-83, 144). Therefore, HIV-infected women offer a unique population
to define factors that modulate the transplacental transfer of maternal IgG to the
fetus. Moreover, HIV-exposed uninfected (HEU) infants have up to four-fold
higher rates of morbidity and mortality from diarrheal and respiratory infections
compared to unexposed infants (145-150). Several factors likely contribute to the
high illness and death rates in HEU infants, including the poor transplacental
transfer of protective maternal IgG (151-154). Thus, understanding the
mechanisms of impaired transplacental IgG transfer in this population could
inform strategies to improve the health of HEUs.
To reach the fetal circulatory system, maternal IgG must cross distinct
placental cell barriers that make up the placental villous tree: the
syncytiotrophoblast, the villous stroma, and fetal endothelial cells. The Fc
receptor neonatal (FcRn) plays a key role in shuttling maternal IgG across the
placenta to the fetal circulatory system (38, 44, 155, 156). Yet, while
syncytiotrophoblast cells express FcRn, neither stromal cells nor fetal endothelial
cells express this canonical placental IgG shuttle receptor. Interestingly, other Fcγ
receptors are also expressed in placental cells, yet their role in modulating the
transplacental transfer of maternal protective IgG is unknown (32, 38, 42, 54, 55).
Notably, Hofbauer cells located in the villous stroma express FcγRI and FcγRIII,
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and fetal endothelial cells – the last cell barrier crossed by maternal IgG before
reaching the fetal circulatory system – express FcγRII (38, 157). Gaps in our
understanding include how maternal IgG is transferred across this final placental
cell barrier in the absence of FcRn, and whether FcγRI, FcγRII, or FcγRIII
expression in placental cells modulate the transplacental transfer of maternal
IgG. In addition, IgG characteristics that impact Fc receptor (FcR) interactions,
such as IgG subclass and/or Fc region glycans, could play a role in transplacental
IgG transfer efficiency. The IgG subclass distribution among different antigenspecific IgG populations is distinct, and previous studies have indicated that this
distribution impacts the transplacental transfer efficiency of different antigenspecific IgG populations (70).
In this study, we aimed to explore the mechanism(s) by which
transplacental IgG transfer is impaired in HIV-infected women by identifying the
determinants of placental IgG transfer through delineation of clinical and
antibody characteristics that predict the transplacental transfer of antigenspecific IgG populations in 167 HIV-infected pregnant women from the U.S and
Malawi. We employed multivariable linear regression modeling to examine the
association between transplacental IgG transfer and: 1) maternal HIV disease
progression, 2) infant clinical factors, 3) placental factors such as FcR RNA
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expression, and 4) IgG Fc region characteristics including subclass, glycosylation
profiles, and strength of binding to placental FcRs. A deeper understanding of
factors that modulate the transplacental transfer of maternal protective IgG will
be important for improving infant health and extending the window of passively
acquired IgG-mediated protection.

7.2 Clinical characteristics of U.S. and Malawian mother infant pairs.
Ten of 120 (8.3%) U.S. HIV-infected women received azidothymidine (AZT)
mono antiretroviral (ART) therapy throughout pregnancy, whereas 13 of 47
(28%) of Malawian HIV-infected women with CD4+ T cell counts <250
(cells/mm3) received combination (Stavudine/Lamivudine/Nevirapine)
antiretroviral (cART) therapy throughout pregnancy. In addition, two of 120
(1.6%) U.S. HIV-infected women received AZT prophylaxis at delivery, whereas
100% of Malawian HIV-infected women received a single dose of nevirapine
ART prophylaxis at delivery. HIV-infected U.S. women overall had lower
plasma viral load and higher peripheral blood CD4+ T cell counts compared to
HIV-infected Malawian women at delivery, despite more Malawian HIVinfected women being initiated on cART during pregnancy. (Table 14). We
measured total plasma IgG levels in U.S. and Malawian women as a surrogate
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measure of maternal hypergammaglobulinemia, a hallmark feature of advanced
HIV-disease progression (158). HIV-infected U.S. women had lower total plasma
IgG concentrations compared to Malawian women (median plasma IgG
concentration levels of 16.3 mg/ml (range 2.5 – 123.5 mg/ml) vs 39 mg/ml (range
8.5 – 158.4 mg/ml) in U.S. vs Malawian women), with both populations having
higher total plasma IgG concentrations compared to ~10mg/ml that is observed
in normal pregnancies (159), consistent with HIV-associated
hypergammaglobulinemia. Finally, women in the Malawian cohort received a
tetanus toxoid (TT) booster during the third trimester of pregnancy.
All 120 infants born to U.S. HIV-infected women with available samples for this
cohort were uninfected, whereas five out of 47 (10.6%) infants born to Malawian
HIV-infected women became HIV infected in utero or peripartum. The U.S. HEU
infants had a median gestational age of 40 weeks (range: 30-43 weeks), and
Malawian HEU and infected infants had a median gestational age of 39 weeks
(range: 33-44 weeks) (Table 14). There were no significant differences in infant
birth weight, gestational age, or sex between the two populations.
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Table 14 Clinical characteristics of U.S. and Malawian HIV-infected women and
their infants

Maternal
Mother
ART
Geographic
infant treatment
Cohort
location
pairs
during
N
pregnancy
N, (%)

Maternal
Maternal
HIVMaternal
Maternal
HIVInfant
ART
peripheral blood
exposed
Infant
plasma viral
total
infected gestatio
treatment at
CD4+ T cell
uninfecte
weight
load
serum IgG
infants nal age
delivery
count
d infants
(Kg)
(copies/ml)
(mg/ml)
N, (%) (weeks)
N, (%)
(cells/mm3)
N, (%)

U.S.

WITS

120

10, (8.3%)

2, (1.6%)

642 (32-2,330) 1

Malawi

CHAVI
009

47

13, (28%)

47, (100%)

381 (94-833)

33,929 (50905,230)
42,272 (400343,721)

16.3 (2.5123.5)
39.9 (8.5158.4)

120,
(100%)
42,
(89.3%)

Infant
sex

40 (30- 3.1 (1.441% F
43)
4.5)
5,
39 (33- 3.1 (2.355% F
(10.6%)
44)
4.04)
0, (0%)

7.3 Transplacental IgG transfer efficiency phenotypes in U.S. and Malawian
HIV-infected women
The transplacental transfer efficiency of maternal vaccine antigen-specific
IgG is impaired in the setting of maternal HIV infection (81, 82). However, it is
unclear if antigen-specific IgG populations are uniformly poorly transferred to
the fetus in the setting of maternal HIV infection. We therefore measured HIVspecific IgG responses in U.S. and Malawian paired mother-infant samples
against various regions of the envelope glycoprotein including: gp120, variableloop 3 (V3), variable-loop 1 and 2 (V1V2), and the gp41 membrane-proximal
external region (MPER). We also measured antigen-specific IgG responses
against non-HIV pathogens, including: influenza hemagglutinin, pertussis toxin,
tetanus toxoid, diphtheria toxin, rubella virus capsid, hepatitis B surface antigen,
respiratory syncytial virus (RSV) F surface antigen, and Haemophilus influenzae
type B (Hib) (Figure 14). Both HIV and non-HIV pathogen-specific IgG responses
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were detectable at similar frequencies in both U.S. and Malawian HIV-infected
women (Table 15).

Figure 14 Distinct phenotypes of transplacental transfer efficiency of HIV and
vaccine antigen-specific IgG among HIV-infected pregnant women.
Transplacental IgG transfer efficiency in HIV-infected mother infant pairs from
the A) U.S. and B) Malawi. C) Global transplacental IgG transfer score among
HIV-infected women defined to have efficient, poor, and variable transplacental
IgG transfer. Bar denotes median. Grey squares denote uncalculated transfer
ratios from concentrations outside the linear range.
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Table 15 Frequency of HIV and non-HIV pathogen-specific IgG in U.S. and
Malawian HIV-infected women
Cohort

HIV

HIV

HIV

HIV

gp120

MPER

V3

V1V2

Influenza
HA

Pertussis
toxin

Tetanus
toxin

Diphtheria
toxin

Rubella
virus
capsid

Hep B

RSV

Hib

U.S.

99%

70%

92%

76%

92%

89%

98%

92%

98%

79%

99%

56%

Malawian

100%

65%

100%

89%

81%

96%

98%

96%

98%

96%

100%

70%

In contrast to previous studies that have only reported a uniformly poor
transplacental IgG transfer efficiency among antigen-specific IgG in HIV-infected
women(74, 81), we observed three distinct transplacental transfer efficiency
phenotypes, including: 1) efficient transplacental IgG transfer efficiency across all
measured antigen-specificities, 2) poor transplacental IgG transfer efficiency
across all antigen-specificities, and an unexpected phenotype of 3) variable
transplacental IgG transfer efficiency across antigen-specific IgG populations
(Figure 14). To more quantitatively define transplacental IgG transfer efficiency
phenotypes in HIV-infected women from both cohorts across antigen-specific
IgG populations, we generated a transplacental IgG transfer score for each
woman-infant pair based on the proportion of antigen-specific IgG populations
that were transferred >99% (efficiently) or <60% (poorly) (Figure 14). Using this
scoring system, of 120 U.S., HIV-infected women, 8.3%, 30.8%, and 60.8% of
mother-infant pairs were defined as exhibiting efficient, poor, and variable
transplacental IgG transfer, respectively. In contrast, of 47 Malawian, HIV127

infected women, 0%, 59.5%, and 40.5% mother-infant pairs were defined as
exhibiting efficient, poor, and variable transplacental IgG transfer efficiency,
respectively. In addition, we utilized this transplacental IgG transfer score for
U.S. and Malawian HIV-infected women using multivariable linear regression
analyses to define the determinants of placental IgG transfer efficiency.

7.4 U.S. and Malawian HIV-infected women with protective IgG
concentrations passively transfer subprotective levels of vaccine-specific IgG
to their HEU infants
HEU infants are known to be more vulnerable to respiratory and diarrheal
diseases and have higher rates of morbidity and mortality compared to HU
infants (138, 154, 160, 161). We therefore examined the proportion of U.S. and
Malawian infants that had cord blood plasma IgG levels below the protective
threshold, despite being born to HIV-infected mothers with protective levels of
vaccine antigen-specific IgG. We defined protective concentration thresholds as
set by the World Health Organization (WHO) (162): tetanus toxoid-specific IgG
(0.10 IU/ml), rubella-specific IgG (10 IU/ml), diphtheria toxin-specific IgG (0.10
IU/ml), and Hib-specific IgG (0.15 µg/ml). Of 120 U.S. HIV-infected women, 84%,
36%, 48%, and 22% had plasma concentrations above the protective level
threshold for tetanus toxoid-specific IgG, rubella-specific IgG, diphtheria-specific
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IgG, and Hib-specific IgG, respectively (Figure 15). Yet, due to inefficient IgG
transfer, 7%, 16%, 15%, and 41% of HEU infants born to these U.S. HIV-infected
women with protective IgG levels displayed concentrations below the protective
threshold for tetanus toxoid-specific IgG, rubella-specific IgG, diphtheria-specific
IgG, and Hib-specific IgG, respectively. Similarly, in 47 Malawian HIV-infected
women 87%, 30%, 68%, and 21% had plasma concentrations above the protective
level threshold for tetanus toxoid-specific IgG, rubella-specific IgG, diphtheriaspecific IgG, and Hib-specific IgG, respectively. Yet, 15%, 71%, 50%, and 70% of
infants born to these Malawian HIV-infected women with protective IgG levels
had concentrations below the protective threshold for tetanus toxoid-specific
IgG, rubella-specific IgG, diphtheria-specific IgG, and Hib-specific IgG,
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respectively, highlighting the infant health consequences of impaired maternal
IgG transfer in HIV-infected women.

Figure 15 HEU infants receive suboptimal levels of protective maternal IgG
against vaccine-preventable infections. Proportion of A) U.S. and B) Malawian
mothers with levels of vaccine-specific IgG below (red) and above (blue) the
established protective concentrations against tetanus toxoid, rubella, diphtheria
toxin, and Haemophilus influenzae type B (Hib). Larger pie graphs show the
proportion of mothers with IgG levels above and below the protective
concentration. Smaller pie graphs show the proportion of infants born to women
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with protective IgG levels that fall below (purple) and above (blue) the protective
IgG levels at birth.

7.5 Maternal plasma antigen-specific IgG levels and transplacental IgG
transfer efficiency in U.S. and Malawian women
To determine whether the antigen-specific IgG level in maternal plasma
was the sole factor in the distinct transplacental IgG transfer efficiency of both
HIV and vaccine antigen-specific IgG, we first examined the association between
plasma antigen-specific IgG magnitude and transplacental IgG transfer efficiency
(Table 16). In U.S. HIV-infected women, maternal plasma concentrations of HIV
V3-specific and RSV surface F antigen-specific IgG negatively associated with
transplacental IgG transfer efficiency (slope: -0.24, p=0.05; slope: -0.32, p<0.001,
respectively). In Malawian HIV-infected women, tetanus toxoid-specific IgG
positively associated with transplacental transfer efficiency (slope: 0.50, p<0.004).
Yet, maternal plasma antigen-specific IgG levels were not predictive of
transplacental transfer efficiency for the majority of HIV and vaccine antigenspecific IgG in both U.S. and Malawian HIV-infected women (Table 16),
indicating that factors other than plasma antigen-specific IgG magnitude
contribute to the efficiency of transplacental IgG transfer.
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Table 16 Associations between maternal plasma HIV and vaccine antigen-specific
IgG levels and transplacental IgG transfer efficiency in HIV-infected pregnant
women

Cohort

1

U.S.
Malawi

HIV
gp120
0.08 (0.47) 1
0.00 (0.98)

HIV
MPER
-0.07 (0.51)
-0.22 (0.29)

Estimated regression slopes with p values in parentheses

HIV
HIV
Influenza Pertussis
Tetanus
Diphtheria Rubella virus
RSV
Hep B
Hib
V3
V1V2
HA
toxin
toxin
toxin
capsid
-0.24 (0.05) -0.06 (0.57) -0.11 (0.26) 0.08 (0.45) -0.04 (0.67) 0.16 (0.11)
0.06 (0.57) 0.02 (0.78) -0.32 (0.001) 0.21(0.070)
-0.13 (0.50) -0.24 (0.11) -0.07 (0.73) 0.19 (0.18) 0.50 (0.004) -0.10 (0.52) -0.05 (0.74) 0.05 (0.72) 0.00 (0.99) 0.12 (0.62)

7.6 Maternal HIV disease progression factors and infant birth characteristics
and their association with transplacental IgG transfer efficiency
It remains unclear how maternal HIV disease progression factors
contribute to the poor transplacental IgG transfer observed in HIV-infected
women. We therefore sought to examine if maternal peripheral blood CD4+ T
cell counts, plasma viral load, and total plasma IgG levels (or
hypergammaglobulinemia) contribute to transplacental IgG transfer efficiency in
both U.S. and Malawian women in a multivariable linear regression model. As
maternal ART treatment during pregnancy has been associated with improved
transplacental IgG transfer (85), we first examined if maternal ART treatment
during pregnancy in HIV-infected U.S., and Malawian HIV-infected women was
associated with transplacental IgG transfer efficiency. Maternal ART
monotherapy in U.S. HIV-infected women during pregnancy was not correlated
with transplacental transfer efficiency (slope: 0.01, p=0.96, FDR=0.96) (Table 17).
Similarly, combination ART treatment in Malawian HIV-infected women
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initiated during pregnancy was not associated with transplacental transfer
efficiency (slope: 0.03, p=0.53, FDR=0.85). In this cohort, maternal peripheral
blood CD4+ T cell counts positively associated with transplacental IgG transfer
efficiency in U.S. women (slope: 0.19, p<0.002, FDR<0.004), but not in Malawian
women (slope: -0.03, p=0.85, FDR=0.85). In contrast, maternal plasma HIV RNA
load was not a predictor of transplacental IgG transfer efficiency in either U.S.
(slope: 0.02, p=0.74, FDR=0.93) or Malawian (slope: -0.05, p=0.80, FDR=0.85)
women. Yet, maternal total plasma IgG concentrations negatively associated
with transplacental transfer efficiency in both U.S. (slope: -0.37, p=0.001,
FDR=0.001) and in Malawian (slope: -0.40, p=0.005, FDR=0.02) HIV-infected
women, indicating that hypergammaglobulinemia is associated with poor
placental IgG transfer.
Infant factors such as gestational age and weight at delivery have been
previously associated with transplacental IgG transfer efficiency (15). To assess if
these infant factors contributed to the distinct transplacental IgG transfer
efficiency phenotypes, we examined infant gestational age, weight, and sex in a
multivariable linear regression model in both U.S. HEU and Malawian HEU and
HIV-infected infants (Table 17). In these primarily term infant cohorts, neither
infant gestational age (U.S. slope: 0.04, p=0.62, FDR=0.62; Malawian slope: 0.24,
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p=0.03, FDR=0.1), nor weight (U.S. slope: 0.10, p=0.19, FDR=0.55; Malawian slope:
-0.33, p=0.05, FDR=0.1), nor sex (U.S. slope: -0.08, p=0.57, FDR=0.62; Malawian
slope: 0.08, p=0.74, FDR=0.74) was associated with transplacental transfer
efficiency in either maternal-infant cohort.

Table 17: Associations between maternal HIV disease progression and
infant clinical characteristics and transplacental IgG transfer efficiency
Maternal clinical factor/Infant characteristic at birth

U.S.
1

Malawian
2

slope raw p FDR slope raw p FDR

Maternal ART treatment during pregnancy

0.01

0.96 -0.03 0.53

0.85

Maternal peripheral blood CD4+ T cell count

0.19 0.002 0.004 -0.03 0.85

0.85

Maternal plasma HIV RNA load
Maternal total plasma IgG level
(hypergammaglobulinemia)

0.02

0.85

-0.37 0.001 0.001 -0.4 0.005 0.02

Infant gestational age

0.04

0.62

0.62

0.03

0.1

Infant weight

0.1

0.19

0.55 -0.33 0.05

0.1

-0.08

0.57

0.62

0.74

Infant sex
1

Slope: Estimated regression slope values

2

FDR: false discovery rate adjusted p value

0.96
0.74

0.93 -0.05

0.24
0.08

0.8

0.74

7.7 Maternal co-morbidities in Malawian HIV-infected women and
transplacental IgG transfer efficiency
We next examined maternal co-morbidities that could potentially lead to
altered placental IgG transfer such as maternal proteinuria (a marker of risk of
preeclampsia) and syphilis co-infection, as defined by a maternal rapid plasma
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reagin (RPR) positive test in the Malawian cohort. These maternal co-morbidity
data were not available for U.S. HIV-infected women. 8.5% of Malawian HIVinfected women tested positive for the RPR test, whereas 36% tested positive for
trace levels of proteinuria. Interestingly, proteinuria, in addition to total plasma
IgG concentration, was predictive of efficient transplacental IgG transfer in
Malawian HIV-infected women (slope: 0.55, p=0.01). In contrast, maternal coinfection with syphilis did not significantly associate with the transplacental
transfer efficiency of maternal IgG (slope: -0.79, p=0.06).

7.8 Placental FcR expression and IgG transplacental transfer in Malawian HIVinfected women
To examine the role of placental FcR expression on the transplacental
transfer efficiency of maternal IgG, we performed RNAseq analysis on available
placental biopsy tissues only from Malawian HIV-infected women (n=44), as
placental biopsy tissues were not collected in the U.S. cohort. Placental FcRn,
FcγRIIa, FcγIIb, FcγIIc, and FcγIIIa expression levels strongly correlated with
each other, whereas FcγIIIb had lower overall expression levels and a weak
correlation with FcRn, FcγRIIa, FcγIIb, FcγIIc, and FcγIIIa expression levels
(Figure 16). Maternal placental FcRn, FcγRIIa, FcγIIb, FcγIIc, FcγIIIa, and FcγIIIb
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mRNA was detectable in all Malawian HIV-infected women, yet the levels of
expression as defined by Log2 copies per million (CPM) were variable (Figure
17). We then compared the levels of placental FcR mRNA expression in HIVinfected women with variable and poor transplacental transfer of maternal IgG.
We did not observe statistically significant differences in FcR expression levels in
HIV-infected women with variable and poor transplacental IgG transfer
efficiency (Figure 17). Moreover, there was no significant association between
placental FcR expression levels and transplacental IgG transfer efficiency.
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Figure 16 Strong correlations between the levels of mRNA expression of FcRs in
placental tissue of HIV-infected Malawian women. Fc receptor expression levels
in the placenta highly correlated between FcRn, FcγRIIa, FcγRIIb, FcγRIIc,
FcγRIIIa (r: 0.64-0.91), yet there was a low correlation of FcγRIIIb and other FcRs
(r: 0.2-0.49, bolded boxes) in the placenta. Line of best fit is shown and the 95%
pointwise confidence interval is shown in grey. Xinxia Peng also contributed to
data shown in this figure.

Figure 17 No difference in placental Fc receptor expression levels in HIV-infected
Malawian women with distinct transplacental IgG transfer phenotypes. Placental
mRNA expression levels of A) FcRn, B) FcγRIIa, C) FcγRIIb, D) FcγRIIc, E)
FcγRIIIa, and F) FcγRIIIb in HIV-infected women with poor transplacental IgG
transfer efficiency (red squares) and variable transplacental IgG transfer
efficiency (orange circles). Log2CPM denotes the counts per million of RNA
copies. All comparisons of FcR expression between women with poor and
variable placental transfer were not statistically significant (raw p>0.05). Xinxia
Peng also contributed to data shown in this figure.
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7.9 Binding of maternal antigen-specific IgG for placental FcRs and
transplacental IgG transfer
We next assessed the binding of maternal plasma antigen-specific
antibodies to placentally-expressed FcRs and their common polymorphic
variants in Malawian HIV-infected women (n=47). We measured maternal gp120,
tetanus toxoid, and pertussis toxin-specific IgG binding to FcRn, FcγRIIb,
FcγRIIIb, the high affinity polymorphic forms FcγRIIa 131H and FcγRIIIa 158V,
and the low affinity polymorphic variants FcγRIIa 131R and FcγRIIIa 158F, as
well as to complement protein C1q (Figure 18 – C1q data not shown). The
binding magnitude of gp120 and tetanus toxoid-specific IgG strongly correlated
among the measured placental FcRs, whereas the binding magnitude of pertussis
toxin-specific IgG to placental FcRs exhibited variable correlations among FcRs
(Figure 19). After correcting for predictors of transplacental IgG transfer in HIVinfected Malawian women (total plasma IgG levels and proteinuria), we
examined if gp120, tetanus toxin, and pertussis toxin-specific IgG binding to
placentally expressed FcRs was associated with transplacental IgG transfer
efficiency. Neither maternal gp120 nor pertussis toxin-specific IgG binding to
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placentally expressed FcRs was associated with of transplacental IgG transfer
(Table 18). In contrast, maternal tetanus toxoid-specific IgG binding to all FcRs
positively, albeit weakly, associated with transplacental IgG transfer efficiency
(slope: 0.23, p<0.05) (Table 18). Moreover, binding affinity of tetanus toxoidspecific IgG to FcgRIIa 131H (slope: 0.18, p<0.03), FcgRIIa 131R (slope: 0.15,
p<0.03), and FcgRIIIa 158F (0.21, p<0.05) positively associated with transplacental
IgG transfer efficiency (Table 18), suggesting distinct FcR interaction
determinants of placental IgG transfer efficiency for different antigen-specific
IgG populations.
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Figure 18 HIV gp120, tetanus toxoid, pertussis toxin-specific IgG binding to
placental FcRs in HIV-infected Malawian women. Maternal gp120, tetanus
toxoid (TT), and pertussis toxin (PT)-specific IgG binding to A) FcRn, B) FcγRIIb,
C) FcγRIIa 131H, D) FcγRIIa 131R, E) FcγRIIIa 158V, and F) FcγRIIIa 158F.
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FcγRIIa 131H and FcγRIIIa 158V are high affinity IgG binding FcRs, whereas
FcγRIIa 131R and FcγRIIIa 158F are lower affinity IgG binding FcR
polymorphisms. HIV-infected women with poor (P) transplacental IgG transfer
efficiency are shown in red squares and variable (V) transplacental IgG transfer
efficiency in orange circles. Log10 MFI denotes the mean fluorescent intensity.
Margaret Ackerman also contributed to data shown in this figure.
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Figure 19 Correlations in the binding magnitude of gp120, tetanus toxoid, and
pertussis-specific IgG to distinct placental FcRs. Strong correlation of maternal
gp120, tetanus toxoid, and pertussis toxin-specific IgG binding to C1q and
placentally expressed FcRn, FcγRIIb, FcγRIIa 131H, FcγRIIa 131R, FcγRIIIa 158V,
FcγRIIIa 158F, FcγRIIIb in HIV-infected Malawian women. Line of best fit is
shown and the 95% pointwise confidence interval is shown in grey.
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Table 18. Associations of maternal plasma antigen-specific IgG binding
magnitude to Fc receptors expressed in the placenta and transplacental IgG
transfer efficiency in Malawian women
Malawian
Factor

gp120

tetanus toxoid

p
p
slope
value
value
All Fc receptors*
0
0.23
0.05
0.02 0.95
FcRn
0.26
0.12
FcγRIIa H131
0.18
0.03
FcγRIIa R131
0.15
0.03
FcγRIIb
0.15
0.08
FcγRIIIa V158
0.36
0.12
FcγRIIIa F158
0.21
0.05
FcγRIIIb
0.12
0.1
Not calculated because of no statistical significance in the combined analysis against all Fc
receptors* (row 1) (raw p>0.05)
slope

p
value
0.75

pertussis toxin

slope

7.10 IgG subclass and transplacental IgG transfer efficiency in HIV-infected
women with variable transplacental IgG transfer efficiency
To further explore IgG Fc characteristics that play a role in antigen-specific
IgG transplacental transfer efficiency, we focused on antigen-specific IgG
populations of HIV-infected women defined to have variable transplacental IgG
transfer efficiency phenotype. We measured gp120, tetanus toxoid, and pertussis
toxin-specific
IgGbecause
subclass
in both
U.S.
(n=50)analysis
and Malawian
Not calculated
of no distribution
statistical significance
in the
combined
against all Fc(n=12)
receptors* (row 1) (raw p>0.05)

HIV-infected women with variable transfer of antigen-specific IgG populations
(Figure 20). We focused on defining IgG characteristics of gp120-specific IgG
because it is generally poorly transferred and on tetanus toxoid and pertussis
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toxin-specific IgG because they are generally efficiently transferred (Figure 20).
The frequency of gp120, tetanus toxoid, and pertussis toxin-specific IgG1
subclass responses was higher than that of the other IgG subclasses (Figure 20),
and IgG2 subclass responses were rarely detected in all antigen-specific
populations among both U.S. and Malawian women. Interestingly, U.S. HIVinfected women had relatively lower frequencies of gp120, tetanus toxoid, and
pertussis-specific IgG3 subclass responses compared to Malawian women (U.S.:
gp120-specific 23%, tetanus toxoid specific 12%, and pertussis toxin-specific 7%;
Malawian: gp120-specific 49%, tetanus toxoid specific 49%, and pertussis toxinspecific 17%). Lastly, U.S. HIV-infected women also had overall lower
frequencies of detectable gp120, tetanus toxoid, and pertussis toxin-specific IgG4
subclass responses compared to Malawian HIV-infected women (U.S.: gp120specific 2%, tetanus toxoid specific 30%, and pertussis toxin-specific 2%;
Malawian: gp120-specific 36%, tetanus toxoid specific 87%, and pertussis toxinspecific 2%). We then assessed the isolated contribution of antigen-specific IgG
subclass distribution to placental IgG transfer efficiency using a multivariable
logistic regression model that corrected for identified predictors (maternal CD4+
T cell counts and total plasma IgG concentrations) of transplacental IgG transfer.
Due to the high collinearity of IgG1 subclass and antigen-specific IgG response
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frequency, the frequency of antigen-specific IgG responses was included instead
of IgG1 subclass in the model (Table 19). Interestingly, in U.S. women, the
frequency of maternal gp120-specific IgG3 subclass responses (slope: -0.68,
p<0.03), the frequency of maternal tetanus toxoid-specific IgG4 subclass
responses (slope: -0.52, p=0.04), and the frequency of maternal pertussis-specific
IgG responses (slope: -0.33, p=0.02) negatively associated with transplacental IgG
transfer (Table 19). We did not find that IgG subclass frequency of gp120, tetanus
toxoid, or pertussis toxin-specific IgG, to be predictive of transplacental IgG
transfer efficiency in Malawian women, likely due to the smaller cohort size.
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Figure 20: Frequency of gp120, tetanus toxoid (TT), and pertussis toxin (PT)specific IgG subclass responders among HIV-infected, U.S. and Malawian
women with variable transplacental IgG transfer. Frequency of plasma gp120,
tetanus toxoid (TT), or pertussis toxin (PT) IgG subclass responses in U.S. (A, C,
E) and Malawian (B, D, F) women with variable transplacental IgG transfer.
Frequency of IgG1 (purple), IgG2 (blue), IgG3 (orange), and IgG4 (black) are
displayed. G) % transplacental transfer efficiency of gp120, tetanus toxoid (TT),
and pertussis-toxoid (PT)-specific IgG.
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Table 19. Associations between HIV Env and vaccine antigen-specific IgG
subclass responses and placental IgG transfer efficiency in U.S and Malawian
HIV-infected women with variable transplacental IgG transfer

Cohort

Malawian

pertussis toxinspecific IgG
transfer

slope

p value

slope

p value

slope

p value

0.03

0.82

-0.09

0.41

-0.33

0.02

IgG2 frequency

1.78

0.08

0.78

0.15

0.70

0.44

IgG3 frequency

-0.68

0.03

0.09

0.81

-0.27

0.61

Antigen-specific IgG frequency
U.S.

gp120-specific
IgG transfer

Maternal IgG subclass

U.S.
tetanus toxoidspecific IgG
transfer

2

1

IgG4 frequency

LF

LF

-0.52

0.04

0.15

0.87

Antigen-specific IgG frequency

-0.79

0.28

0.35

0.11

LF

LF

IgG2 frequency

-0.45

0.63

0.09

0.84

0.83

0.39

IgG3 frequency

0.28

0.74

0.18

0.64

0.52

0.22

IgG4 frequency

0.12

0.87

-0.02

0.97

-0.25

0.80

LF: low frequency.
Due to the high collinearity of IgG1 subclass responses and antigen-specific IgG response
magnitude, the frequency of IgG1 subclass was not included in the combined model of IgG
characteristics
1

2

7.11 IgG Fc region glycans and transplacental IgG transfer efficiency in HIVinfected women with variable transfer efficiency
To examine the potential contribution IgG Fc region glycan profiles in
mediating transplacental IgG transfer efficiency, we measured the composition
of Fc region glycans in the overall poorly transferred gp120-specific IgG
population, and generally efficiently transferred tetanus toxoid and pertussis
toxin-specific IgG populations in U.S. HIV-infected women with variable
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transplacental IgG transfer (n=50) (Figure 21A). We observed statistically
significantly different profiles of monogalactosylated (G1) (p<0.0001, Figure 21C),
digalactosylated (G2) (p<0.0006, Figure 21D), Fucosylated (p<0.0001, Figure 21E),
Bisected (p<0.01, Figure 21F), Di-sialylated (p<0.0002, Figure 21G), and Total
sialylated (p<0.0001, Figure 21I) Fc region glycans of gp120, tetanus toxoid, and
pertussis toxin-specific IgG. However, we did not observe statistically significant
differences of agalactosylated (G0) (Figure 21B), and Mono-sialylated (Figure
21H) Fc region glycans for the same specificities.
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Figure 21 Differences in Fc region glycan profiles of gp120, tetanus toxoid, and
pertussis toxin-specific IgG in U.S. HIV-infected women with variable
transplacental IgG transfer. A) % transplacental transfer efficiency of gp120,
tetanus toxoid (TT), and pertussis-toxoid (PT)-specific IgG. Frequency of B) G0,
C) G1, D) G2, E) fucose, F) bisecting, G) di-sialic acid, H) mono-sialic acid, I) total
sialic acid of Fc region glycans of gp120, tetanus toxoid, and pertussis toxinspecific IgG. Displayed is p value from a Kruskal Wallis test, dotted line denotes
100% transfer.

To determine if specific Fc region glycans were associated with transplacental
IgG transfer efficiency, we performed a principal component analysis in which
we examined the proportional variance of each principal component as it related
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to the transplacental IgG transfer efficiency. Principal component 1 (mostly
composed of G1, G2, Fucose, Di-sialic acid, and Total sialic acid) accounted for
59-62% of the variance of transplacental IgG transfer of gp120, tetanus toxoid,
and pertussis toxin-specific IgG (Table 20), whereas principal component 2
(mostly composed of G0 and Mono sialic acid) accounted for 15-19% of the
variance of transplacental IgG transfer for the same specificities.

Table 20. Proportional variance of gp120, tetanus toxoid, and pertussis toxinspecific IgG Fc region glycan profiles in U.S. HIV-infected women with variable
transplacental IgG transfer Principal Components (PC) 1-8

1

IgG Fc Glycan

gp120-

tetanus toxoid-

pertussis-toxin-

Components

specific IgG

specific IgG

specific IgG

PC 1

621

62

59

PC 2

15

19

17

PC 3

11

9

12

PC 4

7

6

7

PC 5

4

2

4

PC 6

1

1

1

PC 7

0

0

0

PC 8

0

0

0

% variance
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We then fit a multivariable logistic regression model that corrected for identified
clinical predictors of transplacental IgG transfer efficiency (maternal CD4+ T cell
counts and total plasma IgG concentrations). Fc region glycan signatures of
gp120 or tetanus toxoid-specific IgG were not predictive of transplacental IgG
transfer efficiency. Yet, pertussis toxin-specific IgG Fc region G1, G2, Fucose,
Bisecting, Di-sialic acid, and Total sialic acid glycan frequencies (PC1) weakly
negatively associated with transplacental IgG transfer efficiency of this specificity
(slope: -0.32, p<0.01) (Figure 22A, Figure 22B, Figure 22C, and Table 21).

Figure 22 Pertussis toxin-specific IgG Fc glycan profiles are predictive of
transplacental IgG transfer in U.S. HIV-infected women with variable
transplacental IgG transfer. Regression modeling of pertussis-specific IgG glycan
A) principal component 1 (PC1: G1, G2, Fucose, Bisecting, Di-sialic acid, and
Total sialic acid) and B) PC2 (G0 and Mono-sialic acid) and transplacental IgG
transfer efficiency. C) Fc glycan PC 1 and 2 loadings plot analysis of individual
Fc region glycan profiles of pertussis-specific IgG. Youyi Fong also contributed to
data shown in this figure.
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Table 21. Associations of maternal antigen-specific plasma IgG levels and
Fc region glycan principal components with transplacental IgG transfer
efficiency in U.S. women with variable transplacental IgG transfer
U.S.
Maternal IgG
characteristic

tetanus
toxoid

gp120

pertussis
toxin

p
slope p value slope p value
value
0.18 0.24 -0.04 0.73 -0.32 0.01
-0.29 0.13 -0.19 0.10 0.23 0.03
0.07 0.05
0.04 0.09

slope
Fc region glycans PC1
Fc region glycans PC2
G0
G1
G2
Fucose
Bisecting
Di-sialic acid
Mono-sialic acid

-0.06
0.02
0

Total-sialic acid

-0.01
0.01

0.01
0.14
0.8
0.19
0.52

-0.04

0.04

Not calculated because of no statistical significance of association
with Fc glycan PC1 and PC2

In addition, pertussis toxin-specific IgG Fc region G0 and Mono-sialic acid
glycans (PC2) weakly positively associated with transplacental IgG transfer
efficiency of pertussis-specific IgG (slope: 0.23, p<0.03). We next examined the
isolated contribution of each distinct pertussis-specific IgG Fc region glycan (i.e.,
G1, G2, etc.) as it related to transplacental IgG transfer efficiency. We did not
observe strong associations with the frequency of all individual Fc region glycans
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of pertussis toxin-specific IgG, suggesting that the contribution of Fc region
glycan profiles may act in concert in modulating the transplacental IgG transfer
efficiency (Table 21).

7.12 Antigen-specific IgG magnitude and transplacental IgG transfer
efficiency in HIV-infected women with variable transfer efficiency
After again correcting for identified maternal predictors of transplacental
IgG transfer efficiency, we reexamined the isolated role of antigen-specific
plasma IgG concentrations as predictive of transplacental IgG transfer efficiency
in U.S. women with variable transplacental IgG transfer efficiency. Maternal
gp120-specific IgG concentrations significantly associated with transplacental
transfer efficiency in HIV-infected with variable transplacental IgG transfer
efficiency (slope: 0.37, p=0.01) (Table 22). In contrast, neither maternal tetanus
toxoid-specific IgG concentrations (slope: -0.08, p=0.48) nor maternal pertussis
toxin-specific IgG concentrations (slope: -0.08, p=0.71) associated with
transplacental IgG transfer efficiency in U.S. HIV-infected women with variable
transplacental IgG transfer.
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7.13 Combined analysis of IgG characteristics that are predictive of
transplacental IgG transfer efficiency in HIV-infected women with variable
transfer efficiency
Finally, to examine the combined impact of IgG Fc characteristics on
transplacental IgG transfer efficiency, we fit a logistic regression model that
combined each of the identified IgG Fc characteristics found to be predictive of
placental IgG transfer efficiency of gp120, tetanus toxoid, and pertussis toxinspecific IgG in U.S. HIV-infected women with variable transplacental IgG
transfer efficiency. Again, due to the high collinearity of IgG1 subclass responses
and antigen-specific IgG response magnitude, the frequency of IgG1 subclass
was not included in the combined model of IgG characteristics (Table 22).
Interestingly, the frequency of gp120 IgG3 subclass responses again strongly
associated with poor transplacental IgG transfer of gp120-specific IgG (slope: 0.89, p<0.03) (Table 22). Furthermore, tetanus toxoid-specific IgG subclass IgG4
responses also negatively associated with transplacental IgG transfer of tetanus
toxoid-specific IgG (slope: -0.70, p<0.007) (Table 22). Yet, in the combined model
of IgG Fc characteristics, the frequency of IgG2 subclass responses was strongly
associated with transplacental IgG transfer efficiency of gp120, tetanus toxoid,
and pertussis toxin-specific IgG (slope: 1.77, p<0.003, slope: 0.94, p<0.007, slope:
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1.50, p<0.001, respectively). In addition, magnitude of maternal plasma gp120specific IgG positively associated with transplacental IgG transfer efficiency
(slope: 0.37, p<0.01). Finally, pertussis toxin-specific IgG Fc region glycan profiles
that comprised PC1 remained weakly negatively associated with transplacental
IgG transfer (slope: -0.32, p<0.01), whereas pertussis toxin-specific IgG Fc region
glycans that comprised PC2 weakly positively associated with transplacental IgG
transfer in the combined model (slope: 0.23, p<0.03).
Table 22. Combined analysis of maternal IgG characteristics predictive of
transplacental IgG transfer efficiency in U.S HIV-infected women with
variable transplacental IgG transfer
U.S.
gp120

Maternal IgG characteristic

tetanus
toxoid

pertussis
toxin

IgG2 frequency

p
slope p value slope p value
value
1.77 0.003 0.94 0.007 1.5 0.001

IgG3 frequency

-0.89

slope

IgG4 frequency

LF

1

0.03
LF

0.08

0.81

-0.15

0.73

-0.70 0.007

0.53

0.07

Antigen-specific plasma IgG concentration 0.37
0.18
Fc region glycans PC1

0.01
0.24

-0.08
-0.04

0.48
0.73

-0.08
-0.32

0.71
0.01

-0.29

0.13

-0.19

0.1

0.23

0.03

Fc region glycans PC2
1

LF: Low frequency
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Figure 23: Model of maternal disease progression factors and IgG Fc
characteristics that modulate the transplacental transfer of maternal IgG in HIVinfected pregnant women.
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7.14 Discussion
7.15 Maternal HIV disease progression may lead to poor transplacental IgG
transfer of antigen-specific IgG
A major roadblock for improving the protection of newborns via maternal
passively-acquired maternal IgG is our limited understanding of the molecular
interactions of IgG and placental FcRs that modulate transplacental IgG transfer.
Placental IgG transfer is impaired in the setting of certain maternal infections,
such as HIV and malaria (15, 74, 80-82). Thus, we sought to define factors that
associated with poor or efficient placental IgG transfer in the pathologic setting
of maternal HIV-infection. Interestingly, we observed wide variability in the
efficiency of transplacental transfer of antigen-specific IgG in U.S. and Malawian
HIV-infected women who received minimal ART treatment (Figure 14). In U.S.
HIV-infected mother infant pairs, we observed efficient, poor, and variable
transplacental IgG transfer. In contrast, in Malawian HIV-infected mother infant
pairs, we only observed poor and variable transplacental IgG transfer. It was
surprising to observe the variable transplacental IgG transfer efficiency
phenotype in the majority of HIV-infected women, and it suggests that the
placental transfer is distinctly regulated for different antigen-specific IgG
populations. Malawian HIV-infected women had more evidence of advanced
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HIV disease, with higher plasma viral load, lower peripheral blood CD4 + T cell
counts, and higher concentrations of total plasma IgG compared to HIV-infected
women from the U.S. (Table 17), potentially accounting for the lack of an efficient
transplacental IgG transfer efficiency in this group.
Previous studies have reported the suboptimal transplacental transfer of
protective IgG in HIV-infected women (163-165), raising the possibility that the
poor transplacental transfer of maternal protective IgG may contribute to the
higher rates of infectious diseases in HEU infants. Accordingly, we observed that
between 7-79% of infants born to HIV-infected women with protective plasma
IgG titers against tetanus, rubella, diphtheria, and Hib, were born with IgG
concentrations below protective thresholds against these common neonatal
pathogens (Figure 15). Interestingly, despite having a tetanus toxoid booster
vaccine during pregnancy, Malawian HIV-infected women still had overall poor
transplacental IgG transfer of tetanus toxoid-specific IgG. Moreover, up to 15% of
HEU infants born to Malawian HIV-infected women were below the protective
titer for tetanus-specific IgG at birth, suggesting that maternal vaccination alone
may not be sufficient to overcome the poor transplacental IgG transfer in this
population. These findings highlight that the poor transplacental transfer of

158

maternal protective IgG in HIV-infected pregnant women puts their HEU infants
at risk for vaccine-preventable infectious diseases.
In our study, biomarkers of maternal HIV disease progression, including
CD4+ T cell counts and hypergammaglobulinemia, were associated with poor
placental IgG transfer. However, maternal plasma HIV load was not associated
with transplacental IgG transfer efficiency in either U.S. or Malawian HIVinfected women. This finding contrasts with a prior study that reported maternal
plasma HIV load and poor transplacental IgG transfer efficiency in a cohort of 50
HIV, clade A virus-infected Kenyan women (166). This difference could be due to
small cohort sizes or HIV clade-specific differences. Total IgG concentrations in
maternal plasma above a certain high threshold (greater than ~15mg/ml) have
previously been associated with poor transplacental IgG transfer efficiency (15,
167-170), and accordingly, maternal hypergammaglobulinemia was a predictor
of poor transplacental IgG transfer efficiency in both U.S. and Malawian HIVinfected women (Table 17). In addition, Malawian HIV-infected women had
higher median concentrations of plasma total IgG concentrations compared to
U.S. HIV-infected women (Table 14). Altogether, our findings suggest that low
maternal peripheral blood CD4+ T cell counts and hypergammaglobulinemia
negatively impact the transplacental transfer of maternal IgG. While it is possible
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that high maternal plasma IgG concentrations are a biomarker of advanced HIVdisease progression that tracks together with low peripheral blood CD4 + T cell
counts in these primarily untreated cohorts, it is also possible that maternal high
plasma IgG concentrations lead to impaired transplacental IgG transfer by
saturating placentally expressed FcRs that shuttle maternal IgG to the fetus (15,
171, 172). In addition, it is possible that the B cell dysfunction that leads to
hypergammaglobulinemia in HIV-infected women also results in altered Fc
region characteristics (i.e., altered IgG subclass composition or Fc region glycan
profiles) that lead to impaired transplacental IgG transfer.

7.16 Binding to Fcg receptors expressed in the placenta predicts the
transplacental transfer efficiency of some antigen-specific but not others
While the role of placentally expressed FcRn in mediating the
transplacental transfer of maternal IgG is clear (15, 44, 155), the role of
noncanonical placental FcRs in transplacental transfer of maternal IgG remains
unexplored (38, 156). We did not detect placental FcR expression differences in
HIV-infected, Malawian women with distinct phenotypes of transplacental IgG
transfer (Figure 16 and 17), suggesting the determinants of IgG transfer efficiency
are more likely to be modulated by IgG characteristics or other factors.
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Moreover, differences in placental FcRs expression levels in Malawian HIVinfected women were not predictive of transplacental IgG transfer efficiency.
Interestingly, the binding of tetanus toxoid-specific IgG to placentally expressed
FcgRIIa 131H, FcgRIIa 131R, and FcgRIIIa F158, positively associated with
transplacental IgG transfer efficiency in Malawian HIV-infected women,
suggesting that IgG interaction with noncanonical placental FcRs may play a role
in mediating the transplacental transfer of some antigen-specific IgG populations
(Table 18). The distinct roles of different FcRs in predicting transplacental
transfer efficiency of maternal tetanus toxoid-specific IgG, but not gp120 or
pertussis-specific IgG, may be explained by differences in IgG characteristics
among these distinct antibody populations. For example, tetanus toxoid-specific
IgG responses in Malawian HIV-infected women had higher frequencies of IgG4
subclass responses compared to both gp120 and pertussis-specific IgG responses
(Figure 20). Furthermore, gp120, tetanus toxoid, and pertussis-specific IgG
exhibited distinct Fc region glycan profiles (Figure 21) which could contribute to
the lack of a uniform role of placentally expressed FcR binding strength in
predicting transplacental transfer efficiency (Table 21).
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7.17 IgG subclass frequency predicts the transplacental transfer efficiency of
distinct antigen-specific IgG
Maternal IgG subclass is known to be an important factor in transplacental IgG
transfer (15, 32), with IgG1 and IgG4 being the most efficiently transferred (69).
In this cohort of U.S. HIV-infected women, the frequency of gp120-specific IgG3
subclass, tetanus toxoid-specific IgG1, and pertussis-specific IgG4 subclass
responses negatively associated with transplacental transfer efficiency (Table 19),
suggesting that IgG subclass frequency of some antigen-specific IgG populations
may negatively impact the transplacental IgG transfer. Moreover, maternal IgG2
subclass frequency of gp120, tetanus toxoid, and pertussis toxin-specific IgG
strongly associated with efficient transplacental IgG transfer in the combined
model of IgG characteristics (Table 22). However, the association of gp120,
tetanus toxoid, and pertussis toxin-specific IgG subclass prevalence and efficient
transplacental IgG transfer should be interpreted with caution given the low
frequency of IgG2 subclass responses in U.S. HIV-infected women with variable
transplacental IgG transfer efficiency. However, we did not find the same
association of IgG subclass frequencies and transplacental IgG transfer in
Malawian HIV-infected women, potentially attributable to a smaller cohort size
or more advanced HIV disease progression, among others, in Malawian women.
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It is also possible that higher frequency of IgG1 and IgG4 subclass responses
track together with hypergammaglobulinemia in HIV-infected women.
Moreover, it has been reported that IgG subclasses have distinct affinity for
FcRn, FcγRII, and FcγRIII (73, 173). Thus, IgG subclass-specific affinity to
placental FcRs could be an important, yet unexplored, determinant of
transplacental IgG transfer efficiency.

7.18 Fc region glycans profiles predict the transplacental IgG transfer of
pertussis toxin-specific IgG
The Fc region glycosylation profile at the conserved glycosylation site may
also be an important factor that impacts transplacental IgG transfer efficiency,
due to its role in mediating IgG binding to certain Fc receptors including: FcγRI,
FcγRII, and FcγRIII. While the affinity of IgG Fc to the canonical IgG placental
shuttle receptor, FcRn, is not likely dependent on this Fc glycosylation profile
(45), previous studies have reported differences in IgG Fc region glycans in
mother infant pairs (71), suggesting that IgG Fc glycan-dependent placentallyexpressed Fcγ receptors may modulate transplacental IgG transfer efficiency.
While one study that examined IgG Fc region glycans in ten mother-infant pairs
found no significant differences in Fc region glycosylation patterns in maternal
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and infant IgG populations (72), a more recent study found overall IgG glycan
differences in maternal IgG and those that were passively transferred to the
infant (174). However, these studies examined glycosylation profiles in total
maternal IgG as opposed to that of antigen-specific IgG populations, potentially
masking distinctions in placentally transferred Fc region glycan profiles.
Consistent with a previous study that reported distinct Fc region glycans profiles
of antigen-specific IgG populations (175), poorly transplacentally-transferred
gp120-specific IgG had overall differences in the relative amounts of certain Fc
region glycans (Figure 21) compared to that of efficiently-transferred tetanus and
pertussis toxoid-specific IgG. Further, we identified that the Fc region glycan
profiles were predictive of transplacental IgG transfer efficiency of pertussisspecific IgG (Figure 21, Table 21). Interestingly, agalactosylated and
monosialylated IgG Fc region glycans were weakly predictive of efficient
transplacental IgG transfer efficiency of pertussis-specific IgG in combination,
but not when evaluated individually (Table 21), suggesting a cooperative effect
among Fc region glycans. Altogether, these findings suggest that the
transplacental transfer of distinct antigen-specific IgG populations is mediated
by characteristics such as IgG subclass, antigen-specific IgG concentrations, and
Fc region glycan profiles (Figure 23). Furthermore, our findings also suggest that
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no specific IgG characteristic measured in this study is universally predictive of
transplacental IgG transfer efficiency of distinct specificities.

7.19 Several factors including maternal HIV disease progression and IgG
characteristics mediate the transplacental transfer efficiency of maternal
antigen-specific IgG
While we aimed to comprehensively examine factors that mediate the
transplacental IgG transfer in HIV-infected women, our study has limitations.
Both cohorts lacked detailed maternal vaccination history, with the exception of
tetanus vaccination during pregnancy in Malawian women. Another limitation
of our study is the lack of a robust clinical record for U.S. HIV-infected women of
potential co-morbidities that could also impact the efficiency of transplacental
IgG transfer. Nonetheless, we examined the role of clinical signs of preeclampsia
and maternal syphilis in Malawian HIV-infected women and designed our
logistic regression models to correct for these factors that are known to affect
transplacental IgG transfer. Moreover, while we found that placental FcR RNA
expression levels were not distinct among HIV-infected Malawian women with
variable and poor transplacental IgG transfer, it is known that gene copy
numbers may vary within the FcR locus and could complicate the interpretation
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of FcR mRNA expression levels (176, 177). Our inability to detect FcR RNA
expression level differences could also be due to the absence of an efficient
transplacental IgG transfer group in HIV-infected Malawian women. Another
caveat to our study is that factors in U.S. HIV-infected women that were
associated with transplacental IgG transfer efficiency were not always similarly
correlated with transplacental IgG transfer efficiency in Malawian HIV-infected
women. While these differences could be explained by differences in cohort
sizes, health, and/or genetic differences in U.S. and Malawian HIV-infected
women, our findings should be validated in larger cohorts of HIV-infected
mother infant pairs. It should also be noted that transplacental IgG transfer score
was specifically designed to detect differences among HIV-infected U.S. and
Malawian women with distinct IgG transfer phenotypes and was inherently
arbitrary. Finally, as only 5 of 167 infants were HIV infected, our study was not
designed to identify immune correlates of protection against mother to child
transmission of HIV, but instead was geared towards defining determinants of
transplacental IgG transfer efficiency.
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8. Conclusions
In my dissertation work, I have demonstrated that maternal V3-specific
responses specific for the C terminal region are associated with reduced MTCT
risk. These V3-specific responses may mediate reduced MTCT risk through the
following mechanisms: 1) maternal autologous virus neutralization and/or 2)
modulation of co-receptor inhibition of maternal autologous viruses. In addition,
we have also demonstrated that maternal V3-specific monoclonal antibodies can
neutralize maternal circulating autologous viruses isolated from plasma in both
transmitting and non-transmitting women, suggesting that raising the serum
levels of V3-specific IgG responses may be a viable strategy against reducing
MTCT risk. Importantly, these findings have important implications as the
elicitation of these easy-to-induce, weakly neutralizing antibodies is readily
achievable by existing immunogens, which can safely and effectively raise serum
levels of V3-specific IgG neutralizing antibodies in humans (178). Therefore,
immunization regimens aimed at temporarily raising the levels of maternal V3specific IgG responses in HIV-infected pregnant women may perhaps be
achieved through ‘original antigenic sin’ by vaccination with heterologous clade
V3 immunogens. The identification of amino acid residue positions F317, A319,
and D322 within the C terminal region could serve as a benchmark for assessing
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the potential immunogenicity and efficacy of maternal HIV immunization
strategies targeting the V3 loop, with the goal of developing an immunization
strategy that can synergize with ART to eliminate MTCT and achieve an HIVfree generation. Our findings also have implications for ongoing vaccination
strategies aimed at eliciting broadly neutralizing antibody lineages, as maternal
plasma V3-glycan targeting neutralizing antibody lineages may not protect
against vertical transmission of HIV.
On the other hand, our transplacental IgG transfer findings reveal novel
insights into factors that modulate the efficiency of the transplacental transfer of
maternal IgG to the vulnerable fetus, particularly in the setting of HIV infection.
Our results suggest that several factors, including maternal disease progression
and Fc characteristics play a role in mediating the transplacental transfer of
maternal antigen-specific IgG. Specifically, maternal HIV disease progression
and IgG Fc characteristics, such as binding to placental FcRs, IgG subclass
frequency, and IgG Fc region glycan profiles all may influence the transplacental
transfer of maternal IgG. These findings also shed light on the potential design of
strategies to improve the transplacental IgG transfer to the fetus via Fc region
modifications. Moreover, our findings have important implications for
improving the transplacental IgG transfer achieved by routinely administered
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vaccine-elicited IgG responses in pregnancy such as the tetanus, diphtheria, and
pertussis vaccine (i.e., Tdap). For example, future studies could explore adjuvant
modulation of the Fc region characteristics of vaccine-elicited IgG to increase
binding to placentally-expressed FcRs or drive specific Fc region glycosylation
profiles with the goal of improving transplacental IgG transfer efficiency. In
addition, these data suggest that maternal HIV treatment that prevents CD4+ T
cell loss and reduces maternal hypergammaglobulinemia is likely to improve the
transplacental transfer of maternal protective IgG, which should be studied in
combination ART-treated HIV-infected maternal populations. Future work that
further defines the determinants of placental IgG transfer will ultimately inform
strategies to improve the transplacental transfer of maternal IgG to the
vulnerable fetus, extending the window of maternal IgG-mediated infant
protection in the first year of life.
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