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Summary:

Despite the worldwide success of vaccination, newborns remain vulnerable to infections. While
neonatal vaccination has been hampered by maternal antibody-mediated dampening of immune
responses, enhanced regulatory and toleragenic mechanisms, and immune system immaturity,
maternal pre-natal immunization aims to boost neonatal immunity via antibody transfer to the
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fetus. However, emerging data suggest that antibodies are not transferred equally across the
placenta. To understand this, we used systems serology to define Fc features associated with
antibody transfer. The Fc-profile of neonatal and maternal antibodies differed, skewed towards NK
cell-activating antibodies. This selective transfer was linked to di-galactosylated Fc-glycans that
selectively bind FcRn and FCGR3A, resulting in transfer of antibodies able to efficiently leverage
innate immune cells present at birth. Given emerging data that vaccination may direct antibody
glycosylation, our study provides insights for the development of next-generation maternal
vaccines designed to elicit antibodies that will most effectively aid neonates.
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Antibodies with a specific glycan modification and with the ability to activate NK cells are
selectively transferred across the placenta to the neonate.
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Introduction

Vaccines, one of the most impactful public health interventions, have reduced global
morbidity and mortality against infectious disease (Centers for Disease and Prevention,
1999; Pulendran and Ahmed, 2011). However, in newborns vaccines have been less effective
at reducing infection-related deaths (Amenyogbe et al., 2015). Compromised vaccine-
induced immunity in infants has been attributed to the potentially toleragenic nature of the
neonatal immune system (Yu et al., 2018), the reduced functionality of newborn immune
cells (Lee and Lin, 2013; Yu et al., 2018), as well as dampened immunity from pre-existing
maternal antibodies (Saso and Kampmann, 2017). Strategies have been proposed to drive
more effective immunity in newborns, including designing vaccines and adjuvants tailored to
neonates (Saso and Kampmann, 2017; Whittaker et al., 2018). Maternal immunization,
aimed at enhancing maternal-to-fetal transfer of antibodies, has shown significant promise in
boosting newborn immunity (Forsyth et al., 2015), providing a non-invasive strategy to
enhance immunity in this vulnerable population. However, epidemiologic studies focusing
on matched mother:fetus pairs, have found that the extent of immunity transferred varies
significantly by antigen (Fu et al., 2016; Palmeira et al., 2012). Specifically, while measles-
specific antibodies are transferred efficiently (>100%), antibodies targeting other pathogens,
including poliovirus and coxsackie viruses, are less efficiently transferred (Fu et al., 2016).

The neonatal Fc receptor, FCRn, is responsible for receptor-mediated trans-placental
transport of IgG (Roopenian and Akilesh, 2007). FcRn binds 1gG in a pH-dependent manner
within acidified endosomes in syncytiotrophoblasts and transits IgG to the interstitial space
between the maternal and fetal circulation (Jennewein et al., 2017; Roopenian and Akilesh,
2007). While FcRn binds to the CH3 domain of all 1gG subclasses (Vidarsson et al., 2014),
differences in 1gG subclass transfer have been noted (Einarsdottir et al., 2014; Vidarsson et
al., 2014), including enhanced binding to IgG1 and differential transfer efficiencies of
allotypic variants of 1gG3 known to bind FcRn with different affinities (Stapleton et al.,
2011; Vidarsson et al., 2014). Given that FcRn binding occurs in the CH3 domain, IgG
transport, and particularly antigen-specific 1gG1 transport, should occur at the same rate.
However, a transfer hierarchy exists across antigen-specific antibody subpopulations (Fu et
al., 2016). Thus, other qualitative antibody features are likely to govern differential transfer
of particular antibody populations.

With the re-emergence of pertussis infections among newborns (Winter et al., 2014), efforts
have emerged to understand the transfer of pertussis immunity to neonates. Thus, we aimed
to dissect the profile of transferred antibodies, focused on defining whether Fc features
influence pertussis-specific antibody placental transfer, to help inform maternal vaccine
campaigns and next-generation vaccine design. A global, unbiased, and antigen-specific
systems serology antibody profiling approach was applied (Chung and Alter, 2017) to
deeply and comprehensively define the specific qualitative Fc features of antibodies found in
maternal and cord blood on the day of birth. Striking differences were observed in the
functional profile of antibodies transferred to neonates, with preferential transfer of NK cell-
activating antibodies. This preferential transfer, observed across many antigens, was linked
to antigen-specific Fc-glycan profiles on the Fc-domain of antigen-specific antibodies, as
well as to enhanced binding to FcRn and FCGR3A, two receptors found to be co-localized
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on syncytiotrophoblasts. The transfer of FCGR3A-binding, NK cell-activating antibodies
coincided with the presence of fully competent NK cells in the cord blood, compared to less
competent cord blood neutrophils. These data suggest an evolution of the placenta to
selectively transfer antibodies with the most functional potential in the neonatal immune
context to better provide protection to neonates.

Unique signatures of placental transfer of Fc function

The placenta preferentially transfers 1gG antibodies (Vidarsson et al., 2014). Though FcRn
binds to all 19G subclasses, differences in transfer efficiencies have been noted across the
subclasses (IgG1>4>3>2) (Palmeira et al., 2012; Vidarsson et al., 2014; Wilcox et al., 2017)
and across 1gG1 populations (Fu et al., 2016), raising the possibility for FcRn-mediated
preferential selection of 1gG1 transfer. Thus, to begin to define the characteristics of
antibodies that are preferentially transferred across the placenta, we aimed to define whether
the transferred antibodies possessed any qualitative functional differences from those in
mothers, focusing on pertussis-specific immunity. Using samples drawn from a cohort of 14
mother:cord pairs on the day of birth (Table S1, Figure S1), we compared the functional
activity of antibodies specific to the four pertussis antigens included in the Tdap vaccine—
Pertactin (PTN), Filamentous Hemagglutinin (FHA), Fimbriae 2/3 (FIM) and Pertussis
Toxin (PTX) (Edwards and Berbers, 2014).

While significant differences existed in the magnitude of antibody-dependent monocyte
phagocytosis (ADCP) across the pertussis antigens, including higher levels of PTX
compared to FIM specific phagocytic antibodies in mothers (Figure 1A and B), overall
transfer of phagocytic antibodies was relatively stable across all specificities (Figure 1B and
C). Similarly, heterogeneous magnitudes of antibody-dependent neutrophil phagocytosis
(ADNP) were observed across antigen specificities (Figure 1D and E). However significant
differences were observed in antigen-specific ADNP transfer across specificities (Figure
1F), where FIM- and PTX-ADNP inducing antibodies were transferred with high efficiency
compared to FHA and PTN specific antibodies. These data point to heterogeneity in overall
levels and transfer efficiencies across pertussis specific monocyte and neutrophil recruiting
antibodies, driven in an antigen-specific manner.

To define whether the same variability would be observed across NK cell activating
antibodies, we examined the ability of the maternal and cord antibodies to drive NK cell
degranulation (CD107a upregulation), NK cell cytokine secretion (interferon-y, IFNy), and
chemokine secretion (macrophage inflammatory protein-18, MIP-1p). Strikingly, while
lower levels of FHA specific NK cell-activating antibodies were observed across all
mothers, all mothers transferred elevated levels of NK cell-activating antibodies (across all
three degranulation readouts) (Figures 1H, I, and J), albeit at different transfer ratios
(Figures 1K, L, and M). Across all antigen specificities and mother:cord pairs, enhanced
antibody transfer was consistently observed for NK cell-activating antibodies. Thus, our data
demonstrate the preferential transfer of antibodies involved in NK cell activation to
neonates, providing the first evidence of a functional, potentially Fc-specific, sieving across
the placenta.

Cell. Author manuscript; available in PMC 2020 June 27.
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Validation of the placental functional sieve

To confirm that the preferential transfer of NK cell recruiting antibodies could be extended
beyond pertussis-specific immunity, the functional characteristics of viral-specific antibodies
were interrogated. Similar to the results observed for pertussis, significant variability existed
in the levels of functional antibodies to respiratory syncytial virus (RSV) and influenza (Flu)
across mothers (Figure 2A and B), accompanied by variable ADCP and ADNP transfer
across each antigen (Figure 2A-D). Conversely, enhanced transfer of NK cell IFN+y and
MIP-1p inducing antibodies were transferred across both specificities, as were degranulation
(CD107a) inducing antibodies to RSV (Figure 2E and F and Figure S2 C-F). Additionally,
the NK cell transfer signature was further validated in a second geographically distinct
cohort across pertussis, RSV, and measles, highlighting again, preferential transfer of NK-
activating antibodies to neonates (Figure S2 A,B). Thus, despite heterogenous baseline
pathogen-specific functional antibody levels, NK cell-activating antibodies are consistently
preferentially transferred across the placenta.

Antibody Fc glycans, rather than subclass, contribute to placental sieving

To begin to define the specific biophysical characteristics of antibodies that are selectively
sieved via the placenta, we next examined the transfer of both antigen-specific 1gG subclass
and Fc glycosylation, which both influence Fc effector functions (Davies et al., 2001;
Jennewein and Alter, 2017). As expected, total 1IgG was enhanced in the cords across the
four pertussis antigens for all pairs (Figure 3A). IgG1 were transferred preferentially (Figure
3B). Whereas 1gG2, 1gG3, and 1gG4 levels were largely equivalent across the mother and
cord, with equivalent or lower transfer ratios across antigens (Figure 3B). As previously
described (Fu et al., 2016), differences were detected in transfer ratios across antigen
specificities, with reduced transfer of FIM specific 1gG1 responses relative to other antigens,
again highlighting qualitative differences in antigen specific antibody transfer, beyond
subclass differences, that may account for differences in transfer ratios. Importantly, while
these data confirm the preferential transfer of 1gG1, they fail to explain why some antigen-
specificities and functions transfer more efficiently than others.

Beyond IgG subclass effects on Fc receptor (FcR) binding, Fc glycosylation is also linked to
changes in regulating antibody effector function via altered FcR affinity (Jennewein and
Alter, 2017). While univariate analyses pointed to significant changes in Fc-galactosylation
across mother:cord pairs (Figure 3D, Figure S3), we explored Fc-glycan driven sieving using
transfer efficiencies (Figure 3E-G and Figure S4). Both bulk (all 1gG in plasma) and FHA-
specific agalactosylated (GO0) antibodies were transferred poorly (Figure 3D-F). Conversely,
di-galactosylated (G2) and total galactosylated (G) bulk and total galactosylated (G) FHA-
specific antibodies were transferred preferentially to the cord (Figure 3E and F). Further
comparison across antibody populations highlighted consistent inhibition of the transfer of
agalactosylated and bisected antibodies and enhanced transfer of galactosylated and
sialylated antibodies across bulk and most antigen-specific antibody populations, except
PTX-specific antibodies (Figure 3G and Figure S4). Combined, these data point to a
potentially critical role for Fc glycosylation, in addition to subclass, in placental sieving of
antibodies.
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Defining the critical Fc-features of placental transfer

To gain a deeper appreciation for the key Fc signatures linked to antibody transfer, a multi-
level partial least squares discriminant analysis (MLPLSDA) was used. This analysis was
aimed at defining the antibody features, independent of overall mother:cord pair variation,
that contributed to the sieving effect (Westerhuis et al., 2010). Clear separation was observed
across the maternal and cord antibody profiles (Figure 4A). Features were then ranked based
on their overall contribution to separating the mother:cord Fc-profiles (Figure 4B). In
agreement with the univariate analysis and non-paired conventional orthogonalized PLSDA
analysis (Figure S5 A,B), the ability of antibodies to drive NK cell activation were among
the top 3 enriched features in the cord blood antibody profile. Additionally, the ability to
drive neutrophil phagocytosis, 1gG1 levels, and particular antigen-specific glycans were
among the top features enriched in the cord antibody profiles. Conversely, mono-
galactosylated glycans (G1F/GIFB) and the ability to drive monocyte phagocytosis (ADCP)
were retained in the mother’s plasma. Furthermore, validation on RSV specific and Flu
specific antibody profiles, separately, as well as simultaneously across all seven tested
antigens, replicated the clear split between intra-pair mother:cord antibody profiles, always
driven by NK cell function and glycan patterns (G2S1F predominantly) (Figure S2 C-F).
These data provide a first glimpse of the individual functional and biophysical
characteristics associated with placental transfer, across an array of antigen-specificities, and
point to galactosylation as a key predictor of placental sieving.

To hone in on the specific variables that were actively transferred, we next compared the
median and median absolute deviation (MAD) of the antibody features in maternal samples
to their corresponding cord blood samples. The median and MAD are robust estimators of
the average and spread of individual variables across samples, respectively. Equivalent
spread would indicate non-selective transfer, whereas constricted spread in the cord would
point to a sieve effect. Thus two sets of variables were of highest interest; variables with an
increased or decreased median in cord blood compared to their matched maternal plasma,
indicating active transport or exclusion of the corresponding properties (Figure 4C, top row),
and variables with decreased spread in cord blood, indicating selection for specific amounts
of those variables in infants (Figure 4C, bottom row). Using this framework, CD107a, IFNvy,
MIP-1B, ADNP, as well as G2S1F, 1gG1, 1gG4, Clq binding, and FcRn binding exhibited
enhanced median levels toward the cord and are thus likely actively transferred across the
placenta. Conversely, the median FCGR2A binding was decreased in cord blood indicating
potential blockade of antibodies able to bind to this receptor (Figure 4C). By contrast, while
there was no shift in the median G2F value, the spread of G2F was significantly decreased in
the cord. These data point to a tight selection of antibodies, specifically linked to the
directed transfer of G2F glycans. Moreover, most glycan species demonstrated a decrease in
spread in cord compared to matched maternal samples, suggestive of Fc glycan-based
selection through the placenta.

To specifically define the determinants of transfer beyond titer as well as that selectively
predict NK cell functional transfer, two orthogonalized partial least squares regression
(OPLSR) models were developed. First, antibody features that were enriched among
maternal:cord pairs with the highest 1gG titer transfer efficiencies were defined (Figure 4D,
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E). As expected, the top determinants of 1gG transfer included elevated digalactosylated and
sialylated antibodies and lower levels of agalactosylated glycans. Interestingly, while
functional features did not track with total IgG transfer, binding to FcRs and complement
were among the top predictors of transfer, pointing to clear qualitative processes involved in
sieving antibodies across the placenta. Along the same lines, galactosylation and Fc-receptor
binding profiles were among the most critical features that predicted transfer of NK cell
activating antibodies in the second model (Figure 4F and G). Surprisingly, 1gG1 titer and
total IgG titer transfer were negatively associated with CD107a functional transfer,
highlighting that not all antibodies are functional or selected for transfer, which points to the
critical role of qualitative sieving activity of the placenta. Thus these two PLSR models
clearly point to the critical nature of antigen-specific antibody Fc-glycosylation and Fc-
receptor binding, beyond FcRn, as key determinants of placental antibody transfer.

Fc-galactosylation affects antibody binding to FcRn and other Fc Receptors

Contradictory roles for Fc glycosylation on FcRn binding have been reported (Bakchoul et
al., 2013; Dashivets et al., 2015; Einarsdottir et al., 2013; Jansen et al., 2016b; Jefferis,
2012), including reports documenting negligible effects of Fc glycosylation on FCRn
binding, with no change in antibody glycosylation across the placenta (Bakchoul et al.,
2013; Einarsdottir et al., 2013), as well as studies pointing to significant antibody
galactosylation-driven changes in FcRn affinity (Dashivets et al., 2015). Thus, to determine
whether galactosylation impacts FcR and FcRn binding, a monoclonal antibody was
synthesized that was either fully agalactosylated or digalactosylated (Figure S3). As
previously described (Mimura et al., 2001; Thomann et al., 2015), galactosylation did not
impact FCGR1, FCGR2A, FCGR2B or FCGR3B binding (Figure 5A). Conversely, the
digalactosylated antibody exhibited improved binding to both FCGR3A and FcRn (Figure
5A). Moreover, while, no difference in binding was observed by bio-layer inferometry to
FCGR2A by the galactosylated variants (Figure 5B), for FcRn binding the kD for the
digalactosylated monoclonal was significantly lower than for the agalactosylated
monoclonal variant, validating the observed influence of galactosylation on FcRn binding
(Figure 4B).

Beyond binding, glycan modified monoclonal antibodies also emulated the expected
antibody functional profiles observed in maternal:cord samples. Specifically, while
galactosylation did not alter ADCP or ADNP (Figure 5C and D), digalactosylated
antibodies, which are more efficiently trapped on FcRn and FCGR3A, also drove enhanced
NK cell degranulation and chemokine secretion (Figure 5E). Moreover, network analysis of
all antibody features from the pertussis-specific response of the mother:cord pairs further
highlighted the direct association of FcRn binding antibodies with FCGR3A binding
antibodies that were in turn linked to NK cell activation, further pointing to the similar
glycan binding preferences of these two Fc-receptors (Figure 5F, Figure S5). Thus, these
data support the hypothesis that digalactosylated antibodies may selectively bind and
become enriched on FcRn, resulting in enhanced transfer across the placenta aimed at
deliberately arming the newborn with NK cell activating antibodies able to bind effectively
to FCGR3A.

Cell. Author manuscript; available in PMC 2020 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jennewein et al. Page 8

Fc receptor expression in the placenta

The presence of Fc-receptor binding predictors of placental transfer (Figure 4D-G) along
with monoclonal-galactosylation mediated FCGR3A binding differences (Figure 5E)
suggested that Fc-receptors, beyond FcRn, may contribute to placental sieving. Given our
emerging appreciation for the expression of FcRs across tissues, including the placenta
(Fouda et al., 2018; Martinez et al., 2018), we next aimed to determine whether FcRs could
contribute to FcRn-mediated antibody sieving at the placental level. The localization of FcRs
and FcRn was examined across placental tissue (Figure 6 A-D, Figure S6). As previously
reported, low levels of FCGR1 and FCGR2 were observed on trophoblasts (12.97% and
4.7% positive, respectively) (Figure 6A). FCGR2, while present, was largely absent on
trophoblasts, presumably enriched on fetal epithelial cells. Conversely, high levels of both
FCGR3 and FcRn (40.70% and 22.40% positives, respectively) were observed on
trophoblasts. Given the low expression levels, limited colocalization of FCGR1 with FcRn
was observed (Figure 6C,D). However, FCGR3 was co-localized with FcRn on the
trophoblast layer (Figure 6D). These data support a potential role for FcRs, and particularly
FCGR3, not only in regulating immune cell function, but potentially also in synergizing with
FcRn in the selective transfer of NK cell-activating antibodies across the placenta (Figure
6E).

Implications for the transfer of NK-degranulation inducing antibodies in neonates

Finally, to gain insights into the potential evolutionary benefit of preferential transfer of NK
cell-activating antibodies, we next aimed to determine whether the preferential transfer of
NK cell activating antibodies could confer any immunological advantage to newborns.
Accumulating data have documented attenuated macrophage, neutrophil, NK cell, and T and
B cell function in early life (Yu et al., 2018). Neutrophils and NK cells are among the most
abundant innate immune cells on the first day of life (Lee and Lin, 2013; Yu et al., 2018).
Thus, the ability of cord antibodies to drive ADNP was assessed using both adult- and cord-
derived neutrophils (Figure 7A and B). While the results were variable across the samples,
cord-derived neutrophils exhibited largely decreased activity compared to adult neutrophils.
Conversely, while FHA-specific NK cell degranulation trended towards lower in cord-
derived NK cells, no difference was observed in antibody-dependent NK cell degranulation
across adult and cord NK cells, suggesting that some antibody-directed innate immune
functions may be conserved in early life (Figure 7C and D). However, striking differences
were observed in the ability of cord antibodies to recruit NK cell cytokine production, with
significantly elevated levels of IFNy secretion in cord NK cells compared to adult NK cells
(Figure 7C and D). Similar patterns were observed with adult-derived antibodies (Figure
S7), highlighting the unique capacity of neonatal NK cells, but not neutrophils, to respond to
antibody-opsonized targets. While emerging data suggest that cord blood cells may harbor
distinct phenotypes/function compared to neonatal immune cells (Olin et al., 2018), these
data are in agreement with previous reports suggesting that neutrophils, monocytes,
dendritic cells, and macrophages require a period of time following birth to acquire full
functionality, while NK cells are functionally primed to fight disease immediately post-
partum, even though they are less cytotoxic (Lee and Lin, 2013). Thus, the placenta appears
to transfer antibodies able to selectively leverage innate immune effector functions present
on the very first day of life.

Cell. Author manuscript; available in PMC 2020 June 27.
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Discussion

Emerging data point to significant differences in newborn and adult immunity, including the
existence of attenuated immune inflammatory activity, reduced adaptive immune
responsiveness, and enhanced regulatory functions in newborns (Saso and Kampmann,
2017; Whittaker et al., 2018; Yu et al., 2018), that collectively contribute to diminished
vaccine responses in this population. To overcome the limitations in immune priming in
newborns, vaccination of mothers in the third trimester of pregnancy has been suggested as a
strategy to increase antibody titers in neonates. While successful, significant disparities exist
in transfer rates in the setting of disease, including HIV (Martinez et al., 2019), or other co-
morbidities (Palmeira et al., 2012), and across antibody specificities (Fu et al., 2016). Thus,
these studies point to our limited understanding of the mechanism of placental antibody
transfer (Fu et al., 2016; Palmeira et al., 2012; Wilcox et al., 2017). Defining the mechanics
of placental transfer may offer novel insights for the rational design of maternal vaccines
able to drive transfer of protective antibodies to fetuses and reduce their window of
vulnerability. Here, we demonstrate that the placenta preferentially sieves pertussis-specific
antibodies based on Fc qualities, transferring NK cell-activating, rather than neutrophil or
monocyte activating, antibodies to the fetus. This selection is based on Fc glycosylation,
where digalactosylated antibodies that interact effectively with FcRn and FCGR3A may be
selectively captured and transferred, arming the fetus with antibodies able to access NK cell
functions immediately upon birth (Figure 6E).

Pregnancy-specific changes in glycosylation have been observed across both the Fc and the
Fab domain of antibodies (Bondt et al., 2014; Jansen et al., 2016a; Sonneveld et al., 2016).
However, glycosylated Fabs do not have the capacity to interact with FcRn, which binds to
antibodies in the CH3 domain (Jensen et al., 2017; Piche-Nicholas et al., 2018), suggesting
that only changes in Fc-glycosylation are likely to regulate placental selection. The
potentially critical role of galactosylation for FcRn binding has been previously noted,
likewise demonstrating enhanced FcRn binding to digalactosylated antibodies (Dashivets et
al., 2015). Moreover, large studies of worldwide antibody glycosylation data confirm
enhanced transfer of digalactosylated antibodies across the placenta, as well as lower
transfer rates of bisected glycans (Jansen et al., 2016a). Thus, FcRn-mediated preferences
for specific Fc-glycovariants may influence the quality of antibodies that are transported
across the trophoblast layer.

Changes in IgG galactosylation have been implicated in inflammatory diseases, with
agalactosylated species accumulating in autoimmune, infectious and oncological diseases
(Decker et al., 2016; Moore et al., 2005; Pasek et al., 2006). By contrast, less-inflammatory
galactosylated 1gG antibodies accumulate during pregnancy (Bondt et al., 2013; Jansen et
al., 2016a). Whether this shift occurs stochastically, due to the toleragenic immune state in
pregnancy, or in a deliberate manner to dampen inflammation during pregnancy and limit
potential immunopathology during infection, is unclear. However, in HI\-exposed
uninfected infants, antibody transfer is altered, suggesting that inflammation may interfere
with antibody transfer, and that avoiding inflammation may be benefitical for transfer
(Martinez et al., 2019; Wilcox et al., 2017). In healthy pregnancy, generation of highly
galactosylated antibodies may correspond to a deliberate effort to generate antibodies able to
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transfer more effectively across the placenta. However, whether this change occurs across all
antigen-specificities is unclear, but could provide insights into the type of IgG that may be
transferred most effectively to fetuses. Moreover, whether maternal vaccination specifically
results in the induction of digalactosylated antibodies is unclear. Yet, given that adjuvant-
driven inflammatory cues at vaccination can shape antibody Fc function via altered
glycosylation (Mahan et al., 2016; Vestrheim et al., 2014), the design of next-generation
maternal vaccines able to selectively skew IgG glycosylation towards Fc profiles that are
transferred more effectively to fetuses may result in enhanced immunity in neonates.

The selective transfer of NK cell-activating antibodies in the setting of functional NK cells
in newborns points to the deliberate selection of antibodies able to leverage effective
immunity at birth. Neonates are born not just deficient in 19gG production, but deficient in
other immune functions. Specifically, most innate and adaptive cell subsets are immature at
birth, particularly in their ability to produce cytokines and extravasate (Yu et al., 2018). For
example, neutrophils are unable to form neutrophil extracellular traps, lack many adhesion
molecules, exhibit low expression of toll like receptors, mediate impaired phagocytosis, and
exhibit attenuated neutrophil burst and microbial degradation. By contrast, while NK cells
also exhibit functional attenuation of cytotoxic killing activity, which is acquired through
NK cell education post-birth, NK cells are among the most abundant and functional innate
immune cells post-partum (Lee and Lin, 2013) Though emerging data indicate that cord
blood and infant innate immune cellular phenotype and function are distinct (Olin et al.,
2018), neonatal NK cells have been shown to respond robustly to target cells and able to
secrete copious inflammatory cytokines from birth (Lee and Lin, 2013). Along these lines,
here we show that while monocyte and neutrophil phagocytic antibodies are not transferred
actively, the placenta preferentially transfers NK cell activating antibodies from mother to
cord. Moreover, these preferentially transferred antibodies are able to drive equivalent
recruitment of NK cell degranulation across maternal and cord NK cells, and are responsible
for significantly enhanced recruitment of NK cell IFN-y and MIP-1p secretion from cord NK
cells (Figure 7). These data point to a potentially unique evolutionary placental bias aimed at
selectively transferring antibodies to the newborn that are able to leverage the most
competent immune cells.

FcR expression has been documented broadly in the placenta, particularly prominently on
Hofbauer cells, located between the maternal trophoblast layer and the fetal endothelium,
thought to contribute to immunity (Simister, 2003). Importantly, the tight fetal endothelial
layer does not express FCRn (Lyden et al., 2001). However, the fetal endothelium expresses
FCGR2B, which is thought to play a role in antibody transfer to the cord blood (Ishikawa et
al., 2015; Takizawa et al., 2005). FCGR2B is the sole inhibitory, low-affinity, FCR in humans
and, like FCGR3, interacts poorly with monomeric antibodies (Bruhns et al., 2009).
Moreover, given the homology in the extracellular region of the activating FCGR2A and the
inhibitory FCGR2B (Nimmerjahn and Ravetch, 2006), FCGR2B-driven sieving would result
in enhanced transfer of antibodies with ADCP activity, which is largely mediated through
FCGR2A (Nimmerjahn and Ravetch, 2008). However, limited sieving was observed for
ADCP inducing antibodies, suggesting a limited role for FCGR2B mediated selection in the
healthy placenta.
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The colocalization of FCGR3 and FcRn on the trophoblasts raises the question of whether
these two FcRs may collaborate to select antibodies for transfer. The expression of FCGR3
on trophoblasts may additionally provide some mechanistic understanding for the efficient
transfer of 1gG3 antibodies, which bind more effectively to FCGR3 but less efficiently to
FcRn (Stapleton et al., 2011; Vidarsson et al., 2014). However, FCGR3 exhibits low-affinity
binding to monomeric 1gG (Boesch et al., 2014), and FCGR3 has a preference for
afucosylated antibodies (Shields et al., 2002), a signature that is not preferentially
transferred across the placenta. Thus, it is likely that FCGR3 participates post-FcRn capture,
participating in the enrichment of FcRn trapped antibodies, potentially further skewing the
shift of antibodies to those with the greatest functional potency for the newborn. Yet,
whether additional FcRs contribute to selection following trophoblast selection, including
sieving by Hofbauer cells or the fetal endothelium, remains unknown. FcR changes occur
during inflammation and infection of the placenta (Wilcox et al., 2017) that could lead to
differential antibody sieving in the diseased or inflamed placenta, as has been previously
observed in children of HIV-infected mothers (Abu-Raya et al., 2016; Martinez et al., 2019).
While the data here suggest that FcRn contributes most actively to the selection of NK cell-
activating antibodies in the healthy placenta, it is plausible that alterations in the quality of
antibodies in disease (Abu-Raya et al., 2016; Jennewein, 2017; Palmeira et al., 2012) could
also be driven by changes in FCR expression on syncytiotrophoblasts or other immune cells
of the placenta.

These data open up many options for improving the health of neonates worldwide. While the
CDC has already recommended third trimester vaccination with Tdap and flu vaccines,
neonates continue to suffer from many other infectious diseases. With our emerging
appreciation for the unique immune states that arise during pregnancy and the unique
selective function of the placenta, next-generation rational vaccine design for pregnant
women may hold the key to delivering enhanced immunity to newborns. Moreover, for
diseases for which vaccines have yet to be developed, similar design principles may be
engineered onto monoclonal therapeutics to transfer immunity passively to prevent deadly or
debilitating diseases. Collectively, these data point to a deeper understanding of mechanisms
of placental transfer of immunity, offering insights for the development of novel strategies to
enhance immunity in our vulnerable newborns.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to, and will
be fulfilled by, the Lead Contact, Galit Alter (galter@mgh.harvard.edu).

Experimental Model and Subject details:

Human serum samples: Matched cord blood and peripheral maternal blood samples
were collected at birth and during the first 3 days post-partum, respectively, from two
mother:cord cohorts. Cohort 1 was recruited in the US and included eighteen mother:cord
pairs. Cohort 2 was recruited in Belgium and included 28 mother:cord pairs. Plasma was
separated from whole blood and cryopreserved until required. Immunization with Tdap was
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performed during pregnancy in fourteen mothers of cohort 1. Because equivalent titers and
similar overall antibody profiles existed in cords from vaccinated and unvaccinated mothers
(Supplemental Figure 1) all mother:cord pairs from cohort 1 were analyzed together. A full
history of vaccination during the current pregnancy was obtained from each participant and,
where possible, from before pregnancy. Clinical characteristics are included in Supplemental
Table 1. All subjects were HIV, HBV, and HCV negative and provided written informed
consent before sampling. The study was conducted according to the principles expressed in
the declaration of Helsinki, reviewed by the Partners Internal Review Board, and approved
by the Partners Human Research Committee (Approval Number 2011P001763). Cohort 2 is
part of a study of maternal determinants of infant immunity (Goetghebuer et al., 2018) and
was reviewed by the ethics Committee of the Hopital Saint-Pierre, Belgium and Partners
Human Research Committee (Approval Number 2011P001763).

Human placental samples: Placental sections were obtained from term pregnancies of
adult health women at Massachusetts General Hospital. The study was conducted according
to the principles expressed in the declaration of Helsinki, reviewed by the Partners Internal
Review Board, and approved by the Partners Human Research Committee (Approval
Number 2010P000632).

Cell lines: THP-1 cells (cell line isolated from a 1-year old male) were grown in R10
(RPMI plus 10% fetal bovine serum, L-glutamine and penicillin/streptomycin)
supplemented with 0.01% p-mercaptoethanol.

Method details:

Heat inactivation of plasma—All plasma samples were heat inactivated at 56°C for one
hour. Precipitate was spun down at 20,000xg for 10 minutes. The supernatant was stored at
-80°C.

Phagocytosis

Antigen coupling to beads:

Antigens; the four pertussis antigens, RSV-post fusion protein (McLellan et al., 2013) or a
mix of the H3N2 and HAB, were coupled to 1 um yellow-green fluorescent, carboxylate-
modified microspheres at a ratio of 10 pg of protein to 5 pl of beads. Microspheres were first
activated with 100 mM monobasic sodium phosphate, pH 6.2 in the presence of 5 mg/mL
EDC and 5 mg/mL sulfo-NHS. Beads were then washed in 0.05 M 2[N-
Morpholino]ethanesulfonic acid (MES) pH 5.0 and incubated with antigen for two hours.
The coupling reaction was quenched with 500 mM glycine for 30 minutes. Then beads were
washed with 0.05% PBS-tween 20 and blocked in PBS-2% BSA for two hours. After
washing with 0.05% PBS-tween 20, the 5 pl of beads were resuspended in a final volume of
1 mL PBS-0.1% BSA and stored at 4°C in the dark for up to one week.

Formation of immune complexes:

Ten microliters of protein-coated beads were incubated with an equal volume of either heat-
inactivated plasma diluted in R10 or PBS in a 96-well U-bottom culture plate. Optimal

Cell. Author manuscript; available in PMC 2020 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jennewein et al.

Page 13

plasma dilutions were predetermined by titration. Following a two-hour incubation at 37°C,
5% CO», the immune complexes were spun down and washed in PBS to remove any
lingering plasma components or cytokines and incubated with either THP-1 cells or
neutrophils as described below.

Monocyte antibody-dependent cellular phagocytosis (ADCP) assay:

The monocyte ADCP assay was adapted from (Ackerman et al., 2011). Briefly, immune
complexes were incubated with 25,000 THP-1 cells per well at a concentration of 1.25x10°
cells/ml in R10 for 16 hours at 37°C, 5% CO». After the incubation, the cells were fixed in
4% paraformaldehyde. Data were collected on a BD LSR Il flow cytometer (BD
Biosciences) equipped with FACS Diva software. All flow cytometry data were analyzed
using Flowjo (TreeStar). Negative or unstimulated controls were used to set gates. Data is
reported as the mean of 2-3 independent replicates. Phagocytosis score was calculated as the
percentage of bead positive cells, multiplied by geometric mean fluorescence intensity of
bead positive cells, divided by 10,000.

Antibody-dependent neutrophil phagocytosis (ADNP) assay:

For the ADNP assays comparing maternal and cord antibodies with adult neutrophils,
granulocytes were isolated from freshly drawn peripheral blood. Erythrocytes were
precipitated by adding a 3% Dextran solution, before separating the granulocytes and
peripheral blood mononuclear cells (PBMC) by density centrifugation with Ficoll-paque
PLUS (Sigma Aldrich). The isolated granulocytes, contained in the pelleted fraction, were
washed briefly in water to remove remaining erythrocytes before tonicity was restored by
the addition of an equal volume of 1.8% NaCl solution.

For neutrophils used to compare function in adult blood and cord blood, granulocytes were
isolated from whole blood by lysing erythrocytes in ACK lysis buffer for 5 minutes before
precipitation by centrifugation. Granulocytes were washed twice with PBS.

Granulocytes isolated via both methods were resuspended at 2.5x10° cells/ml in R10 and
50,000 cells per well were incubated with immune complexes for 1 hour at 37°C, 5% CO,.
Neutrophils were stained with anti-CD66b-Alexafluor647 or anti-CD66b-Pacific blue and
cells were fixed with 4% paraformaldehyde prior to flow cytometry. Phagocytosis scores
were calculated as above in ADCP assay.

NK cell activation assay—For comparisons of NK degranulation activity between
maternal and cord serum, PBMCs were isolated from freshly drawn buffy coats by density
centrifugation and then incubated overnight at a concentration of 3x106 cells/ml in R10
supplemented with 1 ng/ml rhIL15. The next day, NK cells were isolated using EasySep NK
cell Enrichment Kit.

For comparison of adult and cord blood NK cell degranulation, cord blood NK cells were
isolated within 8 hours of birth from cord blood and adult NK cells were isolated from buffy
coat’s drawn that day. NK cell isolation was performed with RosetteSep NK cell Enrichment
Kit per the manufacturer’s instructions. Purified NK cells were separated by density
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centrifugation, washed twice with PBS and used immediately without rhlL-15
supplementation.

ELISA plates were prepared by coating plates with protein at a concentration of 1 ug/ml and
incubated overnight at 4°C. Plates were then blocked with PBS-5% BSA overnight at 4°C.
Plates were washed in PBS, and plasma was plated at dilutions pre-determined by titration.
Human gamma globulin isotype was plated at 1 mg/ml on uncoated wells as a positive
control and PBS was used as a negative control. Plates were incubated at 37°C 5% CO, for
two hours. The isolated NK cells were then added to each well at a concentration of 2.5x10°
cells/ml, 50,000 cells per well, in R10 in the presence of anti-CD107a, Brefeldin A (2.5
pg/ml) and Golgistop and incubated at 37°C, 5% CO,, for five hours. After the incubation,
cells were stained with anti-CD3, anti-CD56 and anti-CD16. Cells were fixed and
permeabilized using the Fix&Perm cell permeabilization kit and intercellular staining was
performed with anti-IFNy and anti-MIP-1p. Data were collected on a BD LSR Il flow
cytometer equipped with FACS Diva software. All flow cytometry data were analyzed using
Flowjo. Negative or unstimulated controls were used to set gates. Data are reported as the
percentage of NK cells positive for a given marker minus the mean of the protein-matched
PBS-only control.

Antigen-specific antibody isotype and subclass analysis—Antigen-specific 19G
subclass levels were measured by ELISA. ELISA plates were coated with 1 pg/ml of FHA,
Pertactin, Fimbriae 2/3 or Pertussis toxin overnight at 4°C. The next day, plates were
blocked for two hours with PBS-5% BSA. Plasma was added at predetermined dilutions for
each subclass and antigen, and incubated for two hours at 37°C. To account for background
binding of antibodies, PBS-0.05% tween-20 control was included for each protein, and
furthermore, control wells with no pertussis protein were blocked as above and included for
each sample at each dilution (both in duplicate). Following a one-hour room temperature
incubation with an anti-human IgG-horseradish peroxidase (HRP) secondary antibody), the
ELISA was developed using ultra-TMB. The reaction was stopped with 2M H,SQO4. Optical
density values were read immediately at a wavelength of 450 nm (reference wavelength of
592 nm) using a Tecan Infinite M1000 Pro. Data are reported as reference value corrected,
and BSA background corrected OD450 values.

Glycan analysis—Proteins were biotinylated and coupled to 1 um neutravidin-coated
magnetic beads; 2.5 ug of protein was coupled to 25 pl of beads for each sample. Heat-
inactivated sample (200 pl) was incubated with 25 pl of un-coupled magnetic beads to clear
non-specific bead binding for 30 minutes. Plasma was then removed from these beads and
added to the 25 pl of protein-coupled beads and incubated for one hour at 37°C. The
resulting immune complexes were washed, and the antibody Fc was cleaved off by
incubating with 1 pl of IDEZ in a total volume of 20 pl of PBS at 37°C for 1 hour. The
resulting Fc fragments were deglycosylated and fluorescently labeled using a GlycanAssure
APTS Kit according to manufacturer’s instructions. Glycans were analyzed on 3500xL
genetic analyzer (Applied Biosystems). Samples were run with N-glycan fucosyl, afucosyl,
bisecting and mannose N-glycan libraries to enable identification of twenty-four discrete
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glycan species (Supplemental Figure 2). The relative frequencies of each of these glycans as
percentages of total glycans were calculated using GlycanAssure software.

Fc Receptor binding—FcR binding was preformed using a multiplexed Luminex assay
as described in Brown et al., 2012 (Brown et al., 2012). Pertussis antigens were coupled to
magplex microspheres as described above in coupling for phagocytosis assays. Recombinant
FcRs with an AviTag were biotinylated on their avidin tag using a Bir500 kit according to
manufacturer’s instructions. FCRs were then incubated with streptavidin-PE (ProZyme,
Hayward, CA) for ten minutes, and any residual streptavidin was quenched with an excess of
20 UM biotin from the Bir500 kit for a further ten minutes. Plasma samples were diluted to
three dilutions (1:50, 1:100 and 1:500) in luminex wash buffer (PBS-0.05% BSA-0.001%
tween-20) and incubated with microspheres for two hours. Samples were washed in
Luminex wash buffer and then incubated with PE-labeled FcRs for one hour. Samples were
washed again and resuspended in XMAP sheath fluid. Samples were analyzed on a Bioplex
3D system. Data is calculated as area under the curve of the median fluorescent intensity of
PE.

Glyco-modified monoclonals—293T derived wild type PGT128 was predominantly
agalactosylated and fucosylated (GOF) (Supplemental Figure 3). The di-galactosylated form
was made by mixing 0.5 mg of PGT128 with 15 pg of p-1,4-Galactosyltransferase and 488
ug of UDP-Galactose in a total volume of 400 pl of 20 mM MnCly, 100 mM MES and was
incubated at 37°C for 24 hours. After galactosylation, antibodies were purified using the
Nab Protein G spin column according to the manufacturer’s protocol.

FcR affinity ELISA—384-well ELISA plates were coated with FcRs at 10 pg/mL
overnight at 4°C. Plates were blocked for two hours at 37°C with 2X assay buffer A.
Samples were diluted in 1X Assay Buffer A and added in serial dilutions, then incubated for
two hours. Secondary antibody, anti-Fab HRP, was diluted 1:10,000 in 1X Assay buffer A
and incubated on plates for one hour. Binding was detected with TMB for 10 minutes, and
then quenched with 2N H,SOy4. Plates were read on a Tecan Infinite M1000 Pro at 450 nm
(with reference at 570 nm). Values are reported as reference-background corrected, area
under the curve.

FcR affinity by BLI—An Octet RED96 system (Fortebio) was used to analyze
dissociation constants (kD) for glycosylation modified monoclonals. FcR receptors
biotinylated as for FcRs binding were loaded onto streptavidin coated biosensors in assay
buffer (PBS 0.05% Tween 20 and 1% BSA). Immobilization levels above 2.0 nm were
reached, and biosensors were washed in assay buffer. For association phase, PGT128 GOF
and G2F samples were diluted in assay buffer across five two-fold dilutions starting at 25
ug/mL and allowed to bind for 300 s. The dissociation phase was recorded using assay
buffer for 800 s. The sensorgrams were plotted and evaluated using the Octet data analysis
software.

Immunohistochemistry and Immunofluorescence—Placental sections were fixed
for 24 hours in formalin and then embedded in paraffin. A microtome was used to cut the
placenta sections into 0.5 um sections which were mounted onto glass slides
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Immunohistochemistry was used to select dilutions for immunofluorescence analysis
(Supplemental Figure 4). Slides were heated for 25 minutes at 60°C then deparaffinized in
xylene for 10 minutes. Slides were rehydrated with graded ethanol washes. Antigen retrieval
was done in Nuclear Decloaker. Sections were blocked with Background Sniper then
washed in PBS. Sections were blocked with normal goat serum at a 1:10 dilution for 15
minutes then incubated with primary antibody for one hour. Primary antibodies used for
immunohistochemistry included: Anti-Placental Alkaline Phosphatase to label trophoblasts,
anti-FcRn to label FcRn receptors, Anti-CD64 to label FCGR1 receptors, Anti-CD32 to
label FCGR2 receptors, and CD16 to label FCGR3 receptors. For immunohistochemistry,
following primary incubation, slides were washed and stained with universal HRP secondary
antibody for one hour. Samples were stained with DAB + chromogen substrate system, then
washed and counterstained in hematoxylin. Samples were washed, dehydrated, then sealed
with mounting medium and coverslips. After 24 hours of drying, samples were imaged on a
TissueFAXS whole slide scanning system and analyzed with HistoQuest. For slides
analyzed for immunofluorescence, following primary incubation slides were washed and
incubated for one hour with a fluorescent secondary antibody. Secondary antibodies used
included: Goat anti-Mouse 1gG2b; anti-Mouse 1gG1 Antibody; and Goat Anti-Rabbit 19G
H&L. For co-stains between FcRn and FCGRI, FCGR2 or FCGR3, FcRn staining was done
as a tertiary and quaternary stain using streptavidin/biotin binding, so streptavidin and biotin
binding was blocked prior to secondary incubation using an Avidin/Biotin blocking kit.
Biotinylated anti-FcRn was prepared using the same anti-FcRn as above and biotinylated
using the SiteClick Biotin Antibody Labeling Kit. For these slides, anti-FcRn, was incubated
on the slides for one hour following the secondary incubation. After washing, FCRn was
detected with a quaternary labeling step of streptavidin-linked Brilliant Violet 421. For all
slides, following antibody labeling samples were washed and incubated for five minutes
with Hoechst. Samples were washed and mounted with Prolong Gold Antifade and
coverslips. After drying for 24 hours, slides were imaged with fluorescence microscopy then
analyzed with TissueQuest.

Quantification and statistical analysis:

Univariate Statistical Analysis: A Wilcoxon matched-pairs signed rank test was used to
examine differences in paired maternal:cord samples and a Bonferonni correction was used
to correct for multiple corrections. A Wilcoxon rank test with Hochberg’s step-up method to
correct for multiple comparisons was used to examine difference from baseline in the glycan
transfer efficiency test. A Mann-Whitney test was used for comparisons between two
groups. For more than two groups comparison, a Friedman’s test with a Dunn’s post-test or
a two-way ANOVA with Sidak’s post hoc analysis was used. Spearman’s rank correlation
was used to examine bivariate associations. P values are two-sided. Statistical analyses were
conducted using GraphPad Prism.

Statistical analysis of change in median and median absolute deviation: This
analysis was used to identify the features that change in median and spread (MAD) from
mothers to cords in a statistically significant manner (Figure 4C). A preprocessing step was
performed, where we removed the measured glycan species with zero median, indicating
low-abundance features, in both maternal and cord blood. For the remaining 22 features, the
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median and median absolute deviation (MAD) were calculated as robust measures of
average and spread of data, respectively. The percentage change in median and MAD were
calculated according to the following formula:

median(xl. ) — median(x )

% Change in median = 100 i “’ft mother
median(x )
mother
MAD(x, ) — MAD(x )
% Change in MAD = 100 * infant mother
MAD(x )
mother

Here, Xmowmerand Xjneans are the values of the variable x in mothers and cords, respectively.

To assess whether the mothers and cords, which consist of matched samples, have different
population mean ranks, the nonparametric Wilcoxon signed-rank test was performed, and p-
values were calculated using the MATLAB function signrank. Significant p-values are
judged at three levels of p<0.0005, p<0.005, and p<0.05 as denoted with ***, ** and * in
Figure 4C, respectively. The statistical significance of the change in the spread was
calculated by performing Wilcoxon signed-rank test on the absolute value of (x— median(x))
using the MATLAB function signrank.

Multivariate Analysis--Summary—~Principal Component Analysis (PCA) to visualize if
there is any subpopulation in the overall population of cord samples in the two-dimensional
principal components (PC) space that is enriched in cord from vaccinated or non-vaccinated
mothers.

To find correlates that contribute majorly to the separation of maternal and cord serology
profiles, two sets of analyses were performed; (i) Orthogonalized Partial Least Squares
Discriminant Analysis (OPLSDA) to find correlates that contribute majorly to the separation
of mothers and cord serology profiles (Figure S5), (ii) multi-level partial least squares
discriminant analysis (MLPLSDA) was used as the preferred alternative that utilizes the
paired structure of the data leading to improved separation of maternal and cord serology
profiles (Figure 4A, B). For these set of analyses, a preprocessing step was performed,
where we removed the measured glycan species with zero median, indicating low-abundance
features, in both maternal and cord blood, resulting in 22 features. MATLAB was used to
perform all multivariate analysis.

To investigate the determinants of high transfer of antibody titer as well as NK-activating
antibodies across the placenta, Orthogonalized Partial Least Squares Regression (OPLSR)
modeling was performed to investigate (1) the relationship between the maternal features and
the transfer of antibody titer (ordered from low to high titer transfer), and (I1) the
relationship between the transfer of NK-activating antibodies and the transfer ratios of
biophysical features of antibodies including subclass titers, Fc-glycans, and binding to FcRs
(Figure 4D-G).
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Partial correlation network analysis was utilized to assess the pair-wise correlation of
features along all the samples (mothers and cord). The analysis was performed in MATLAB.
Cytoscape 3.6.1 was used for visualization.

Principal Component Analysis (PCA): A PCA model was constructed using 22
variables with non-zero median in either maternal or cord blood. Variables were centered
and scaled to a standard deviation of 1. In the two-dimensional space of PC1 vs. PC2, no
apparent subpopulation with enrichment in cords from vaccinated or non-vaccinated mothers
was observed.

Orthogonalized Partial Least Squares Discriminant Analysis (OPLSDA): To
mathematically identify the key features contributing to profile differences between maternal
and cord blood, an OPLSDA framework was used (Arnold et al., 2016; Lau et al., 2011). An
OPLSDA model was constructed using 22 variables with non-zero median in either maternal
or cord blood. Variables were centered and scaled to a standard deviation of 1.5-fold cross
validation was performed on the data (MVenetian blinds), obtaining a Cross Validation (CV)
accuracy of 64%. To assess model significance, a permutation test was performed by
randomly shuffling the labels. The OPLSDA model performed significantly better than
random (Wilcoxon p=0.017).

Multi-Level Partial Least Squares Discriminant Analysis (MLPLSDA):

To mathematically identify the key features contributing to the profile differences between
maternal and cord blood, a MLPLSDA (Westerhuis et al., 2010). MLPLSDA uses the same
principles as OPLSDA analysis for multivariate data (Arnold et al., 2007; Lau et al., 2011)
but also takes advantage of the paired structure of the data (paired maternal and cord blood).
Intuitively, this analysis subtracts the effect of heterogeneity between maternal:cord samples
(inter-pair variability) and focuses on the effects within maternal:cord samples. The model
was constructed using 22 variables with non-zero median in either maternal or cord blood.
Variables were centered and scaled to a standard deviation of 1. 5-fold cross validation was
performed on the data (Venetian blinds), obtaining a Cross Validation (CV) accuracy of
94%. To assess model significance, a permutation test was performed by randomly shuffling
labels. The MLPLSDA model performed significantly better than random (Wilcoxon
p=2x10"14).

Orthogonalized Partial Least Squares Regression (OPLSR): PLSR is a
multivariate regression technique (Lau et al., 2011) where linear combinations of features
are used to predict the variance in the dependent variables. The model is then orthogonalized
such that Latent Variable 1 (LV1) captures the variance in features that are in the direction of
the dependent variable, while other latent variables describe the variation orthogonal to the
predictive component (LV1). Here, OPLSR was applied to analyze (l) the relationship
between the maternal features and the transfer of titer, and (1) the relationship between the
maternal biophysical features and the transfer ratio of the NK cell-activating antibodies.

i I. Here, Y = total IgG titer in cord blood relative to the maternal blood. These
were ranked such that the lowest transfer ratio was ranked 1. X = All antibody
features of maternal blood (Figure 4D,E).
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ii. I1. Here, Y =total CD107a by NK cells in cord blood relative to the maternal
blood. These were ranked such that the lowest transfer ratio was ranked 1. X =
The maternal antibody biophysical features (Figure 4F,G).

Partial correlation network: While correlation networks offer insights into the pairwise
correlation of variables (Supplemental Figure 5C), they are sensitive to indirect effects. As
an alternative, partial correlation networks, also known as Gaussian Graphical Models
(GGM), are used to alleviate this effect. Previous studies of the metabolomics data and
glycomics data in cohorts have shown that highly correlated pairs in GGMs appear
predominantly between structures that are one enzymatic step apart (Benedetti et al., 2017;
Krumsiek et al., 2011; Shin et al., 2014). Thus, we chose partial correlation network
analysis, as it is a stricter measure of the degree of association between two variables. A
partial correlation network was generated, where the nodes represent the 22 variables
consisting of the biophysical features and functional responses--antibody subclasses, Fc-
glycan structures, their binding to FcRs and the induced antibody-dependent functions. The
edges represent their pairwise Pearson correlation coefficients corrected for the confounding
effects of all other variables. The analysis was done in MATLAB using the partialcorr
function. Edges between nodes are weighted using significant partial correlation
coefficients, after correcting for multiple comparisons (Benjamini-Hochberg q value < 0.05,
testing the hypothesis of zero correlation). Line thicknesses and colors are proportional to
the partial correlation strengths with dark magenta and dark blue depicting a correlation
coefficient of 1 and -1, respectively. Node sizes are proportional to their degree defined as
their number of significant (false discovery rate < 0.05) connections. For example, ADNP
with six connections has the highest degree, while G2F has the second highest number of
connections, which is five.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
NK cell-activating antibodies are selectively transferred across the placenta
Di-galactosylated Fc glycans are preferentially transferred across the placenta
Digalactosylated antibodies bind more effectively to FcRn and FCGR3A

Though immature, neonatal NK cells are highly responsive to immune
complexes
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Figure 1: Placental transfer of antibody function.
Antibodies against pertussis derived filamentous haemagglutinin (FHA), pertactin (PTN),

fimbriae (FIM), and pertussis toxin (PTX) antigens were compared in 14 mother:cord pairs.
A. The flow cytometric plots depict the gating strategy for antibody dependent cellular
phagocytosis (ADCP). B. The connected dot-plot shows the phagocytic activity across
mother:cord pairs. C. The box and whisker plot shows the transfer ratio of ADCP. The
dotted line indicates a 100% transfer efficiency (equivalent levels across both
compartments). D. The flow plots highlight the gating strategy for antibody dependent
neutrophil phagocytosis (ADNP). E. The dot-plot shows the relationship between ADNP
activity across mother:cord pairs for each antigen-specificity. F. The whisker plots show the
transfer ratio for ADNP. G. The flow plots highlighting the gating strategy for the NK cell
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activation assay. H-J. The dot-line plots show NK-dependent degranulation plotted as the
percentage of NK cells positive for CD107a (H), IFN-y (1) and MIP-1f (J). K-M The
whisker plots depict the transfer ratio across the NK cell activation assays. Significance for
dot-line plots was calculated using a Wilcoxon test with a Bonferroni correction, where
p<0.0125 was considered significant, *p<0.0125, **p<0.0025, ***p<0.00025. Significance
across transfer rations was evaluated using a Friedman test with Dunn’s post-test correction
**<0.01, ***p<0.001, ****<0.0001. See also Table S1 and Figure S1
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Figure 2: Confirmatory antiviral-antibody placental transfer profiles.
To validate the pertussis specific placental transfer signature across additional specificities,

the functional transfer profile was assessed across two viral targets, respiratory syncytial
virus (RSV) and influenza (Flu). A. The dot-line plot show the ADCP levels across paired
mother:cord samples. B. The dot-line plot highlights ADNP levels across paired mother:cord
samples. C,D. The whisker plots show the transfer ratios across cord/mother for ADCP and
ADNP, respectively. E. The dot-line plots show the ability of RSV and Flu specific
antibodies across mother:cord pairs to recruit NK cell activation quantified as the level of
CD107a, IFN+y and MIP-1p upregulation. F. The whisker plots show the transfer ratios for
each NK cell function across each specificity. Significance for dot-line plots was evaluated
using a Wilcoxon test with a Bonferroni correction, where p<0.025 was considered
significant, *p<0.025, **p<0.005 F. Additionally, significant differences in transfer ratios
were evaluated using a Friedman’s test with a Dunn’s post-test correction. See also Figure
S2.
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Figure 3: Subclass and glycosylation transfer profiles.
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To define the biophysical signatures that drive selective placental transfer, subclass and Fc-
glycosylation profiles of pertussis-specific antibodies were interrogated across the
mother:cord samples. A. The dot-line plot shows the level of total IgG antibodies for each of
the pertussis vaccine antigens (FHA, PTN, FIM, and PTX) across mother:cord pairs. B. The
dotline plots highlight the paired 1gG1, 1gG2, IgG3, and 1gG4 levels for each of the 4
pertussis antigens. C. The bar graph depicts the overall transfer efficiency (cord/mother) for
each subclass across all 4 antigens. D. The dot-line plot shows the major Fc-glycan profile
levels (GO=agalactosyalted, G1=mono galactosylated, G2=digalactosylated, Total G=both
G1 and G2, F=fucosylated, B=bisecting GLcNAc, Total S=total sialylated including both S1
and S2) for all antigen specificities across mother:cord pairs. E. The whisker box plots show
the transfer efficiency (cord/mother) for each of the major Fc-glycan profiles for total
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circulating antibodies (bulk 19G) and FHA (right). G. The heat map shows the transfer ratios
for antigen-specific glycosylation, across all specificities combined (total) or for individual
antigen-specific antibody populations, where positive correlations are depicted in yellow,
and inverse correlations are plotted in purple. Significance for dot/line analysis included a
Wilcoxon test with a Bonferroni correction, where p<0.0125 was considered significant,
*0<0.0125, **p<0.0025, ***p<0.00025. For the bar graph, significance was evaluated using
a two-way ANOVA with a Tukey’s post-test correction. For transfer ratios, significance was
evaluated using a Wilcoxon signed rank test, after variation of median was assessed from
zero, and was corrected with a Hochberg’s step-up procedure, with **p<0.01, ***p<0.001.
See also Figure S4
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Figure 4: Multivariate signatures of selective functional transfer.
Computational analysis was used to identify predictors of functional transfer. A. A

multilevel PLSDA (MLPLSDA), which accounts for variance across mother:cord pairs, was
used to define the specific features that most effectively provided resolution between
mother:cord antibody profiles. Dots represent individual samples (mother=purple or
cord=pink) across all four antigens. The orthogonalized approach ensured that latent variable
1 (LV1) captured the separation between mother and cord antibody profiles, while LV2
captured the antibody profile variances that do not contribute to this separation. 5-fold cross
validation was performed, resulting in 94% Cross Validation accuracy. B. The bar graph
shows the loadings on LV1, ordered by their enrichment in either cord (right/pink) or
maternal (left/purple) profiles. Features were ordered based on their Variable Importance in
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Projection (VIP) scores, in such a way that features at the top of the plot provided the
greatest resolution in antibody profiles, where the size of the bar reflected the impact on
resolving differences between maternal:cord samples. C. The heat map shows the percentage
of change in median and median absolute deviation (MAD), which are respectively robust
estimates of the average and spread of variables in cord samples compared to their
corresponding measurements in mothers. Significance of these changes was assessed using
Wilcoxon signed-rank test. *p<0.05, , **p<0.005, and ***p<0.0005 D. A PLSR model was
developed to define the maternal features associated with enhanced antibody-titer transfer.
Dots represent single maternal:cord pairs across all four antigens and are colored according
to their rank of low to high total 1gG transfer (dark=high and light=low transfer). Features
associated with highest transfer are captured on LV1, accounting for 51% of the variance of
titer transfer. This model out-performed 97% of random models (Wilcoxon p=0.03) E. The
bar graph depicts the loading plot for LV1, in which all maternal features were ranked based
on their VIP score, importance in driving antibody transfer. F. A PLSR model was also
generated to define the maternal antibody features associated with NK cell-activating
antibody transfer. The dots were colored based on their rank of NK-activating antibody
transfer (dark=high, light=low transfer). Transfer correlates are captured on LV1, explaining
53% of the variance of titer transfer order. This model out-performed 86% of random
models (Wilcoxon p=0.14) G. The bar graph shows the loading plot associated with NK cell
activating antibody functional transfer. See also Figure S5.
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Figure 5: Galactosylation selectively enhances FcRn, FCGR3 binding, and NK cell activation.
A monoclonal antibody was glycoengineered to either be fully agalactosylated (GOF) or

fully di-galactosylated (G2F). See Figure S3. A. The bar graphs show the binding levels of
the glycovariant monoclonal antibody to distinct human Fc-receptors by ELISA. Data are
presented as area under the curve (AUC) of four five-fold dilutions or AUC of five two-fold
dilutions (FcRn). B. The bar graph depicts the dissociation constant (kD) determined by bio-
layer inferometry for binding to FcRn and FCGR2A.. C. The bar graphs highlight the ability
of the distinct monoclonal glycovariants to recruit ADCP (AUC divided by 103 of three five-
fold dilutions), D. ADNP (AUC divided by 10* for three five-fold dilutions), and E. NK
degranulation (AUC for three five-fold dilutions). F. The partial correlation network depicts
pair-wise correlation between 22 antibody features across mother:cord pairs and pertussis
antigens after removing the confounding effects (compare to Figure S5 C). Edges between
nodes are weighted using significant partial correlation coefficients, after correcting for
multiple comparisons (Benjamini-Hochberg g value < 0.05,). Line thicknesses and colors are
proportional to the partial correlation strengths. Node sizes are proportional to their degree
defined as their number of significant (p value < 0.05). Differences between glycan variants
were assessed using an unpaired t-test *p<0.05, **p<0.01, ***p<0.001.
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Figure 6: FcR expression in the placenta.
To explore the potential role of additional Fc-receptors in shaping placental antibody

transfer, healthy placentas were stained for Fc-receptor expression. A. Term placentas (n=5)
were analyzed by immunofluorescence for Fc-receptor expression (red or orange),
trophoblast staining (green), and nuclear localization (DAPI:blue). B. The table shows the
average receptor expression on trophoblasts. C. Costaining of FcRs with FcRn (light blue),
trophoblasts (green) and nuclei (dark blue) was also interrogated. D. The bar graph shows
the averages of FCRs on trophoblasts or that colocalize with FcRn. E. Finally, the model
depicts the potentially involvement of FcRn and FCGR3A collaboration with the
trophoblasts, on selective antibody capture and subclass and Fc-glycan sieving, aimed at
selectively transferring NK cell activating antibodies to newborns. See also Figure S6.
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Figure 7: Differences in Fc-functional activity of adult and cord innate immune cells.
The ability of adult and cord innate immune cells to mediate ADNP and NK cytotoxicity in

response to PTX and FHA was evaluated. A. The flow plots show the gating strategy for
cord neutrophils. B. The line-dot plots depict the phagocytosis score for cord antibody
samples in adult (dark pink) and cord (light pink) neutrophils. C. The flow plots highlight
the gating strategy for neonatal NK cell function. D. The line-dot plots represent the percent
maternal (dark pink) or cord (light pink) NK cell responses (CD107a and IFNy) following
stimulation with cord antibodies. Significance was evaluated using a two-way ANOVA with
Sidak’s test.
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