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SUMMARY

Influenza is an important cause of illness and morbidity for infants. Seasonal influenza vaccination during
pregnancy aims to provide protection to mothers, but it can also provide immunity to infants. The precise in-
fluence of maternal vaccination on immunity in infants and how vaccine-elicited antibodies provide protec-
tion in some but not all infants is incompletely understood. We comprehensively profiled the transfer of func-
tional antibodies and defined humoral factors contributing to immunity against influenza in a clinical trial of
maternal influenza vaccination. Influenza-specific antibody subclass levels, Fc ɣ receptor (FCGR) binding
levels, and antibody-dependent innate immune functions were all profiled in the mothers during pregnancy
and at birth, as well as in cord blood. Vaccination increased influenza-specific antibody levels, antibody bind-
ing to FCGR, and specific antibody-dependent innate immune functions in both maternal and cord blood,
with FCGR binding most enhanced via vaccination. Influenza-specific FCGR binding levels were lower in
cord blood of infants who subsequently developed influenza infection. Collectively these data suggest
that in addition to increased antibody amounts, the selective transfer of FCGR-binding antibodies contrib-
utes to the protective immune response in infants against influenza.

INTRODUCTION

Influenza is a major cause of respiratory disease and hospitaliza-

tion in children under 5 years of age globally (El Guerche-Séblain

et al., 2019; Nair et al., 2011; Ortiz et al., 2011). Moreover, infants

and young children without underlying medical conditions are

hospitalized for influenza-associated illness at higher rates

than adults with high-risk conditions, including the elderly

(Tielsch et al., 2015;Wang et al., 2020). These data have revealed

the critical need for global vaccine campaigns to protect high-

risk groups, including young children, elderly, and pregnant peo-

ple, leading to the recommendation of year-round influenza

vaccination during pregnancy to protect both the mother and

child (World Health Organization, 2012), although vaccination re-

mains available only seasonally in much of the world.

While pregnancy is not associated with an increased risk of

influenza virus infection, pregnancy is associated with an

increased risk of hospitalization and adverse outcomes following

an influenza infection, particularly during the third trimester

(Neuzil et al., 1998; Omer et al., 2015). Specifically, influenza

infection during pregnancy is associated with an increased risk

of low infant birthweight, preterm birth, neonatal and maternal

ICU admission, and even infant death (Doyle et al., 2013). Influ-

enza vaccination during pregnancy decreases rates of respira-

tory illness in both the mother and the infant (Dabrera et al.,

2014; Jarvis et al., 2020; Katz et al., 2018; Nunes and Madhi,

2018; Tapia et al., 2016; Zaman et al., 2008), with efficacy rates

among mothers estimated at 31%–70% and efficacy rates in in-

fants estimated at 30%–63% across multiple randomized,

controlled trials (Omer, 2017), clearly highlighting the public

health impact of influenza vaccination during pregnancy.

Influenza vaccination during pregnancy has been linked to

elevated vaccine-specific antibody concentrations in the cord

blood that persist in the neonate for at least 2 months post-par-

tum (Englund et al., 1993; Tapia et al., 2016; Zhong et al., 2019).

However, the mechanism(s) through which these transferred an-

tibodies afford protection against influenza remains incompletely

understood. The current standard for evaluating influenza
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vaccination immunogenicity is the hemagglutination inhibition

(HAI) assay (Ohmit et al., 2011), which is a proxy for viral neutral-

ization. While neutralizing antibodies that opsonize the virus and

prevent infection are undoubtedly important for protection,

increasing evidence points to additional antibody-induced func-

tions in protection from influenza infection (Boudreau and Alter,

2019). Extra-neutralizing antibody functions mediate protection

against influenza in animal models (Dilillo et al., 2014; DiLillo

et al., 2016; He et al., 2017; Huber et al., 2001; Jegaskanda

et al., 2017; Mullarkey et al., 2016; O’Brien et al., 2011; Rattan

et al., 2017; Terajima et al., 2015; Wong et al., 2017) and have

been observed following infection and vaccination in humans

(Co et al., 2012; Jegaskanda et al., 2013a, 2017; Vanderven

et al., 2020). Specifically, the ability of influenza-specific anti-

bodies to drive Fc ɣ receptor (FCGR)-dependent functions,

namely antibody-dependent cellular phagocytosis (ADCP) (Je-

gaskanda, 2018; Mullarkey et al., 2016), neutrophil production

of reactive oxygen species (Mullarkey et al., 2016), antibody-

dependent cellular cytotoxicity (Huber et al., 2001), and anti-

body-dependent complement deposition (ADCD) (Jegaskanda,

2018; Kopf et al., 2002; O’Brien et al., 2011; Rattan et al.,

2017), have been linked to protection from influenza infection

and disease. Whether influenza vaccination during pregnancy

can induce functional antibodies, and whether these antibodies

are transferred to the fetus and provide protection in infants, re-

mains unknown.

During pregnancy, antibodies are actively transported across

the placenta to the fetus, where they enter fetal circulation and

provide protection during the first months of life (Doyle et al.,

2013; Englund et al., 1993; Tapia et al., 2016). Neonatal Fc

receptor (FcRn) preferentially transfers IgG1 antibodies across

the placenta (Akbulut et al., 2012; Clements et al., 2020;

Costa-Carvalho et al., 1996; Hashira et al., 2000; Stapleton

et al., 2011). Recent studies have further indicated that the

placenta may selectively transfer subsets of IgG1 antibodies

with enhanced NK cell function to provide protection to infants

in early life (Jennewein et al., 2019). Thus, we aimed to define

the influence of influenza vaccination on tuning influenza-spe-

cific immunity during pregnancy, to define how vaccination im-

pacts antibody transfer to neonates, and ultimately to probe

the specific patterns of antibodies that track with protection in

early life. Using systems serology (Chung et al., 2015), we pro-

filed the influenza-specific immune response among a cohort

of pregnant women in rural Nepal (Figure 1), where women

were enrolled in a randomized clinical trial of influenza vaccina-

tion and were administered vaccine or placebo between 17

and 34 weeks of gestation (Omer et al., 2015; Steinhoff et al.,

2017). Influenza-specific antibody profiles were then compre-

hensively assessed in the maternal and cord blood among in-

fants with andwithout influenza infection from birth to six months

(Omer et al., 2015).

RESULTS

Vaccination boosts antibody levels, FCGR binding, and
functionality
Previous studies have demonstrated that influenza vaccination

during pregnancy results in a significant augmentation of influ-

enza-specific antibody titers (Takeda et al., 2015), as well as

serum levels of hemagglutination inhibition (HAI) (Katz et al.,

Figure 1. Schematic of samples included in this study

(A–D) The schematic (A) shows dyads with numbers of longitudinal samples across placebo and vaccinated groups. The schematic (B) shows the number of

samples at each time point in each group. Numbers in red indicate samples for which HAI data is available. The schematic (C) shows dyads with number of

longitudinal samples across control (uninfected infants) and case (infants who became infected). Schematic (D) shows number of samples at each time point in

each group. Numbers in red indicate samples for which HAI data is available.
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2018) (Figure S1A) and neutralization (Kay et al., 2015). However,

it remains unclear whether vaccination also is able to improve or

alter antibody functionality. Thus, we applied systems serology

(Chung et al., 2015) to comprehensively profile influenza-specific

antibodies in vaccinated and unvaccinated mothers and their in-

fants. Given that there was a change in vaccine strains over the

study period, the humoral immune response was dissected

across all hemagglutinin (HA) strains included in the trivalent vac-

cine during the study period. For analyses comparing vaccina-

tion to placebo (Figures 2A and 2B), we focused on H1-specific

antibodies, as the influenza A H1N1 strain did not change during

the study period, giving our analysis increased power and

removing strain variability as a confounding factor.

No differences were observed in H1-specific IgG1 levels

across vaccinated and unvaccinated mothers prior to vaccina-

tion, while increased H1-specific IgG1 levels were observed in

vaccinated compared to unvaccinated mothers at the time of

birth (Figure 2A). This maternal antibody elevation resulted in

increased H1-specific IgG1 levels in the cord blood as well. A

similar trend was observed for H1-specific IgG2 levels (Fig-

ure 2B), whereas no significant change following vaccination

was observed for any other antibody subclass (Figures S1A

and S1B) or isotype (Figures S1D–S1F). Little to no transfer of

IgA or IgM was observed, as expected (Figures S1D–S1F).

IgG transfer across the placenta depends on FcRn (Simister

and Mostov, 1989; Simister and Rees, 1985). To determine

whether vaccination altered FcRn binding, thereby improving

antibody transfer, we next examined H1-specific FcRn binding.

H1-specific antibodies in sera from vaccinees bound at higher

levels to FcRn compared to the placebo serum (Figure 2C); how-

ever, only a subset of vaccinees (n = 7) displayed this increase,

while others remained close to baseline levels. Similarly,

enhanced binding of H1-specific antibodies to FcRn was also

observed in a subset of cord blood samples (n = 10) from the

vaccine arm (Figure 2C). No demographic data correlated with

these distinct antibody responses, including infant sex, influenza

outcome, or infant birth month. This study was not powered to

determine drivers of non-responsiveness, although we observed

an enrichment of term births in responders, and pre-term births

in the non-responders. This elevation in FcRn binding is likely at

least partially attributable to the presence of higher influenza-

specific IgG levels after vaccination (Figures 2A and 2C). These

findings indicate that vaccination both qualitatively and quantita-

tively changes the antibody response, enhancing the placental

transfer of antibodies.

In addition to enhanced binding to FcRn, vaccination also

improved neutralizing antibody titers, antibody-dependent

innate immune functions, and binding to activating FCGRs. Spe-

cifically, HAI titers, the major correlate of vaccine-induced pro-

tection against influenza infection, were significantly increased

in both maternal and cord circulation following vaccination (Fig-

ure 2D). Additionally, ADCP by monocytes was increased

following vaccination; this increase was transferred to neonates

(Figure 2E), as was binding to the FCGRmost commonly associ-

ated with phagocytosis, FCGR2A (Figure 2F). Similarly, both in-

creases in antibody-dependent neutrophil phagocytosis and

ADCDwere elevated in maternal and cord blood following vacci-

nation (Figures 2G and 2H). Interestingly, levels of H1-specific

antibodies capable of inducing NK cell cytotoxicity (measured

by CD107a expression) and cytokine release (measured by

IFN-Ɣ) were augmented in cord blood by vaccination, but vacci-

nation had a limited effect on altering the levels of NK cell chemo-

kine release-inducing antibodies (Figures 2I–2K), corroborating

previous data pointing to preferential transfer of NK cell acti-

vating antibodies (Jennewein et al., 2019). Interestingly,

FCGR3A-binding antibodies increased spontaneously during

pregnancy for some individuals (Figures 2L and S1C), pointing

to a shift in the quality of H1-specific antibodies during preg-

nancy, augmented by vaccination, poised for placental transfer.

To directly compare placental transfer efficiencies across all

antibody features, the ratio between cord and maternal anti-

bodies was calculated for eachmeasurement at the time of birth.

A transfer efficiency of 1 indicates equal levels of antibodies in

maternal and fetal circulation, while a transfer efficiency of

greater than 1 indicates that the antibodies are being selectively

transferred to the cord. For most measurements, no difference

was observed in transfer efficiencies between vaccinated and

placebo groups (Figure 2M), indicating that the overall antibody

increases in the cord blood are the direct result of increased anti-

body in the maternal circulation. Surprisingly, significant de-

creases in transfer efficiency were observed in the vaccinated

group compared to placebo group for ADCP and antibody-medi-

ated MIP-1b production by NK cells (Figure 2M), whereas for all

other measurements, no significant differences in transfer effi-

ciency between vaccinated and placebo pairs were observed

(Figures 2M and S1G and S1H). This suggests that the placenta

may have a maximal transfer capacity for these antibodies, and

when maternal levels exceed the maximum transferrable by the

placenta, no more antibody may be provided to the fetus, sup-

ported by maternal antibody levels as a significant covariate of

cord levels (Table S2). Collectively, these data point to an overall

shift in vaccine-induced antibody levels during pregnancy, with

consistent trends across influenza vaccine antigens (Figure S2).

This shift in antibodies leads to a concordant augmentation of

functionally enhanced antibodies in neonates, governed partially

in a quantitative manner by augmented antibody levels, but also

driven by qualitative changes in FcRn binding and NK cell acti-

vating antibodies.

FCGR-binding antibodies are selectively enhanced in
mothers and cords following vaccination
Given the broad improvement of antibody amounts, FcR binding

capacity, and functional activation in response to vaccination,

we next aimed to determine which humoral features were most

significantly altered by vaccination. To avoid overfitting, an

elastic net-least absolute shrinkage and selection operator

(LASSO) feature selection was first utilized to minimize the fea-

tures to only include the fewest features that explained the over-

all variance in the dataset. Feature reduction was then followed

by partial least-squares discriminant analysis (PLSDA) to visu-

alize the separation between groups (Ackerman et al., 2018).

These analyses were initially run including all samples for which

antibody subclass, FcR binding, and functional data were avail-

able (Figure 3). Secondly, the analysis was run with only samples

for which HAI titer values were calculated (Figure S3), a subset of

the initial sample set. Importantly, while there were no
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Figure 2. Vaccination boosts maternal and fetal antibodies but not transfer efficiency

Violin plots (A–L) show isotype amounts, FCGR binding levels, HAI titers, or functional levels of H1 A/California/07/2009-specific antibodies pre-vaccination in

maternal circulation, at the time of birth in maternal circulation, and in the cord blood at the time of birth.

(A) H1 A/California/07/2009-specific IgG1 median fluorescence intensity (MFI) by Luminex bead-based assay.

(B) H1 A/California/07/2009-specific IgG2 MFI by Luminex bead-based assay.

(C) H1 A/California/07/2009-specific FCRN-binding antibody MFI by Luminex bead-based assay.

(D) HAI titer.

(E) Score of antibody-dependent cellular phagocytosis of immune complexed-H1 A/California/07/2009-coated beads.

(F) H1 A/California/07/2009-specific FCGR2A-binding antibody MFI by Luminex bead-based assay.

(G) Score of antibody-dependent neutrophil phagocytosis of immune complexed-H1 A/California/07/2009-coated beads.

(H) MFI of antibody-dependent C3 deposition on immune complexed-influenza HA-coated beads.

(I) HA-specific antibody-dependent CD107a expression by NK cells.

(J) HA-specific antibody-dependent IFN-y expression by NK cells.

(K) HA-specific antibody-dependent MIP-1b expression by NK cells.

(L andM) H1 A/California/07/2009-specific FCGR3A-binding antibodyMFI by Luminex bead-based assay. Each dot represents an individual and violins show the

distribution of the group. Red dots represent pairs where the mother received a placebo injection, and blue dots represent pairs where the mother received

seasonal influenza vaccination. (Pre-vax placebo n = 39; pre-vax vaccinee n = 24; time of birth placebo n = 41; time of birth vaccinee n = 29; cord placebo n = 30;

cord vaccine n = 29.) Significancewas determined bymixed-effects analysis followed by Sidak’s multiple comparisons test between placebo and vaccine groups

within each time point. Violin plots (M) show transfer efficiencies calculated as the ratio between cord blood experimental value and maternal experimental value

at time of birth for a given antibody isotype, FCGR-binding, or function. (Placebo pairs n = 17; vaccinee pairs n = 10.) Significance was determined by Mann-

Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S2.
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differences between themothers prior to vaccination, separation

was observed across the placebo and vaccinated mothers after

vaccination, at the time of birth (Figure 3A). Interestingly, this

separation was not dependent on HAI, asmodels run on the sub-

set of samples that had been profiled for HAI, the LASSO algo-

rithm did not select HAI as a critical feature required to discrim-

inate the mothers (Figures S3A and S3B), suggesting that

vaccine-induced Fc profiles distinguished the groups more

effectively. Specifically, using Fc features alone, vaccinated

and unvaccinated mothers could be resolved with nearly 80%

cross-validation accuracy, with model significance of p < 0.001

compared to permuted label model (Figure 3A). This separation

was primarily driven by binding of both H1- and H3-specific an-

tibodies to FCGRs, as summarized by the variable importance in

projection (VIP) scores, which rank the minimal set of features

required to discriminate the groups based on their relative impor-

tance in driving separation across the groups (Figure 3B). Addi-

tionally, phagocytic functions and levels of some H1-specific

antibody IgG subclasses were enriched in the vaccinee serum

compared to the placebo serum. While HAI was not selected

by the model (Figure S3B), HAI was correlated with some

model-selected features (Figure S3C). At the maternal time of

birth, many of the FCGR-binding levels and antibody-dependent

functions induced by vaccination were positively, although not

significantly, correlated with HAI titers. This is consistent with

the univariate analyses (Figure 2), highlighting vaccine-induced

Figure 3. FCGR binding levels separate

vaccinee mother-child pairs from placebo re-

cipients

(A and C) Dot plots show partial least-squares

discriminant analysis (PLSDA) scores along latent

variable 1 (LV1) and latent variable 2 (LV2) formaternal

samples at the time of birth (A) and cord blood sam-

ples (C). Models are significant (A: p < 0.001; C:

p<0.01) compared topermuted labelmodels.PLSDA

was modeled using least absolute shrinkage and se-

lection operator (LASSO)-selected features out of the

totalpoolofmeasuredhumoralbiophysical and innate

immune functional features. LV percentages repre-

sent the amount of total variance between samples

captured by that LV. Bar plots show variable impor-

tance in protection (VIP) scores for the LASSO-

selected features separating vaccinees from placebo

recipients for maternal samples at the time of birth (B)

and cord blood samples (D). VIP scores reflect the

contribution of a feature across all latent variables.

See also Figure S3.

changes in antibody levels and HAI titers,

but most significantly in FCGR-binding an-

tibodies following vaccination.

Similar to maternal blood, robust sepa-

ration was observed in HA-specific anti-

bodies in cord blood using Fc profiling.

Specifically, vaccinated and unvaccinated

cord bloods could be discriminated with

over 75% cross-validated accuracy using

as few as 16 LASSO-selected features

out of the overall 146 features measured

for each sample (p < 0.01 compared to permuted label model;

Figure 3C), and again, HAI titers were not selected as a discrim-

inatory feature between vaccinated and placebo pairs (Figures

S3D and S3E). Improved binding to multiple FCGRs was among

the top features that distinguished cord antibodies from the in-

fants of vaccinated and unvaccinated mothers (Figure 3D).

Moreover, IgG1 levels were also included in the model, along

with FcRn binding, suggesting both quantitative and qualitative

features independently improved in the cord following vaccina-

tion (Figure 3D). Again, while HAI was not highlighted by the ma-

chine learning model (Figure S3E), HAI titers do correlate signif-

icantly with FCGR binding levels and HAI for both H1N1 and

H3N2 influenza (Figure S3F). This increase in intercorrelation

when compared to the maternal blood samples perhaps sug-

gests a preferential transfer of antibodies capable of driving

both neutralizing and extra-neutralizing antibody functions.

These data illustrate the parallel shift in maternal (Figures 3A

and 3B) and cord (Figures 3C and 3D) sera, highlighting the con-

tinuum across the mother and fetus resulting in the transfer of

highly functional antibodies to the infant following vaccination.

FCGR-binding antibodies, rather than overall antibody
levels, discriminate infants that later develop influenza
infection
Follow-up of both vaccinated and unvaccinated mother-infant

pairs allowed the identification of a number of infant influenza
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cases in this study (Katz et al., 2018). Here we aimed to deter-

mine whether antibody Fc profiles also tracked with differential

infant outcomes after birth. Thus mother-infant pairs were

divided into those who remained uninfected for the duration of

this study and those who went on to have infant infection with

H3N2 (Figures 1C and 1D). We focused on H3N2 infection as it

was the most common strain of influenza responsible for infant

infections in this study. No differences were observed in IgG1

and IgG2 levels across those with and without infant influenza

infection (Figures 4A and 4B). Additionally, no differences were

observed in the level of H3-specific FCRN-binding antibodies

across the groups (Figure 4C). However, significant differences

Figure 4. FCGR binding levels separate infected infants from uninfected infants

Violin plots (A–F) show isotype or FCGR binding levels of H3 A/Perth/16/2009-specific antibodies pre-vaccination, at the time of birth in maternal circulation, and

in the cord blood at the time of birth.

(A) H3 A/Perth/16/2009-specific IgG1 MFI by Luminex bead-based assay.

(B) H3 A/Perth/16/2009-specific IgG2 MFI by Luminex bead-based assay.

(C) H3 A/Perth/16/2009-specific FCRN-binding antibody MFI by Luminex bead-based assay.

(D) H3 A/Perth/16/2009-specific FCGR2A-binding antibody MFI by Luminex bead-based assay.

(E) H3 A/Perth/16/2009-specific FCGR3A-binding antibody MFI by Luminex bead-based assay.

(F–I) H3 A/Perth/16/2009-specific FCGR3A-binding antibody MFI by Luminex bead-based assay. Each dot represents an individual and violins show the dis-

tribution of the group. Purple dots represent pairs where the infant would not be infected with influenza in the first six months of life, and yellow dots represent

pairs where the infant would be infected with influenza A/H3N2 in the first six months of life. (Pre-vax control n = 42; pre-vax case n = 21; time of birth control

n = 40; time of birth case n = 20; cord control n = 39; cord case n = 20.) Significance was determined by mixed-effects analysis followed by Sidak’s multiple

comparisons test between placebo and vaccine groups within each time point. *p < 0.05, *p < 0.01. Dot plot (G) shows PLSDA scores along latent variable 1 (LV1)

and latent variable 2 (LV2) for transfer efficiencies. (Control pairs n = 17; case pairs n = 7.) PLSDAmodel (G) is significant compared to a permuted label model (p =

0.02). PLSDA wasmodeled using LASSO-selected features out of the total pool of H3-specific transfer efficiencies. Bar plot (H) shows VIP scores for the LASSO-

selected features separating H3N2-infected infant transfer efficiencies from uninfected infant transfer efficiencies. Correlation network (I) shows positive cor-

relation between LASSO-selected features (thick borders) and their co-correlates with a significance cutoff for inclusion at false discovery rate (FDR)-corrected q

values < 0.05. Purple boxes indicate FCGRs, blue boxes indicate FCRN, and pink boxes indicate IgG amounts. See also Figure S4.
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in H3-specific FCGR binding capacity were observed in the cord

blood of infants who later became infected with influenza

compared with those who did not (Figures 4D–4F). Infants who

would ultimately become infected had lower levels of FCGR-

binding antibodies specific to the infecting strain of influenza

when compared with infants who were not infected. These

data point to the importance of qualitative changes in FCGR-

binding antibodies transferred across the placenta, rather than

the overall levels of HA-binding antibodies, in protection from

influenza infection in early life.

To further dissect the minimal Fc features that were uniquely

enriched in infants who did not develop influenza infection, we

next used a similar LASSO-PLSDA model to our previous anal-

ysis (Figure 4G). Here, because of the differences in cord but

not maternal antibodies, we focused on transfer ratios for all

measured antibody Fc features across mother-infant pairs,

comparing infants with and without H3N2 influenza infection at

follow-up. Using these data, separation was achieved between

the two groups, with nearly 80% cross-validation accuracy

(p = 0.02). Interestingly, just three features were necessary to

split the groups, including enhanced transfer of IgG2 and FcRn

binding in the uninfected mother:cord pairs and elevated IgG4

transfer ratios in infected mother:cord pairs (Figure 4H).

Enhanced transfer of H3-specific IgG2 and FcRn transfer effi-

ciencies may mark overall enhanced transfer of H3-specific an-

tibodies. Conversely, increased levels of H3-specific IgG4s,

known to drive reduced FCGR activity (Bruhns et al., 2009),

may mark dysregulated transfer of poorly functional antibodies

in infants who went on to develop H3N2 infection.

Because LASSO does not select features based on their bio-

logical significance, but rather simply based on their overall influ-

ence on the variance across the sample groups, we next exam-

ined whether additional co-correlates existed that could provide

information on the LASSO-selected features. In addition to IgG2

and FcRn transfer, transfer of H3-specific-FCGR2A- and

FCGR3B-binding antibodies were positively correlated to the

LASSO-selected features (Figure 4I). As a particular point of in-

terest, the features selected in this analysis were not significantly

correlated with HAI titer in these infants (Figure S4), indicating

that extra-neutralizing antibody effector mechanisms may play

a central part in preventing disease in infants. Overall, the results

of this analysis point to IgG2 as a biomarker ofmore robust trans-

fer of a protective immune response, resulting in the transfer of

antibodies able to bind more effectively to FCGRs. These

FCGR-binding antibodies may mechanistically underlie protec-

tion from influenza outcomes in neonates.

Cord blood from uninfected infants shows targeted
humoral immune profile
Given the presence of both univariate and multivariate humoral

discriminators across the infected and uninfected infants and

their mothers, we next aimed to get a sense of the overall archi-

tecture of the polyclonal humoral immune response. Flower plots

showing the relative magnitude of response within each group at

each time point (Figure 5A) reveal overall higher humoral re-

sponses across influenza-specific antibody-dependent func-

tions, antibody FCGR binding, and antibody isotype levels within

the uninfected group as compared to the infected group at each

time point. Levels of IgA were similar across the maternal groups

and time points, emphasizing that current vaccination strategies

do not induce robust IgA responses. Furthermore, expanded

FCGR-binding profiles were observed among the uninfected

maternal timepoints, but there was selective and more striking

expansion of FCGR-binding antibodies in the cord blood of un-

infected infants, linked to enhanced FcRn-binding antibodies in

the cord, which indicate increased placental transfer. Specif-

ically, we observed a selective enrichment of FCGR-binding an-

tibodies specific to H1 CA/09 in the infected group both in

maternal circulation at the time of birth and in cord blood (shown

by the wedges marked with # in those plots). Sincemost of these

infants were infected with H3N2, these data may point to a mis-

directed immune response primarily targeting H1N1 influenza,

resulting in increased susceptibility to H3N2 influenza. In the un-

infected group, the relative magnitude of the immune response

was similar across all influenza strains (H1N1, H3N2, B).

To further dissect the humoral profile in the cord blood of in-

fants, correlationmatrices were calculated and visualized across

functions, IgG1 levels, and FCGR-binding levels (Figure 5B).

Focused and robust relationships between the same subtype

of influenza and function were observed in uninfected infants,

in contrast to the heterogeneous response patterns in the in-

fected infant cord blood samples. In the uninfected infants (Fig-

ure 5B top), robust and highly focused correlations were

observed between phagocytic functions and FCGR-binding an-

tibodies to the same antigen specificity, with strong coordination

within H1, H3, or B immune profiles. Infected infants exhibited a

diffuse positive, but weaker, correlational profile marking a

lower-level of functional coordination that may be insufficient

to drive protective immunity (Figure 5B bottom). Within the sam-

ple group for which HAI titers were available, correlations were

plotted between HAI and influenza-specific antibody-dependent

innate immune functions, isotypes, and FCGR binding (Fig-

ure 5C). Here, increased correlation between neutralizing and

extra-neutralizing functions/FCGR binding across isotypes was

observed in the uninfected cord blood, whereas infected cord

blood shows higher levels of strain-specific correlations. This

further reinforces the conclusions drawn by the multivariate an-

alyses in Figure 4 that protection tracks with FCGR-binding

levels as well as the previously reported HAI titers (Katz et al.,

2018). Thus, in addition to the individual biomarkers of protective

humoral immunity, these data point to distinct humoral architec-

ture in infants that ultimately are protected from influenza

infection.

Vaccination shapes the transfer of protective immunity
to the cord
Finally, we examined whether LASSO-selected features that

distinguish vaccinee and placebo cord blood profiles are suffi-

cient to predict protection from subsequent influenza infection.

A model built on vaccine-augmented features classified infants

into those that remained uninfected or became infected signifi-

cantly better than a model using all features (Figures 6A and

6B). The vaccine-modified features were not uniformly associ-

ated with protection, but some features were enriched in the un-

infected infants and others were enriched in the infected infants

(Figure 6C). H3-specific FCGR responses were enriched in
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uninfected infants (Figure 6C), which was likely influential in pro-

tection given that dominant seasonal infections were H3N2 dur-

ing the study period (Katz et al., 2018). Conversely, H1-specific

FCGR responses were enriched in infected infants, supporting

to the critical importance of strain-specific immunity in protec-

tion from disease. However, beyond IgG levels, HA strain-spe-

cific FCGR-binding features were highly discriminatory across

the two groups when considered collectively in the latent vari-

ables of the PLSDA model (Figures 6C and S5). These data sug-

gest that vaccine strategies able to tune FCGR binding in a

strain-specific manner could potentially drive enhanced protec-

tion in the first months of life. The observation that the FCGR-

binding levels of antibodies, but not overall amounts, were

both enriched in cord blood by the vaccine (Figure 3) and

involved in protection (Figures 4 and 6) suggests that the mech-

anism of protection by this vaccine may be driven by increased

levels of the antibodies capable of recruiting FCGRs. Thus,

beyond neutralizing antibody transfer from mother to child in

the cord blood of vaccinated mothers (Katz et al., 2018), the

data presented here point to a combined FCGR-binding anti-

body signature, across FCGR2A, FCGR2B, and FCGR3A spe-

cific to the infecting subtype of influenza, in vaccine-induced

protection from influenza infection.

DISCUSSION

Beyond neutralization, mounting evidence points to a critical role

of Fc effector functions in protection against influenza infection in

adults (Boudreau and Alter, 2019; Vanderven and Kent, 2020).

However, whether these responses are also critical for protec-

tion in infants, and whether they are tunable via influenza vacci-

nation remain unclear. Using a unique cohort of longitudinally fol-

lowed pregnant women who were enrolled in a randomized

clinical trial of influenza vaccine or placebo, herewe had a unique

opportunity not only to probe the influence of vaccination on

shaping Fc effector function across the maternal:fetal dyad,

Figure 5. Humoral intercorrelation in cord blood differentiates infected infants from uninfected infants

(A–C) Flower plots (A) show average relative magnitude of measured humoral features within a time point (maternal pre-vaccination, maternal time of birth, and

cord blood) and group (uninfected versus infected). # marks the wedges representing H1 CA/09 FCGR binding levels, as referenced in the text. Heat maps (B and

C) show Spearman correlation coefficients for intercorrelations between measured antibody features. Within all features (except ADCD and antibody-dependent

NK cell activation [ADNKA]) the five rows correspond to antigens specific for the five vaccine antigens: H1 A/California/07/2009, H3 A/Perth/16/2009, H3 A/

Victoria/361/2011, B/Brisbane/06/2008, and B/Wisconsin/01/2010. ADCD and ADNKA were performed on pooled HA antigens, and ADNKA rows correspond to

NK activation readouts: CD107a, IFN-ɣ, and MIP-1b. Matrices represent data for all cord blood samples pooled by infection outcome. For the subset of samples

with HAI titers measured, matrix (C) represents Spearman correlation coefficients between HAI against vaccine strains (vertical) and antibody functional and

biophysical features along the horizontal.
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but also to probe the antibody features that tracked with protec-

tion against infection.While naturally, irrespective of vaccination,

the production of increased levels of FCGR and FcRn-binding

antibodies occurred over the course of pregnancy, vaccination

during pregnancy led to a robust augmentation of neutralizing

and extra-neutralizing functional antibodies. Moreover, seasonal

inactivated influenza vaccination preferentially increased the

transfer of FCGR-binding antibodies across the placenta in coor-

dination with the enrichment of both FCGR-binding and HAI ti-

ters in the cord blood. Yet most critically, lower levels of

FCGR-binding antibody transfer and diffuse HA-specific func-

tional antibody coordination were correlated with increased

risk of infection independently of HAI titer. These data point to

both a critical role for Fc effector function in protection from

infection in early life, as well as opportunities for vaccination to

selective augment functions that may be most desirable for

protection.

Maternal vaccination against pertussis and influenza is protec-

tive for both pregnant individuals and neonates (Henkle et al.,

2011; Madhi et al., 2014; Omer et al., 2015; Steinhoff et al.,

2017; Switzer et al., 2019). Here we show that influenza vaccina-

tion in pregnancy increases Fc effector functions, highlighting

that the quality of the humoral immune response increases

with quantitative changes in vaccine-induced antibody amounts.

Specifically, higher influenza-specific FCGR-binding levels were

induced in mothers by influenza vaccination, leading to

increased levels and protection in neonates. Further studies spe-

cifically designed to broadly capture HAI levels and deep sys-

tems serology across pregnant women will have power to fully

dissect the impact of vaccination in shaping antibody Fab and

Fc properties across the maternal:fetal dyad. Given that the

placenta selectively transfers highly effective antibodies to the

infant, developing vaccine strategies that can maximize the in-

duction of functional antibodies in pregnancy may be key to

improving neonatal immunity. Among proposed strategies, the

use of adjuvants may bolster vaccine-induced immune re-

sponses (Boudreau et al., 2019; Nguyen-Contant et al., 2021)

and could be used to selectively promote the most efficacious

humoral immune responses. Future studies of adjuvanted influ-

enza vaccination during pregnancy that characterize the func-

tional humoral immune response would further elucidate these

mechanisms and ensure that vaccines given during pregnancy

are as efficacious as possible.

Previous studies in the elderly have shown mixed results as

to the efficacy of seasonal influenza vaccines at eliciting

FCGR-binding antibodies (Vanderven et al., 2017, 2020). How-

ever, elderly individuals are known to have decreased re-

sponses to traditional influenza vaccination strategies (Govaert

et al., 1994; Gross et al., 1995). Vaccination during pregnancy

does increase both HAI titers and influenza-specific IgG con-

centrations (Amin et al., 2020; Zhong et al., 2019), but the

impact of pregnancy on the functional humoral immune

response to influenza vaccination is only beginning to be un-

derstood. As shown in the primary results from the clinical trial

(Katz et al., 2018), maternal influenza vaccination was linked to

protection in infants that could not be fully explained by overall

antibody transfer. While other factors, such as antibodies in

breastmilk (Demers-Mathieu et al., 2019; Schlaudecker et al.,

2013) and decreased exposure risk from a vaccinated mother

likely also contribute to this protection and will require further

study, here, vaccine impacts on the influenza-specific immune

response, beyond antibody neutralization or hemagglutination

inhibition titers, were identified. Influenza vaccination enriched

the serum of both mothers and infants to induce more anti-

body-dependent innate immune functions and increased influ-

enza-specific IgGs overall. Vaccinees and their infants were

distinguished from placebo recipients by an enrichment of

FCGR-binding antibodies. Moreover, the transplacental trans-

fer from maternal to cord blood of these vaccine-induced

FCGR-binding antibodies was linked to protection against influ-

enza infection in infants. In sum, these functionally efficient an-

tibodies are enriched by maternal vaccination and, when trans-

ferred to the infant, appear to be providing protection after

birth. However, while this biomarker signature tracks with pro-

tection in this study, this finding will require validation in the

future pursuit of defined correlates of neonatal immunity

against influenza. In sum, the data presented here provide a

critical new dimension to our understanding of maternal

Figure 6. Vaccination strongly affects the

protective humoral features in cord blood

(A–C) PLSDA models were trained to distinguish

between cord blood of infants who go on to be in-

fected versus those who do not, using either all

measured features (light blue) or just those features

determined to distinguish between cords of infants

whose mothers were vaccinated and those who

were not as shown in Figure 2B (dark blue). Receiver

operating characteristic curves for final models are

represented in (A). Positive rates refer to themodel’s

ability to correctly classify cords into infected or

uninfected: a false positive indicates an incorrect

designation as a case, where a true positive in-

dicates a correct designation as a case. Model ac-

curacy in identifying cords of infected versus unin-

fected infants was tested for each fold- and

replicate-specific test dataset. These values are represented in the violin plot (B). Significance was determined byMann-Whitney U test (***p < 0.001). Bar plot (C)

shows VIP scores for the vaccine LASSO-selected features separating infected infant transfer efficiencies from uninfected infant transfer efficiencies. Bars in

yellow show features enriched in infected infants, while bars in purple show features enriched in uninfected infants.
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influenza vaccination, highlighting the presence of functionally

potent antibodies that can be boosted by vaccination during

pregnancy and transported to the infants, resulting in protec-

tion of the infants from influenza infection. Which specific

mechanisms are most critical for neonatal influenza infection

or disease remain to be determined, as well as efforts to define

the specific vaccine strategies that may selectively elicit these

functions to protect this vulnerable population.

Limitations of the study
In this study, participants were under weekly respiratory virus

symptom surveillance from enrollment to six months after birth,

which captured symptomatic infections but did not track disease

severity and may have missed asymptomatic infections or sub-

clinical disease. While we cannot fully determine whether the un-

infected dyads were exposed, clear deficits and differences

were observed in antibody transfer across the dyads. However,

to reduce variability in this study, we elected to focus solely on

the dyads that became infected with H3N2, given the predomi-

nance of infections with this strain throughout the study. More-

over, due to the limited number of dyads infected with non-

H3N2 strains, the power was insufficient to perform a secondary

analysis. With future studies, focused on validation across years,

it may be possible to determine whether the humoral features

linked to protection here apply to additional influenza strains or

other geographically distinct cohorts, and to further analyze

the interplay of HAI with extra-neutralizing antibody functions,

whichwas outside the scope of the current study. Finally, comor-

bidities, malnutrition, and coinfections may alter both vaccine-

induced immunity in mothers, as well as Fc-placental transfer

and correlates of immunity, confounding issues that will be of

critical interest in countries such as Nepal, which has high rates

of diarrheal diseases (Shakya, 2018), tuberculosis (Basnet et al.,

2009), and child malnutrition (Katz et al., 2017). We note that

Nepal also has a low prevalence of HIV (Cousins, 2018) and ma-

laria (Gautam et al., 2019), which have been shown to diminish

transplacental antibody transfer.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-human IgG1 PE Southern Biotech Cat#9052-09; RRID: AB_2796621

Mouse anti-human IgG2 PE Southern Biotech Cat#9060-09; RRID: AB_2796635

Mouse anti-human IgG3 PE Southern Biotech Cat#9210-09; RRID: AB_2796701

Mouse anti-human IgG4 PE Southern Biotech Cat#9200-09; RRID: AB_2796693

Mouse anti-human IgG-Fc PE Southern Biotech Cat#9040-09; RRID: AB_2796601

Mouse anti-human IgA1 PE Southern Biotech Cat#9130-09; RRID: AB_2796656

Mouse anti-human IgA2 PE Southern Biotech Cat#9140-09; RRID: AB_2796664

Mouse anti-human IgM PE Southern Biotech Cat#9020-09; RRID: AB_2796577

Mouse anti-human CD66b Pacific Blue BioLegend Cat#305112; RRID: AB_2563294

Goat anti-guinea pig C3 FITC MP Biomedical Cat#0855371; RRID: AB_2334449

CD107a PE-Cy5 BD Biosciences Cat#555802; RRID: AB_396136

CD56 PE-Cy7 BD Biosciences Cat#557747; RRID: AB_396853

CD16 APC-Cy7 BD Biosciences Cat#557758; RRID: AB_396864

CD3 Pacific Blue BD Biosciences Cat#558117; RRID: AB_397038

MIP-1b PE BD Biosciences Cat#550078; RRID: AB_393549

IFN-Ɣ FITC BD Biosciences Cat#340449; RRID: AB_400425

Chemicals, peptides, and recombinant proteins

H1 A/California/07/2009 Immune Technology Cat#IT-003-SW12p

H3 A/Perth/16/2009 Immune Technology Cat#IT-003-0045p

HA B/Brisbane/60/2008 Immune Technology Cat#IT-003B3p

H3 A/Victoria/361/2011 Immune Technology Cat#IT-003-00423p

HA B/Wisconsin/01/2010 Immune Technology Cat#IT-003-B7p

H3 A/Singapore/INFIMH-16-0019/2016 Immune Technology Cat#IT-003-00343p

HA B/Colorado/06/2017 Immune Technology Cat#IT-003-b12dTMP

H1 A/New Caledonia/1999 Immune Technology Cat#IT-003-001p

H3 A/Wisconsin/67/X-161/2005 Immune Technology Cat#IT-003-0041p

HA B/Malaysia/2506/2004 Immune Technology Cat#IT-003-0054p

EBOV GPdTM Mayflower Bioscience Cat#0501-016

Human IL-15 recombinant protein ThermoFisher Scientific Cat#BMS319

Golgistop BD Biosciences Cat#554724; RRID: AB_2869012

FIX & PERM Cell Permeabilization Kit ThermoFisher Scientific Cat#GAS004

Streptavidin-R-Phycoerythrin Prozyme Cat#PJ31S

Human FCGR2A (R) Duke Human Vaccine Institute N/A

Human FCGR2B Duke Human Vaccine Institute N/A

Human FCGR3A (V) Duke Human Vaccine Institute N/A

Human FCGR3B Duke Human Vaccine Institute N/A

Human FCRN Duke Human Vaccine Institute N/A

Lyophilized Guinea Pig Complement Cedarlane Cat#CL-4051

Brefeldin A Sigma-Aldrich Cat#B7651-5MG

Gelatin Veronal Buffer with Magnesium & Calcium Boston Bioproducts Cat#IBB-300

Critical commercial assays

RosetteSep Human NK Cell Enrichment Kit Stem Cell Technologies Cat#15065

Experimental models: Cell lines

THP-1 cells ATCC Cat#TIB-202; RRID: CVCL_0006

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
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).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Data to replicate machine learning analyses in Figures 3 and 4 are available in the supplemental information. All additional data re-

ported in this paper will be shared by the lead contact upon request.

Original code for machine learning models used in Figures 3 and 4 is available in this paper’s supplemental information.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Serum samples from a community-based, placebo-controlled trial of influenza vaccination in the rural Sarlahi district of Nepal in

2011–2014 (Katz et al., 2018) drawn from pregnant study participants prior to vaccination, at the time of birth, and from the umbilical

cord, were obtained for systems serology analysis. Informed consent was obtained from all subjects. HIV status and malaria inci-

dence were not recorded in the original trial. The HIV prevalence in Nepal is quite low and the study participants do not fall into

currently accepted high risk groups (MSM, IV drug users, andmigrant workers going to/from India) for HIV incidence in Nepal (USAID,

2021). Saline placebowas used for those assigned to the placebo group and vaccinees received the Vaxigrip vaccine (Sanofi Pasteur

Ltd.) (Tielsch et al., 2015). More details about the demographic data of these subjects can be found in Table S1. The primary out-

comes of the original trial were maternal influenza-like-illness, laboratory-confirmed influenza in infants, and low birthweight (Katz

et al., 2018; Omer et al., 2015; Tielsch et al., 2015). Multiple secondary outcomes, including preterm birth, maternal laboratory-

confirmed influenza, and effect of timing of vaccination, have already been investigated (Katz et al., 2018; Omer et al., 2015; Tielsch

et al., 2015). Subjects were actively followed weekly for 6 months post-partum for fever or respiratory symptoms to track influenza

infection. We selected a convenience subset of mother-infant pairs with and without evidence of infant influenza infection from the

vaccine and the placebo arms of the trial, and performed a 1:2 match of cases:controls for each time point by vaccine status, vaccine

season, month, and year of birth, infant sex, and preterm birth. Cases were defined as mother-infant pairs with infant laboratory-

confirmed influenza infection and controls were defined as mother-infant pairs without infant influenza infection. Serum sample

sets from a total of 114 mother-child pairs were included in the analysis presented here (Figure 1). Within this study cohort, 23 infants

were infected with H3N2, 2 infants were infected with H1N1, and 6 infants were infected with influenza B. In two dyad pairs with infant

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Forecyt Sartorius (Intellicyt) https://www.sartorius.com/en/products/

flow-cytometry/flow-cytometry-software

GraphPad Prism GraphPad https://www.graphpad.com/

MATLAB MathWorks https://www.mathworks.com/products/

matlab.html

R R Project https://www.r-project.org

Cytoscape Cytoscape Consortium https://cytoscape.org/

Other

MagPlex Microspheres Luminex Corp. Cat#MC12001-01, MC12003-01, MC12005-01,

MC10008-YY, MC10012-YY, MC10015-YY,

MC10020-YY, MC102024-01, MC10026-YY,

MC10044-YY, MC10045-YY, MC10055-YY

FluoSpheres Carboxylate-modified

Microspheres, 1.0 mm, yellow-green fluorescent

ThermoFisher Scientific Cat#F8776

FluoSpheres Carboxylate-modified

Microspheres, 1.0 mm, red fluorescent

ThermoFisher Scientific Cat#F8775
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influenza infection and one pair without infant influenza infection, maternal influenza infection was also documented during the study

period. A smaller subset of these samples had HAI data available from a previous study (Katz et al., 2018) (Figure 1). HAI assays were

used to test for antibodies to influenza antigens contained in the vaccines by a CLIA certified laboratory at Cincinnati Children’s

Hospital per standard protocols for evaluating immunogenicity in influenza vaccination. Laboratory staff were blinded to the vaccine

assignments and timing of vaccine. The parent trial is registered at clinicaltrials.gov (NCT01034254). This study was approved by the

Massachusetts General Hospital Institutional Review Board.

Cell lines
THP-1 cells (cell line isolated from a 1-year-old male) were grown in R10 medium (RPMI plus 10% fetal bovine serum, L-glutamine,

and penicillin/streptomycin) supplemented with 0.01% b-mercaptoethanol at 37�C, seeded at 200,000 cells/mL and split prior to

reaching 1,000,000 cells/mL.

METHOD DETAILS

Ig subclassing/isotyping and FcR binding
Antigen-specific antibody subclass/isotypes and FcR binding were determined using a high-throughput Luminex-based assay

(Brown et al., 2012). Antigens included were: H1 A/California/07/2009, H3 A/Perth/16/2009, HA B/Brisbane/60/2008, H3 A/Vic-

toria/361/2011, HAB/Wisconsin/01/2010,H3A/Singapore/INFIMH-16-0019/2016, HAB/Colorado/06/2017, H1 A/NewCaledonia/

1999, H3 A/Wisconsin/67/X-161/2005, HA B/Malaysia/2506/2004, all provided from Immune Technology Corp., and EBOV GPdTM

fromMayflower Bioscience, St. Louis, MO. Bolded strains indicate vaccine strains during the trial. Antigens were coupled to carbox-

ylate-modified microspheres (Luminex Corp., Austin, TX) by covalent NHS-ester linkages via EDC (ThermoFisher) and Sulfo-NHS

(ThermoFisher) per manufacturer’s instructions. These antigen-coated microspheres were added to non-binding 384-well plates

(Grenier Bio-One, Kremsmunster, Austria) at 1,000 beads per well (45 mL). Serum samples were heat inactivated at 56�C for

30 min and centrifuged to remove aggregates. They were then diluted 1:100 for IgG1, total IgG, and FcRs, and 1:10 for IgG2-4,

IgA1-2, and IgM prior to incubation with beads. 5 mL of diluted serum samples were added and incubated with microspheres on

a shaker overnight at 4�C. Microspheres were washed, and PE-conjugated anti-IgG1, -IgG2, -IgG3, -IgG4, -IgG, -IgM, -IgA1, or

-IgA2 detection antibodies (Southern Biotech, Birmingham, AL) or biotinylated FcRs (Duke Human Vaccine Institute (Boesch

et al., 2014)) conjugated to streptavidin-PE (Prozyme, Hayward, CA) were added for 1 h at room temperature. The microspheres

were washed and read on an iQue Screener Plus (Sartorius). All samples were run in duplicate and correlation between duplicates

is ensured. Standard reagents to calculate absolute concentrations were not available for all subclasses/isotypes/Fc-receptors, so

data are reported as the median fluorescence intensity (MFI) of detection antibody for the average of two replicates.

Antibody-dependent cellular phagocytosis (ADCP)
THP-1 phagocytosis of HA-coated beads was performed as previously described (Ackerman et al., 2011). HA antigens (H1

A/California/07/2009, H3 A/Perth/16/2009, H3 A/Victoria/361/2011, HA B/Wisconsin/01/2010, and HA B/Brisbane/60/2008) were

purchased from Immune Technologies Corp, New York, NY. Each recombinant antigen was biotinylated with EZ-link NHS-LC-LC

Biotin per manufacturer’s instructions (Thermo Fisher Scientific). Biotinylated protein was adsorbed onto 1 mm fluorescent neutra-

vidin beads at a ratio of 10 mg of protein to 10 mL of beads (Invitrogen, Carlsbad, CA). 10 mL of antigen-coated beads were then incu-

bated with equal volume of serum samples diluted 1:200 in PBS for 2 h at 37�C in 96-well plates. Unbound antibody was washed

away, and THP-1 cells added and incubated at 37�C for 16 h, then fixed. Phagocytosis was measured by flow cytometry on an

iQue Screener Plus (Intellicyt, Albuquerque, NM). Data are reported as phagocytic scores, calculated as the % of bead positive

cells 3 geometric mean fluorescence intensity (GMFI)/1,000. Each experiment was performed in two independent replicates and

correlation between replicates was ensured.

Antibody-dependent neutrophil phagocytosis (ADNP)
Primary human neutrophil phagocytsosis was performed as previously described (Karsten et al., 2019). HA-coated 1 mm fluorescent

neutravidin beadswere prepared and incubatedwith equal volume 1:50 diluted serum samples as in the ADCP assay. Primary human

leukocytes were isolated from healthy donors using Ammonium-Chloride Potassium (ACK) lysis, then added to the opsonized beads

and incubated at 37�C for 1 h. The cells were then stained with fluorescent anti-human CD66b (Biolegend, San Diego, CA) and fixed

prior to analysis on an iQue Screener Plus. Data are reported as phagocytic scores, calculated as the% of bead positive CD66+ cells

3 GMFI/1,000. Each sample was assayed on two healthy PBMC donors and correlation between donors was ensured (p < 0.0001).

Antibody-dependent complement deposition (ADCD)
Serum samples were heat inactivated at 56�C for 30 min and centrifuged to remove aggregates. Bead-based antibody-dependent

complement deposition was analyzed as previously described (Fischinger et al., 2019). The 5 HA molecules used for the ADCP and

ADNP assays were pooled in equal amounts and adsorbed to 1 mm fluorescent neutravidin beads as in the ADCP assay. HA-coated

beads were incubated with 1:25 diluted, heat inactivated serum samples for 2 h at 37�C. Lyophilized guinea pig complement (Cedar-

lane, Burlington, Canada) was resuspended in ice-cold water, then diluted 1:60 in veronal buffer with calcium, magnesium, and
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gelatin (Boston Bioproducts, Ashland, MA). 150 mL diluted complement was added to the opsonized beads and incubated for 20 min

at 37�C. Beads were then washed with 15 mMEDTA and stained with anti-guinea pig C3 (MP Biomedicals, Santa Ana, CA). Samples

were washed and analyzed on an iQue Screener Plus. Each experiment was performed in two independent replicates and correlation

between replicates was ensured. Data are reported as the GMFI of C3 antibody for the average of two replicates.

Antibody-dependent NK cell activation (ADNKA)
Antibody-dependent NK cell activation and degranulation were measured as previously described (Jegaskanda et al., 2013b; Lu

et al., 2016). ELISA plates (ThermoFisher NUNC MaxiSorp) were coated with pooled HAs (as in ADCD), then blocked. 50 mL of

1:25 diluted serum sample was added to eachwell and incubated for 2 h at 37�C. NK cells were isolated frombuffy coats from healthy

donors using the RosetteSep NK cell enrichment kit (STEMCELL Technologies, Vancouver, Canada) and rested in 1 ng/mL IL-15 at

37�C until needed. NK cells, with anti-CD107a PE-Cy5 (BD), brefeldin A (Sigma-Aldrich, St. Louis, MO), and GolgiStop (BD), were

added and incubated for 5 h at 37�C. Cells were stained for surface markers using anti-CD56 PE-Cy7 (BD), anti-CD16 APC-Cy7

(BD), and anti-CD3 PacBlue (BD), then fixed and permeabilized using FIX & PERM Cell Permeabilization Kit (ThermoFisher). Cells

were stained for intracellular markers using anti-MIP-1bPE (BD) and anti-IFNg FITC (BD). Fixed cells were analyzed by flow cytometry

on an iQue Screener Plus. NK cells were defined as CD3-and CD16/56+. Each sample was assayed on two healthy NK cell donors

and correlation between donors was ensured (p < 0.0001). Further, each donor was independently quality controlled to ensure that

positive control values were at least two standard deviations above negative control values. Data are reported as the percentage of

cells positive for each marker (CD107a, IFN-ɣ, and MIP-1b).

QUANTIFICATION AND STATISTICAL ANALYSIS

Transfer ratios were calculated by dividing the levels of cord blood antibodies by the levels of maternal antibodies. One major outlier

was removed from the FCGR3A vaccinee group for visualization purposes. Missing datapoints for mother:child pairs were not

imputed for univariate analyses. Numbers of samples in each group analyzed can be found in Figure 1. All univariate statistical an-

alyses were performed using GraphPad Prism. Statistical analyses for specific assays are detailed in the figure legends. Flower plots

in Figure 5 were generated in RStudio version 3.5.1 on z-scored and percentile-ranked data using the package ggplot2. Correlation

matrices in Figure 5 were generated in Rstudio version 3.5.1 using the package corrplot.

Classification models were developed in MATLAB (Code S1, S2, S3, S4, and S5). Missing values due to experimental error were

imputed using k-nearest neighbor; data points were not imputed where samples did not exist in the analysis. Data were normalized

using z scoring. Models were built using a previously published approach (Ackerman et al., 2018). Briefly, Elastic Net least absolute

shrinkage and selection operator (LASSO)was used to select the fewest number of features to create separation between the groups.

This modeling approach was evaluated through repeated fivefold cross validation, and fold-specific support vector machine (SVM)

classifier model was trained using the LASSO-selected features and training data. LASSO was performed in a fivefold cross valida-

tion framework, meaning that for each fold 4/5 of the data were used for training and 1/5 of the data were used to test, with each fifth

serving as the test set once. Data were visualized using a partial least squares discriminant analysis (PLSDA). The predictive model

significance was measured using a null control model with permuted labels where features were not altered, which preserves the

correlation structure within the data. Each control model was repeated a hundred times to generate the distribution of model accu-

racies and tested against the predictive power of the actual model. The p value represents the tail probability of the true classification

accuracy in the distribution of control model accuracies. For the vaccination models, all measured features were input to the model.

For the H3N2 infection models, features of H3-specific antibodies were input to the model. Correlation networks were visualized in

Cytoscape with correlations calculated in MATLAB. Pairwise Spearman R values describe the correlation strength and false discov-

ery rate (FDR)-corrected q values < 0.05 were used as a significance cutoff for inclusion in the correlation network.

Rank-based ANCOVA models (Table S2) were developed in MATLAB. Data for each Fc feature for samples with paired maternal

time of birth and cord blood values (n = 27 pairs) were first ranked using the tiedrank2 function (https://www.mathworks.com/

matlabcentral/fileexchange/72399-tiedrank2), then ANCOVAmodels were developed using the aoctools function. Values for the sig-

nificance of maternal antibody levels as a covariate were Bonferroni corrected following model generation.
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