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SUMMARY

Antibody-dependent cellular cytotoxicity (ADCC) is associated with protection against neonatal herpes.
We hypothesized that placental transfer of ADCC-mediating herpes simplex virus (HSV) immunoglobulin
G (IgG) is influenced by antigenic target, function, glycans, gestational age, andmaternal severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) infection. Maternal and cord blood were collected from
HSV-seropositive (HSV+) mothers pre-COVID and HSV+/SARS-CoV-2+ mothers during the pandemic.
Transfer of HSV neutralizing IgG was significantly lower in preterm versus term dyads (transfer ratio
[TR] 0.84 vs. 2.44) whereas the TR of ADCC-mediating IgG was <1.0 in both term and preterm pre-COVID
dyads. Anti-glycoprotein D IgG, which had only neutralizing activity, and anti-glycoprotein B (gB) IgG,
which displayed neutralizing and ADCC activity, exhibited different relative affinities for the neonatal
Fc receptor (FcRn) and expressed different glycans. The transfer of ADCC-mediating IgG increased signif-
icantly in term SARS-CoV-2+ dyads. This was associatedwith greater placental colocalization of FcRn with
FcgRIIIa. These findings have implications for strategies to prevent neonatal herpes.

INTRODUCTION

Active or passive immunization during pregnancy provides an important opportunity to improve maternal health and reduce neonatal

morbidity and mortality from infectious diseases.1,2 Maternal vaccination can boost the placental transfer of protective antibodies (Abs) as

evidenced by studies of inactivated influenza, acellular pertussis, and, most recently, severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2).3–6 Immunizationsmay bemost effective when administered early in the third trimester as placental syncytiotrophoblast expres-

sion of the neonatal Fc receptor (FcRn), which plays the dominant role in immunoglobulin G (IgG) transfer, increases after 28 weeks of gesta-

tion.7 The affinity of IgG for the FcRn is influenced by IgG subclass and IgG glycans.8–10 For example, while the A297-N-linked glycosylation

site of Fc is not in the FcRn binding site, glycans at this site affect the conformation and modify the affinity for the FcRn.11,12 IgG1 has the

highest affinity followed by IgG4, IgG3, and IgG2, and sialylated and digalactosylated Fc glycans are associated with higher FcRn

affinity.7,13–15 The antigenic target of IgG also affects placental transfer, presumably because it may affect which subclass is elicited, glycan

modifications, and conformation of Fc upon fragment antigen binding (Fab).

Both herpes simplex virus type 1 and type 2 (HSV-1 and HSV-2) are transmitted perinatally during clinically evident, or more commonly,

clinically silent genital tract shedding.16–19 In 2018, it was estimated that there were �14,000 annual (4,000 HSV-1 and 10,000 HSV-2) cases

of neonatal herpes, although the incidence of neonatal HSV-1, which has emerged as the more common cause of primary genital infections

in the United States and other countries, is increasing.19 Risk factors for neonatal HSV disease include primary or first-episode maternal infec-

tion in the third trimester, preterm birth, maternal age less than 21 years, and invasive monitoring, which may disrupt the protective epithelial

barrier.17,18 The increased risk for neonatal disease following primary compared to reactivating HSV may reflect higher maternal HSV viral

loads as well as limited placental transfer of HSV-specific IgG.20 The increased risk with preterm birth may also be linked to reduced transfer

of HSV-specific IgG, although this has not been well studied.21

The function of the transferred Abs may also impact the clinical outcome. Neonates who acquired higher levels of Abs that mediate anti-

body-dependent cellular cytotoxicity (ADCC) from their mothers were more likely to have disease limited to the skin whereas those with low

levels of ADCC-mediating Abs were more likely to have disseminated disease after controlling for the nAb titer.22 Importantly, primary HSV

infection elicits a predominantly neutralizing response with little or no ADCC detected until at least 6 months following primary infection.23
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Maternal coinfections also may modulate placental transfer of pathogen-specific IgG by several mechanisms including an increase in

total maternal IgG levels and subsequent competition for FcRn, placental inflammation, and changes in placental expression of FcRn and

FcgRIIIa, the receptor associated with ADCC responses.24,25 For example, maternal malaria infection is associated with decreased transport

of measles but not tetanus Abs, whereasmaternal HIV is associated with decreased placental transfer of bothmeasles and tetanus Abs.13,26,27

In contrast, the transfer of influenza- and pertussis-specific Abs were preserved in pregnant women infected with SARS-CoV-2 during the third

trimester.25

While early recognition and treatment with acyclovir have reduced the mortality of neonatal HSV disease, morbidity remains high. Thus,

there is an urgent need to develop safe and effective vaccines and/ormonoclonal Abs to preventmaternal infection, boostmaternal antibody

titers and subsequent placental transfer, and/or treat infected neonates. There is little data on the determinants of placental transfer of

HSV-specific IgG. The current study, therefore, was designed to compare the quantity, function (neutralization, complement component

C1q binding, or FcgRIIIa activation as a biomarker of ADCC21,28–32), and antigenic targets of HSV-specific IgG in mother-cord blood dyads

who delivered at term compared to preterm and to evaluate whethermaternal SARS-CoV-2 coinfection during pregnancy impacted the trans-

fer by comparing maternal HSV-seropositive (HSV+) pre-COVID and maternal HSV+SARS-CoV-2-coinfected (HSV+/SARS-CoV-2+) dyads.

RESULTS

Demographics and clinical characteristics of study participants

Maternal and cord blood were obtained from HSV+ mothers and their newborns who delivered between October 2018 and December 2019

(pre-COVID, n = 41) and HSV+/SARS-CoV-2+ mothers (defined by a positive maternal SARS-CoV-2-specific nasopharyngeal PCR test at

enrollment) and newborns who delivered between April and December 2020 (n = 36) (Table 1). To evaluate the impact of preterm delivery

on placental transfer of IgG, both groups were dichotomized at 37 weeks of gestation into term and preterm cohorts. There were no signif-

icant differences in maternal demographics, althoughmore pre-COVIDpretermmothers had preeclampsia (p < 0.01, chi-square). In addition,

maternal blood was obtained earlier relative to delivery in the pre-COVID term compared to the other groups (p < 0.001, Kruskal-Wallis with

Dunn’s multiple comparison test) and therefore this variable was included in linear regression models as further described in the following.

Table 1. Demographic and clinical characteristics of study participants (presented as n unless otherwise indicated)

Variable

pre-COVID (n = 41) SARS-CoV-2+ (n = 36)

p value ANOVA (Dunn’s

multiple comparisons test)

Term (A)

(n = 25)

Preterm (B)

(N = 16)

Term (C)

(n = 28) Preterm (D) (n = 8)

Maternal Age (years)

(Median [IQR])

28 [25–35] 31 [26–34] 28 [24–33] 25 [23–33] NS

Ethnicity:

Hispanic: Non-Hispanic

16:9 9:7 23:5 6:2 NS (chi-square)

Race:

Black: White: Asian: Other

12:3:1:9 9:2:0:5 18:1:2:7 3:2:2:1 NS

HSV serostatus

HSV-1+: HSV-2+: Dual+

17:4:4 14:1:1 22:4:6 8:0:0 NS (chi-square)

Neonatal gestational age (weeks)

(median [IQR])

39 [38–40] 32 [30–34] 39 [37–40] 33 [32–34] 0.0001

A vs. B p < 0.0001

C vs. D p < 0.001

Delivery route

Vaginal: C-Section

14:11 10:6 21:7 6:2 NS (chi-square)

Neonatal Sex

Male: Female

13:12 10:6 15:13 4:4 NS (chi-square)

Days from maternal blood collection

to delivery (Median [range])

55 [0–79] 0 [0–18] 0 [0] 0 [0] 0.001

A vs. B p < 0.0001

Pregnancy complications

Chorioamnionitis

Preeclampsia

0

1 (4.0%)

1 (6.2%)

4 (25%)

0

0

0

0

NS (chi-square)

p < 0.01

Days from SARS-CoV-2 PCR + test to

delivery (Median [range])

2 [0–128] 1 [0–56] NS

COVID-19 Severity

None: Mild: Moderate: Severe

17:8:3:0 1:3:2:2 p < 0.05 (chi-square)

NS = non-significant (p > 0.05).
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Therewas a statistical differences in the distribution ofmaternal COVID-19 disease severity comparing the term vs. pretermgroups: 17 (60.7%)

term and 1 (12.5%) preterm) were asymptomatic and were tested as part of infection control policy; 8 (28.6%) term and 3 (37.5%) pretermwere

classified with mild disease; 3 (10.7%) term and 2 (25%) preterm were classified with moderate disease; and 2 (25%) preterm mothers had se-

vere disease (p < 0.05, chi-square). The onset and duration of SARS-CoV-2 infection is unknown, but all participants had detectable plasma

SARS-CoV-2 immunoglobulin M (IgM), immunoglobulin A (IgA), and IgG (Figure S1). None of the mothers had received a COVID-19 vaccine,

and none of the newborns were diagnosed with SARS-CoV-2 or neonatal herpes. The majority of pregnant participants were HSV-1+ (n = 61)

or HSV-1 and HSV-2 dually seropositive (n = 11), and thus assays were conducted using HSV-1-infected cell lysates or recombinant HSV-1

glycoproteins as antigenic targets. However, as HSV-1 and HSV-2 Abs cross-react, HSV-2-seropositive-only participants (n = 9) were included.

Total and HSV-specific antibody response in mother-infant pre-COVID and SARS-CoV-2+ dyads

Because there was a difference in the timing ofmaternal blood collection relative to delivery in the pre-COVID term compared to preterm and

SARS-CoV-2+ cohorts, we first assessed whether timing was associated with maternal total IgG or HSV-specific IgG. There was no association

(Figure S2, p = 0.31 and 0.34, respectively). However, the transfer of total IgG and IgG1 (but not IgG3) (Figures 1A–1C) and the transfer of HSV-

binding IgG, IgG1, and IgG3 (Figures 1D–1F) were significantly impaired in preterm compared to term pre-COVID dyads with transfer ratios

(TRs) (ratio of cord to maternal plasma IgG levels) < 1.0 (Table 2; Figure S3A–S3C). This resulted in significantly less total IgG and IgG1 and

HSV-specific IgG, IgG1, and IgG3 in the cord blood of preterm vs. term infants (p < 0.001 for total IgG andp< 0.0001 for others,Mann-Whitney

U test). HSV-specific IgG2 and IgG4 were below the limit of detection in maternal and cord blood and thus were not included in the analyses.

Maternal total IgG concentrations were higher in SARS-CoV-2+ term compared to pre-COVID term or preterm pregnancies (Figure 1A,

p < 0.05, Kruskal-Wallis with Dunn’s multiple comparison test). This was associated with TRs of total IgG <1.0 in both the term and preterm

SARS-CoV-2+ cohorts (Table 2). However, similar to the pre-COVID cohort, the TRs of HSV-specific IgG, IgG1, and IgG3 were all significantly

lower in preterm versus term SARS-CoV-2+ dyads (p < 0.001 for HSV-specific IgG and IgG1, p < 0.01 for HSV-specific IgG3, Mann-Whitney U

test, Table 2). Inclusion of the few HSV-2 seropositive only, denoted by open symbols (Figure 1), did not impact the results.

Differences in transfer of neutralizing, C1q binding, and FcgRIIIa-activating IgG in term versus preterm pre-COVID and

SARS-CoV-2+ dyads

To explore whether there were differences in the function of placentally transferred HSV-specific IgG, we compared the neutralizing titer by

plaque reduction assay (Figure 2A), C1q binding activity by ELISA (Figure 2B), and fold activation of human FcgRIIIa (ADCC) (Figure 2C) in

paired maternal and cord blood samples using HSV-infected cell lysate as the antigenic target. Activation of FcgRI- and FcgRIIa-activating

HSV IgG was also measured, but no increase relative to background was observed.

There were no statistically significant differences in levels of functional Abs comparing mothers who delivered at term vs. preterm. How-

ever, the transfer efficiency differed. Neutralizing antibodies (nAbs) were efficiently transported (defined as TR > 1.0) only in term but not pre-

term dyads (TR 2.44 [1.5–3.3] vs. 0.84 [0.6–1.0], p < 0.0001, Mann-Whitney U test, Table 2), which resulted in significantly lower nAb titers in

preterm compared to term cord blood (96.57 [45.2–103.7] vs.140.40 [110.5–272.5], p < 0.01, Mann-Whitney U test) (Figures 2A and S3D).

Figure 1. Maternal and cord blood total and HSV-specific IgG in pre-COVID and SARS-CoV-2+ dyads

Total IgG (A), IgG1 (B), and IgG3 (C) and HSV-specific IgG (D), IgG1 (E), and IgG3 (F) were measured in maternal and cord blood for term and preterm pre-COVID

and SARS-CoV-2+ dyads. For the HSV-specific Abs, the results are shown as optical densitometry units (odu) at 1:12,500 plasma dilution for IgG and at 1:2500

plasma dilution for IgG1 and IgG3. Each sample was tested in duplicate, and each dyad is color-coded; open symbols indicate dyads where the mother was only

HSV-2 seropositive. Maternal and cord blood antibody levels were compared using Wilcoxon matched-pairs signed rank test, and term vs. preterm maternal or

cord levels were compared using Mann-Whitney U test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). The bar shows mean G standard deviation for the

group.
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C1q-binding Abs transferred with similar efficiency in term and preterm infants (TR 1.33 [1.0–2.1] and 1.2 [1.0–1.4], respectively; Figure 2B and

Table 2). In contrast, FcgRIIIa-activating Abs were inefficiently transferred in both term and pretermdyads, which resulted in significantly lower

levels of this functionality in cord compared to maternal plasma (p < 0.0001, Figure 2C). The TR was <1.0 in both term and preterm dyads and

was significantly lower in the preterm dyads (0.72 [0.6–0.8] vs. 0.50 [0.4–0.6], p < 0.01, Mann-Whitney U test, Table 2).

The results for the SARS-CoV-2 maternally coinfected dyads differed from those for the pre-COVID dyads (Figure 2; Table 2). The transfer

of nAbs was again greater in term compared to preterm dyads (TR 1.44 [1.1–2.2] vs. 0.98 [0.6–1.5]), but the differences in the TRs were no

longer statistically significant. Second andmore strikingly, the transfer of FcgRIIIa-activating Abs was significantly greater in term (but not pre-

term) SARS-CoV-2 dyads compared to pre-COVID dyads (TR 1.20 [1.0–1.4] vs. 0.72 [0.6–0.8], p < 0.0001, Kruskal-Wallis with Dunn’s multiple

comparison test).

Transfer of anti-glycoprotein D (gD)- and anti-glycoprotein B (gB)-specific Abs

The difference in the TR of functionally distinct Abs could reflect their antigenic targets, IgG subclasses, glycans, and/or FcRn affinity. To

explore these possibilities, we first compared the transfer of anti-gD and anti-gB Abs using recombinant proteins and plasma from the

pre-COVID (Figures 3A and 3C, respectively) and SARS-CoV-2+ (Figures 3B and 3D, respectively) term dyads. These two envelope glycopro-

teins were selected because both aremajor targets of nAbs and gB has recently been identified as a target of ADCC responses.23,33 Both anti-

gD and anti-gB IgG were efficiently transported (TR > 1.0, Table 2), but the anti-gD Abs were almost exclusively IgG1 (Figures 3A and 3B)

whereas the anti-gB Abs comprised both IgG1 and IgG3 subclasses (Figures 3C and 3D). There were no differences in TR of anti-gD IgG

or IgG1 comparing pre-COVID and SARS-CoV-2+ dyads, but the TR of anti-gB IgG was significantly greater in the SARS-CoV-2+ compared

to pre-COVID dyads (p < 0.05,Mann-Whitney U test) and trended to be higher comparing anti-gB IgG1 and IgG3 subclasses (p = 0.06 and p =

0.09, Mann-Whitney U test, respectively) (Table 2). These differences are consistent with the higher TR of ADCC-mediating IgG in the SARS-

CoV-2+ compared to pre-COVID cohort.

Functionality of antigen- and subclass-enriched Abs in pre-COVID dyads

To further dissect the differences in function of gD- and gB-specific IgG1 and IgG3, we enriched plasma frommaternal (n = 4) and cord (n = 3)

term pre-COVID samples for anti-glycoprotein-specific IgG using Protein L columns followed by gD and gB lectin columns. The anti-gD-en-

riched fraction recognized gD (but not gB) on western blots with recombinant proteins or HSV-infected cell lysate as antigens whereas the

anti-gB-enriched fraction recognized gB but not gD (Figure S4A). The final flow-through, which was depleted of both anti-gD and anti-gB IgG

(gD-gB-), recognized several other bands within the HSV-infected lysate but did not recognize recombinant gD or gB protein. The anti-gD IgG

had significantly more neutralizing activity compared to either the anti-gB or the gD-gB- fraction (p < 0.001 and p < 0.0001, respectively,

Table 2. Transfer ratios of total and HSV-specific IgG (median [IQR])

pre-COVID SARS-CoV-2+

Term Preterm p value Term Preterm p value

IgGa 1.17 [1.1–1.4] 0.89 [0.5–1.2] <0.01 0.96 [0.7–1.2] 087 [0.8–1.1] NS

IgG1a 1.86 [1.3–2.4] 0.92 [0.7–1.1] <0.0001 1.63 [1.2–2.0] 0.96 [0.7–1.4] <0.01

IgG3a 0.89 [0.6–1.2] 0.99 [0.7–1.1] NS 0.87 [0.8–1.0] 0.86 [0.6–1.2] NS

HSV IgGb 1.32 [1.2–1.5] 0.85 [0.6–1.2] <0.0001 1.25 [1.1–1.4] 0.91 [0.8–1.1] <0.001

HSV IgG1c 1.76 [1.5–2.4] 0.90 [0.6–1.1] <0.0001 1.76 [1.4–2.1] 0.72 [0.6–1.2] <0.001

HSV IgG3c 1.25 [1.1–1.5] 0.42 [0.2–0.8] <0.0001 1.27 [1.1–1.5] 0.72 [0.6–1.2] <0.01

Neutralizationd 2.44 [1.5–3.3] 0.84 [0.6–1.0] <0.0001 1.44 [1.1–2.2] 0.98 [0.6–1.5] NS

HSV C1qe 1.33 [1.0–2.1] 1.2 [1.0–1.4] NS 1.06 [1.0–1.5] 1.13 [1.0–1.3] NS

FcgRIIIa activationf 0.72 [0.6–0.8] 0.50 [0.4–0.6] <0.01 1.20 [1.0–1.4] 0.69 [0.4–1.0] <0.01

Anti-gD IgGb 1.35 [1.2–1.7] 1.40 [1.1–2.4] NS

Anti-gD IgG1c 2.20 [1.6–2.7] 2.10 [1.1–3.1] NS

Anti-gB IgGb 1.45 [1.3–2.3] 2.22 [1.6–3.8] <0.05

Anti-gB IgG1c 2.06 [1.7–2.6] 2.55 [1.9–3.6] NS

Anti-gB IgG3c 1.32 [1.1–1.6] 1.47 [1.3–1.7] NS

amg/ml.
bOD450 at 1:12500 plasma dilution.
cOD450 at 1:2500 plasma dilution.
ddilution that yielded 50% reduction in viral plaques.
eOD450 at 1:20 plasma dilution.
fNS = not significant (p > 0.05).
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ANOVA with Tukey’s multiple comparison) but had little or no FcgRIIIa-activating activity (Figures 4A and 4B). In contrast, the anti-gB and

gD-gB- fractions exhibited both functions and had significantly more ADCC-mediating activity compared to the anti-gD-enriched fraction

(p < 0.05. ANOVA with Tukey’s multiple comparisons test). Detection of FcgRIIIa-activating Abs in the gD-gB- fraction is consistent with

studies showing that gB is only one of several targets of ADCC-mediating IgG although the other antigenic targets have not been identified.33

Given that IgG1 crosses the placenta more efficiently than IgG3 and nAbs cross more efficiently than FcgRIIIa-activating Abs, we hypoth-

esized that the nAbs would be primarily IgG1 whereas the FcgRIIIa-activating Abs might be predominantly IgG3. To test this, we enriched for

IgG1 by passing the Protein L columneluent over a Protein A column, which binds IgG1 (as well as IgG2 and IgG4)more efficiently than IgG3;34

the enrichment was assessed by ELISA with anti-IgG as the capture antigen and subclass-specific secondary Abs (Figure S4B). Refuting our

hypothesis, both the neutralizing and the FcgRIII-activating Abs were primarily IgG1 and not IgG3 (Figures 4C and 4D). To confirm this, the

anti-gB-enriched IgG (n = 3 pools each comprised plasma from2 participants) was applied to a Protein A column; the FcgRIIIa activitymapped

to the IgG1-enriched fraction (Protein A eluent) (Figure 4E).

The finding that both neutralizing and FcgRIIIa-inducing activity were contained within the IgG1 fractions suggested that the differences in

TR might reflect differences in FcRn affinity, which in turn, may be associated with differences in IgG glycan modifications. To assess this, we

quantified the apparent affinity for the FcRn. The IgG1 fraction had significantly greater apparent affinity (1/KD) compared to IgG3 (p < 0.01,

Mann-Whitney U test), and the anti-gD had significantly greater apparent affinity than anti-gB-enriched fractions for the FcRn (p < 0.0001,

Mann-Whitney U test) (Figure 4F).

Differential expression of glycans in anti-gD- and anti-gB-enriched maternal IgG

MALDI-TOFmass spectrometry analysis of IgG isolated from anti-gD- and anti-gB-enriched fractions (termpre-COVIDmaternal plasma, n = 5

each) showed increased abundance of terminal sialylatedglycans in anti-gD- compared to anti-gB-enriched fractions (p < 0.01, paired t test); a

modification, when expressed on the Fc region, is associated with FcRn affinity.7,13,15,35,36 Conversely, the anti-gB-enriched IgG displayed an

increased abundance of fucosylated, galactosylated, N-acetylglucosamine (GlcNAc) and bisectingGlcNAc compared to anti-gD (all p < 0.01,

paired t test, Figure 5A and Table S1). These modifications, when expressed on the Fc, are associated with FcgRIIIa affinity.7,13,15,36–38 Addi-

tional glycan analyses were performed with anti-gD- and anti-gB-enriched IgG from the SARS-CoV-2+ cohort (n = 5 maternal term samples

each). Although the trends were similar, no significant differences in the abundance of different glycans were observed comparing the anti-

gD- and anti-gB-enriched samples (Figure 5B and Table S1). Moreover, little or noGlcNAc andbisectingGlcNAcglycans were detected in the

SARS-CoV-2+ anti-gD- or anti-gB-enriched samples. These findings suggest that differences in glycans alone do not explain the increased TR

of FcgRIIIa-activating IgG in the term SARS-CoV-2+ cohort.

Increased colocalization of FcRn and FcgRIIIa on placentas from SARS-CoV-2-positive mothers compared to SARS-CoV-2-

negative mothers

To determine if placental expression of FcRn or FcgRIIIa contributed to increased transfer of ADCC-mediating IgG, placental tissue from

SARS-CoV-2+ and contemporaneous SARS-CoV-2 PCR negative (SARS-CoV-2-) deliveries (n = 8 term and n = 5 preterm each) were stained

with Abs to placental alkaline phosphatase (PLAP), FcRn, and FcgRIIIa and the expression and colocalization compared (Figure 6). As ex-

pected, there was significantly more staining of FcRn in term compared to preterm placental tissue independent of SARS-CoV-2 coinfection

(p < 0.01 for SARS-CoV-2- and p < 0.05 for SARS-CoV-2+, Kruskal-Wallis with Dunn’s multiple comparison test, Figure 6B). There was no dif-

ference in relative amount of FcgRIIIa staining, but FcRn-FcgRIIIa colocalization was greatest in the term SARS-CoV-2+ placental tissue and

Figure 2. Differences in transfer of neutralizing, C1q-binding, and FcgRIIIa-activating IgG in term versus preterm pre-COVID versus SARS-CoV-2+

dyads

(A) HSV-specific neutralization titers were determined by plaque reduction assay for term and preterm pre-COVID and SARS-CoV-2+ dyads, and results are

presented as the plasma dilution that inhibited 50% of viral infection relative to cells infected in the absence of plasma.

(B) HSV-specific C1q-binding Abs were measured by ELISA using HSV-1-infected and uninfected cellular lysate. Results are presented as optical densitometry

units (odu) at 1:20 plasma dilution after subtracting the odu response to uninfected cellular lysate.

(C) FcgRIIIa activation was measured using the human FcgRIIIa ADCC Reporter Bioassay with HSV-1-infected cells and 1:5 plasma dilution. Results are presented

as fold induction relative to no plasma control. Each sample was tested in duplicate, and each dyad is color-coded; open symbols indicate dyads where the

mother was only HSV-2 seropositive. Maternal and cord blood antibody levels were compared using Wilcoxon matched-pairs signed rank test, and term vs.

preterm maternal or cord levels were compared using Mann-Whitney U test (*p < 0.05, ***p < 0.001, ****p < 0.0001). The bar shows mean G standard

deviation for the group.
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was significantly greater than that in term and preterm SARS-CoV-2- tissue (p < 0.05 and p < 0.01, Kruskal-Wallis with Dunn’s multiple com-

parison test, respectively, Figures 6C and 6D).

Multivariable analyses confirm association of gestational age and SARS-CoV-2 coinfection with transfer of neutralizing and

FcgRIIIa-activating IgG, respectively

Multivariable linear regression models were constructed to identify factors associated with transfer of HSV-specific IgG, neutralizing, or

FcgRIIIa-activating Abs. Variables included maternal age, neonatal sex, gestational age (dichotomized as term vs. preterm), COVID-19 infec-

tion, timing of maternal blood collection, maternal total IgG, and HSV-specific IgG. Gestational age and maternal HSV-specific IgG levels

were associated with the transfer of HSV-specific IgG (both p < 0.0001). Gestational age was also positively associated with the transfer of

nAbs (p < 0.03). In contrast, COVID-19 infection and newborn female sex were significantly associated with the transfer of FcgRIIIa-activating

Abs. However, the interaction between neonatal sex and COVID-19 was significant (p < 0.05), and when this was included in the model, only

COVID-19 status retained a significant association (p < 0.05, Table 3). Moreover, when only female newborns were included in the model,

COVID-19 infection was positively associated with FcgRIIIa-activating Ab transfer (p < 0.05), but the association was not significant when

only males were included (Table S2). We further assessed the potential association between timing of maternal blood collection and TRs.

There was no significant association between maternal blood collection time (relative to delivery) and TR of HSV-specific IgG (rho =

0.15m, p = 0.18), nAbs (rho = 0.29, p = 0.35), or ADCC-mediating Abs (rho = �0.11, p = 0.32) (Figure S5).

DISCUSSION

Results of these studies demonstrate that preterm vs. term gestation, antibody function, IgG glycans, and placental expression and colocal-

ization of FcRn and FcgRIIIa contribute to efficiency of HSV-specific IgG placental transfer. The transfer of nAbs, which are the dominant

response to acute HSV infection,39 is greater than FcgRIIIa-activating and C1q-binding Abs in term pre-COVID dyads as reflected by the dif-

ferences in TRs. The relative inefficient transfer (TR < 1.0) of FcgRIIIa-activating, ADCC-mediating IgG in both term and preterm neonates (in

the absence of SARS-CoV-2 coinfection) may have important clinical implications since, as suggested by a prior clinical study, ADCC likely

plays a more important role in controlling viral dissemination.22 The importance of ADCC in protecting neonates has also been suggested

in mouse studies, which demonstrated that immunization of female mice with a vaccine that elicits a predominant ADCC response protected

their pups from subsequent viral challenge whereas nAbs elicited by HSV infection or a gD subunit vaccine were less protective.32,40 Preterm

infants may be particularly vulnerable to disease because the transfer of both neutralizing and ADCC-mediating IgG is compromised

(TR < 1.0). The importance of gestational age in modifying transfer of neutralizing IgG (but not FcgRIIIa-activating IgG) was confirmed in

the multivariable linear regression model where gestational age was the only significantly associated factor. This is likely a consequence

of decreased expression of the FcRn in preterm placentas, which we documented by immunohistochemistry, as well as shorter time available

for Abs to cross.

Differences in IgG subclass do not explain the differential placental transfer of neutralizing compared to FcgRIIIa-activating Abs as both

were predominantly IgG1; the anti-gD IgG were restricted to the IgG1 subclass, and while anti-gB included both IgG1 and IgG3, all the

Figure 3. Transfer of anti-glycoprotein D- and anti-glycoprotein B-specific Abs

The relative concentrations of anti-gD- (A and B) and anti-gB (C and D)-specific IgG, IgG1, and IgG3 were quantified in term pre-COVID (A and C) and SARS-CoV-

2+ (B and D) dyads by ELISA with recombinant proteins as antigens in paired samples from term dyads. Results are presented as odu at 1:12500 plasma dilution

for IgG and at 1:2500 plasma dilution for IgG1 and IgG3. Each symbol is themean of duplicates, and each dyad is color-coded; open symbols indicate dyads from

HSV-2 seropositive only mothers (Wilcoxon matched-pairs signed rank test, ***p < 0.001, ****p < 0.0001). The bar shows mean G standard deviation for the

group.
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ADCC-mediating activity mapped to IgG1. However, the antigenic targets and glycans differed, and we speculate that this may have contrib-

uted to the variance in transfer efficiency. The anti-gD Abs had essentially only neutralizing activity, had greater apparent affinity (1/KD) for

FcRn, and expressed glycans that, when expressed on the Fc region, are associated with increased FcRn affinity. In contrast, the anti-gB

IgG exhibited both neutralizing and FcgRIIIa-activating functions and expressed relatively more glycans, which when expressed on the Fc

region, are associated with greater FcgRIIIa affinity. Althoughwe separated the anti-gB IgG1 from IgG3 to confirm that the FcgRIIIa-activating

functionmapped to IgG1, we were unable to separate the neutralizing from FcgRIIIa-activating anti-gB IgG1 for glycan studies. Moreover, we

conducted the glycan studies with total IgG and thus could not distinguish Fc from Fab glycans. While most studies that associated N-linked

glycans with FcR affinity focus only on Fc glycans, Fab domain glycans can also modulate placental transfer efficiency. Based on our findings,

we speculate that the anti-gB with neutralizing activity would express relatively more terminal Fc sialylated glycans and the ADCC-mediating

anti-gB more fucosylated, bisecting GlcNAs and digalactosylated glycans reflecting different relative affinities for FcRn and FcgRIIIa,

respectively.7,13,15,35–37,41–44

SARS-CoV-2 coinfection was associated with a significant increase in the transfer of FcgRIIIa-activating Abs and a concomitant small

decrease in the transfer of nAbs. This increase was significant comparing the term SARS-CoV-2+ dyads to all the other groups. This finding

was unanticipated as infections including SARS-CoV-2, HIV, and malaria, for example, are more often associated with decreased IgG trans-

port.13,25,27 The proposed mechanisms for impaired transport in the setting of maternal coinfections include hypergammaglobulinemia (IgG

>15 g/L) with associated saturation of placental FcRn, alterations in glycans, and inflammatory changes in the placenta.13,25 While we did

observe a modest increase in total IgG in the SARS-CoV-2+ mothers, this increase was not sufficient to saturate receptors or decrease the

Figure 4. Functionality of antigen- and subclass-enriched Abs in pre-COVID dyads

Maternal (n = 4, circles) and cord (n = 3, triangles) term pre-COVID plasmawas enriched for anti-gD and anti-gB or IgG1 and IgG3 subclasses and then assayed for

neutralization activity (A and C) or FcgRIIIa activation (B and D) using 0.5 mg/mL of each enriched sample. Each sample was tested in duplicate. Neutralization is

presented as the percent reduction in viral plaque formation relative to control wells.

(E) Additional pooled samples (n = 3 pools from 2 participants each) were sequentially passaged over the gB lectin followed by Protein A columns and assayed

using the ADCC reporter assay at 0.5 mg/mL.

(F) The relative FcRn-binding affinity of enriched samples was measured using Lumit FcRn binding assay, and results are shown as relative apparent affinity (1/KD

[M]). The bars indicatemeanG standard deviation. Differences between anti-gD, anti-gB, and gD-gB- neutralization and FcgRIIIa activation were compared using

ANOVA with Tukey’s multiple comparison (A and B), and differences between IgG1 and IgG3 or anti-gD and anti-gB in C–F were compared by Mann-Whitney U

test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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TR of HSV-specific IgG. There were also differences in glycans with a decrease in GlcNAc and bisecting GlcNAc glycans in the anti-gB-en-

riched SARS-CoV-2 compared to pre-COVID dyads. However, this difference is unlikely to contribute to the observed increase in transfer

of ADCC-mediating IgG. Rather, we speculate that the increased colocalization of FcRn and FcgRIIIa observed in the immunohistochemistry

studies of placental tissue obtained from SARS-CoV-2+ compared to SARS-CoV-2- term deliveries facilitated the transfer of ADCC-mediating

IgG. This finding is consistent with another recent study that also documented increased FcRn/FcgRIIIa colocalization, which could favor the

transfer of IgG with increased affinity for the FcgRIIIa.25 How SARS-CoV-2 infection modifies placental architecture and whether similar

changes occur in response to other active infections require future study.

Figure 5. Differential expression of glycans in anti-glycoprotein D- and anti-glycoprotein B-enriched maternal IgG

The relative glycan composition of anti-glycoprotein D- and anti-glycoprotein B-enriched plasma were quantified by mass spectrometry in samples from pre-

COVID (A) and SARS-CoV-2+ (B) mothers who delivered at term (n = 5 each). The relative abundance of glycans expressing sialic acid, galactose, fucose,

GlcNAc, and bisecting GlcNAc was calculated. Each symbol is the mean of duplicates, and each sample is color-coded. The bars indicate mean G standard

deviation for the group, and the abundance of glycans in the anti-gD- versus anti-gB-enriched samples is compared by paired t test (**p < 0.01).

Figure 6. Increased colocalization of FcRn and FcgRIIIa on placentas from SARS-CoV-2-positive mothers compared to SARS-CoV-2-negative mothers

Immunohistochemistry was performed on placental tissues obtained from SARS-CoV-2-positive and negative mothers (n = 8 each for Term and n = 5 for preterm)

and stained for placental alkaline phosphatase (PLAP), FcRn and FcgRIIIa. (A) Representative slides from one term and preterm SARS-CoV-2-positive and

negative placenta each are shown. Intensity of FcRn (B), FcgRIIIa (C), and colocalization of these (D) were quantified using ImageJ (FcRn intensities were

compared using Kruskal-Wallis with Dunn’s multiple comparison, *p < 0.05, **p < 0.01).
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Notably, there was a significant interaction between female neonatal sex and COVID-19 infection, resulting in increased transfer of

FcgRIIIa-activating IgG in female SARS-CoV-2+ dyads. Relatively greater placental transfer of maternal IgG in female versus male newborns

was previously reported in a SARS-CoV-2+ cohort and was linked in part to reduced maternal IgG levels.45 However, we did not observe dif-

ferences in maternal HSV-specific IgG when comparingmale versus female pregnancies and there were no sex-based differences in placental

FcRn/FcgRIIIa expression although the sample size is small. Thus, the underlyingmechanisms for this association require future investigation.

The observation that HSV-specific FcgRIIIa-activating Abs (in the absence of SARS-CoV-2 coinfection) are transmitted inefficiently

(TR < 1.0) contrasts with findings showing selective transfer of FcgRIIIa-activating Abs targeting pertussis, influenza, and respiratory syncytial

virus (RSV) antigens (TR > 1.0).15 The differencesmay be linked to differential glycan expression as the anti-gB IgG expressed significantly less

galactosylated glycans whereas the anti-RSV and anti-influenza IgG in the prior study expressed increased levels of galactosylated glycans,

which are associated with FcRn and FcgRIIIa binding.14,15

In summary, the results of this study on placental transfer of HSV-specific IgG have several potential clinical implications. The relative inef-

ficient transfer of ADCC-mediating Abs (in the absence of SARS-CoV-2 coinfection), combined with the prior observation that only low levels

of ADCC-mediating Abs are elicited in response to primary HSV infection,23 may contribute to the increased risk of neonatal disease asso-

ciated with primary maternal infection. If ADCC is important for preventing neonatal herpes dissemination,22 vaccines that elicit high titer

ADCC responses and monoclonal Abs with ADCC-mediating activity including those that target gB33 should be prioritized. The monoclonal

Abs should be engineered to express glycans that promote both FcRn binding and FcgRIII activation to optimize placental transfer. Future

studies should also focus on understanding the mechanisms that promote FcRn and FcgRIII colocalization as potential strategies to promote

antibody transfer.

Limitations of the study

There are several limitations to this study including the absence of any HSV transmission and the recruitment of pre-COVID and SARS-CoV-2+

cohorts during different time periods. However, it would have been difficult to identify SARS-CoV-2-uninfected pregnancies during the first

wave of the pandemic. Another limitation is that the time between maternal blood collection and delivery differed for the pre-COVID term

and the other groups. Almost all the pregnant women recruited earlier in the third trimester delivered at term. However, the multivariable

models as well as lack of any significant association (Spearman correlation) between timing of maternal blood collection and maternal anti-

body titers or TRs strongly suggest that this difference did not impact the results. In addition, we evaluated Abs directed against only two viral

antigens, gB and gD.While these accounted for the majority of nAbs, the anti-gD- and anti-gB-depleted fraction retained substantial ADCC-

mediating activity. Identification of the targets and placental transfer efficiency of these potentially functionally important Abs requires future

study. In addition, the glycan studies were conducted only with maternal samples and not with isolated Fc fragments. Glycans expressed by

Fab and Fc may contribute to antibody function, conformation, affinity for the FcRn, and placental transfer. Future more detailed analyses of

isolated Fc glycans as well as glycans in the cord blood are needed to establish the link between glycans and placental transfer.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

Table 3. Variables associated with transfer ratios of HSV-specific IgG, neutralizing, or FcgRIIIa-activating Abs using linear regression models

Dependent variable HSV-specific IgG Neutralization titer FcgRIIIa activation

Model R2 (p value) 0.50 (0.00001) 0.23 (0.03) 0.47 (0.00001)

b-coefficient GSE p value b-coefficient G

SE

p value b-coefficient G

SE

p value

Neonatal Sex 0.10 G 0.06 0.1 �0.1 G 0.4 0.7 0.11 G 0.2 0.2

Gestational age 0.04 G 0.01 0.0001 0.1 G 0.1 0.03 0.01 G 0.3 0.6

COVID Infection �0.01 G 0.1 0.9 �0.1 G 0.6 0.7 0.7 G 0.3 0.03

Maternal IgG �0.02 G 0.01 0.07 �0.13 G 0.07 0.05 �0.04 G 0.03 0.2

Maternal HSV IgG �0.45 G 0.1 0.0001 �0.9 G 0.07 0.2 �0.41 G 0.3 0.14

Maternal age 0.01 G 0.001 0.3 0.04 G 0.04 0.3 0.01 G 0.01 0.4

Time from sample collection till delivery 0.002 G 0.001 0.3 �0.005 G 0.01 0.7 0.003 G 0.005 0.5

Constant 0.28 G 0.4 0.5 �2.5 G 2.9 0.4 �0.60 G 1.2 0.6

Sex: COVID-19a 0.41 G 0.3 0.02

aMeasure of interaction between neonatal sex and COVID status.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Human IgG HRP Thermofisher A18805; RRID: AB_2535582

Anti-Human IgG1 HRP Thermofisher A55739; RRID: AB_2925764

Anti-Human IgG3 HRP Thermofisher SA5-10204; RRID: AB_2665317

Anti-Human IgG HRP Biorad 172-1033l; RRID: AB_11125145

mouse anti-human placental alkaline phosphatase Abcam ab212383/ALP870

anti-human FcRn Abcam ab193148; RRID: AB-2801386

mouset anti-human CD16 Cell Signaling 88251S

goat anti-mouse IgG2a Invitrogen A-21133; RRID: AB-2535772

goat anti-mouse IgG2b Invitrogen A-21141; RRID: AB-2535778

goat anti-rabbit IgG Invitrogen A-21070; RRID: AB_2535731

Dapi Thermofisher D1360

Bacterial and virus strains

HSV-1(B3x1.1) Montefiore

Chemicals, peptides, and recombinant proteins

HSV-1 gD protein Albert Einstein College of Medicine Protein Core

HSV-1 gB protein Albert Einstein College of Medicine Protein Core

0.1M Glycine Thermofisher 21004

1M Tris-HCl (pH-8) Thermofisher 15568025

PNGaseF N-zyme scientific NZPP010

Background Sniper Biocare Medical BS966

Vector true Vector Laboratories SP8400-15

Vectashield mounting media Vector Laboratories H-1000

Protein A Columns Thermofisher 20356

Protein L Columns Thermofisher 89963

30000 KD molecular weight protein concentrator Thermofisher 88522

PGC Spin Columns Thermofisher 60106407

Iodomethane Sigma 289566

Anhydrous dimethylsulfoxide Sigma 276855

Spin Columns Harvard Apparatus 744401

Hydroxide beads Sigma 367176

DHB Matrix Sigma 63543

Critical commercial assays

IgG (Total) Human ELISA Kit Invitrogen BMS2091

IgG1 Human ELISA kit Invitrogen BMS2092

IgG3 Human ELISA kit Invitrogen BMS2094

SARS-CoV-2 IgM Millipore Sigma HC19SERM1-85K

SARS-CoV-2 IgA Millipore Sigma HC19SERA1-85K

SARS-CoV-2 IgG Millipore Sigma HC19SERG1-85K

ADCC FcgRIIIa (human) Reporter Bioassay Promega G7015

FcgRI-activating (human) Reporter Bioassay Promega GA1341

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Subsequent inquiries and requests for materials and chemicals should be sent to and will be fulfilled by the lead contact, Betsy Herold, M.D.

(betsy.herold@einsteinmed.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

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

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Pregnant women receiving care at MontefioreMedical Center, Bronx, NY were recruited for participation and providedwritten informed con-

sent; the study was approved by the Albert Einstein College ofMedicine Institutional Review Board (IRB # 086757). The pre-COVID enrollment

was conducted between October 2018 and December 2019 and the SARS-CoV-2 maternally-coinfected dyads were recruited between April

and December 2020. SARS-CoV-2 testing of nasopharyngeal secretions was conducted by the Clinical Microbiology Lab. Pregnant women

were excluded for HIV infection and anemia (Hgb < 10 g/dL). Blood was collected from mothers during a routine clinical blood draw either

during the third trimester or at presentation in labor; cord blood was collected at delivery. Plasma was isolated from cells within 24 hours of

sample collection, divided into aliquots, and stored at -80�C. Maternal blood was tested for HSV-1 and HSV-2 IgG by HerpeSelect 1 and 2

Immunoblot IgG (cat # IB0900G, Focus Diagnostics, Cypress, CA) and participants were excluded from further study if they were both

HSV-1 and HSV-2 seronegative. Clinical data extracted from the medical record included age, demographics including race and ethnicity,

mode of delivery, diagnosis of preeclampsia or chorioamnionitis and, for SARS-CoV-2+ participants, disease severity as classified by the

World Health Organization guidelines.46 Patient demographics information is included in Table 1.

METHOD DETAILS

IgG responses

Total IgG, IgG1 and IgG3 were quantified using a commercial ELISA kits (IgG (Total) Human ELISA kit (cat #: BMS2091, Invitrogen, Carlsbad,

CA), IgG1 Human ELISA kit (cat #: BMS2092, Invitrogen) and IgG3 Human ELISA kit (cat #: BMS2094, Invitrogen). HSV-specific IgG, IgG1, IgG3

were quantified by ELISA using specific-secondary antibodies. ELISAplates were coated overnight withHSV-1(B3x1.1) infected Vero cell lysate

at amultiplicity of infection of 0.1 plaque-forming unit per cell or uninfected Vero cell lysates.39Wells were then blockedwith 5% bovine serum

albumin and then incubated with serial plasma dilutions of the samples overnight in duplicate wells. Bound human IgG, IgG1 and IgG3 was

quantified using specific horseradish peroxidase (HRP)- conjugated secondary antibodies (Thermofisher). The dilution that yielded a 50%

reduction in maximal optical densitometry units (odu) after subtracting odu obtained for uninfected Vero cell lysates as illustrated in Figure S3

was determined for the study population and results reported as odu at that dilution (1:12,500 for anti-HSV IgG, 1:2500 for IgG1 and IgG3). To

detect gD and gB specific antibodies, plates were coated with 10 mg of recombinant gD-1 or gB-1 protein29 and then incubated with serial

dilutions of plasma and secondary antibodies as for infected cell lysates.31 Transfer ratios (TR) were calculated as the ratio of cord to maternal

odu at the indicated dilution. SARS-CoV-2 IgM, IgA and IgG against spike proteins were determined using a Luminex bead assay (cat #:

HC19SERG1-85K for IgG, HC19SERM1-85K for IgM and HC19SERA1-85K for IgA, Millipore Sigma, Burlington, MA).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

FcgRIIa-activating (human) Reporter Bioassay Promega G9901

Lumit FcRn Binding Immunoassay Promega W1151

Experimental models: Cell lines

Vero Albert Einstein College of Medicine

Software and algorithms

GraphPad Prism Version 9.1.2 GraphPad Software

STATA Software Version 15.1 STATA
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Functional antibody assays

Neutralization of HSV-1(B3x1.1), a clinical isolate, was assessedby plaque reduction assay. Serial 2-fold heat-inactivated plasmadilutions were

incubated with HSV-1(B3x1.1) (75-100 plaque-forming units) for 1 hour before inoculating Vero cells. Plaques were counted after 48 hours, and

the neutralization titer was defined as the plasma dilution that yielded a 50% reduction in viral plaque numbers relative to cells treated with

virus only control (Figure S3).39 C1q binding antibodies were quantified by ELISA. Plates were coated with HSV-1(B3x1.1) infected Vero cell

lysate or uninfected lysate overnight.39 Plates were blocked and then incubated with serial dilutions of heat-inactivated plasma samples fol-

lowed by 2-hour incubation with 1mg/ml of human C1q complement (Complement Technology), and bound C1q was then quantified with

1mg/ml of anti-human C1q-HRP conjugated antibody (Complement Technology). The dilution that yielded a 50% reduction in odu after sub-

tracting the odu for uninfected cell lysate (1:20) was used to report the data. FcgRIIIa activation, a biomarker for ADCC, was assayed using the

ADCC FcgRIIIa (human) Reporter Bioassay (cat #: G7015, Promega, Madison, WI) with 1:5 dilution of plasma. Fold-induction was calculated

relative to luciferase activity in the absence of plasma after subtracting the background for uninfected cells. Similar bioassays were conducted

to measure FcgRI- and FcgRIIa-activating HSV IgG (cat # GA1341 and G9901: Promega, Madison, WI). The relative of affinity of IgG for the

FcRn was measured using the Lumit FcRn Binding Immunoassay (Cat #: W1151, Promega). Human IgG1 labeled with large BiT (Tracer-

LgBiT) was used as the tracer and was incubated with C-terminal biotinylated human FcRn bound to Streptavidin-SmBiT (hFcRn-Biotin-

SA-SmBiT), which yields a maximal luminescence signal (SpectraMax M5, Molecular Devices, CA). Test samples were added (in duplicate)

and the decrease in luminescent signal reflecting competition with the Tracer-LgBit for binding to the FcRn was determined. Results are pre-

sented as 1/relative KD.

Enrichment for anti-gD, gB, IgG1 or IgG3 antibodies

Individual or pooled plasma samples (2 ml/sample) were applied to a Protein L column (cat # 89963, Thermofisher, Waltham, MA) per man-

ufacture’s guidelines, incubated for 1h at room temperature, washed 3 timeswith 2ml of phosphate buffered saline (PBS, pH7.0) and Ig eluted

from the column with 0.1M glycine in 1 ml (pH 2-3) (cat # 21004, Thermofisher). The flow through and eluent were neutralized with 1M Tris-HCl

(pH 8) (cat # 15568025, Thermofisher). The buffer was exchanged with PBS and samples concentrated using a 30,000 KD molecular weight

Protein Concentrator (cat # 88522, Thermo Fisher) and resuspended in 1ml total volume. The Ig-enriched samples were then either incubated

with lectin-gD or lectin-gB agarose column for 1 hour, bound Ig eluted with 0.1M glycine, neutralized to pH 7 with 1M Tris-HCl, buffer

exchanged and concentrated as above. Alternatively, the Protein L eluent was applied to a Protein A column (cat # 20356, Thermofisher),

which binds human IgG1, IgG2 and IgG4 but not IgG3. A subset of samples was sequentially incubated with a gD or gB lectin agarose column

followed by a Protein A column to enrich for IgG1 or IgG3 specific anti-gD and gB. After concentration, the total protein was quantified by

nanodrop and all samples were diluted to a final concentration of 0.5 mg/ml for functional assays.

Western blots

Western blots were prepared with 5 mg of recombinant gD-1 or gB-1 protein produced in HEK293 cells 29or 10 mg HSV-1-infected or unin-

fected Vero cell lysates per lane, proteins separated by SDS-PAGE, transferred to nitrocellulose and immunoblotted with10 mg/ml of enriched

IgG samples in blocking buffer overnight followed by anti-human IgG-HRP (1:500) (cat #: 1721033, BioRad, Hercules, CA). Blots were scanned

using ChemiDoc imaging system equipped with GelDOC2000 software.

Glycan analysis

The IgG enriched for anti-gB and anti-gD antibodies underwent deglycosylation by incubating overnight with PNGaseF (cat #: NS99010,

N-zyme scientific, Doylestown, PA) in PBS at 37�C. The deglycosylated IgG samples were then precipitated using cold ethanol, and the su-

pernatant containing the released native N-glycans was collected and dried using vacuum centrifugation. To desalt the samples, they were

resuspended in 0.1% trifluoroacetic acid and loaded onto graphite spin columns containing porous graphitized carbon (PGC) (cat #:

60106407, Thermofisher). The native N-glycans were washed with 0.1% trifluoroacetic acid and eluted from the graphite spin column using

25% acetonitrile/0.1% trifluoroacetic acid. Subsequently, the elutedN-glycans were dried using vacuum centrifugation. Permethylation of the

native N-glycans was performed by combining the samples with iodomethane (cat #: 289566, Sigma-Aldrich, St. Louis, MO) in anhydrous

dimethyl sulfoxide (cat #: 276855, Sigma-Aldrich). The mixture was then loaded onto spin columns containing sodium hydroxide beads

(cat #: 367176, Sigma-Aldrich). Purification of the resulting permethylated N-glycans was achieved through liquid-liquid extraction using a

1:1 chloroform/methanol mixture. The chloroform layer, which contained the permethylated N-glycans, was collected and dried under nitro-

gen gas. The dried permethylated N-glycans were re-suspended in 50% methanol. A 1 ml sample was mixed with super-DHB matrix (cat #:

63542, Sigma-Aldrich) at a 1:1 ratio and spotted onto an MTP 384 well-polished steel target plate (Bruker Daltonics, Billerica, MA). Analysis

of the samples was performed usingMALDI-TOFwith the Ultraflextrememass spectrometer (Bruker Daltonics). The acquisition software used

was FlexControl 3.4, and the raw data was processed using FlexAnalysis 4.0 software. The resultingmass spectra were converted to peak lists.

To determine the percent composition of each N-glycan, the raw abundance of each N-glycan was divided by the sum of the abundances of

all N-glycans.
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Immunohistochemistry of placental tissue

Paraffin embedded placental tissue sections were obtained from the Pathology Laboratory from a subset of the enrolled SARS-CoV-2 positive

and contemporaneous SARS-CoV-2 PCR negative deliveries (Placental tissue from the pre-COVID cohort was not available). The tissue was

deparafinized in xylene and rehydrated in an alcohol series. Samples were then boiled for in 10mM sodium citrate (pH 6.0) for 30min, blocked

with Background Sniper (cat#: BS966, Biocare Medical, Pacheco, CA) for 15 min. The tissues were then incubated with primary antibodies

(mouse anti-human placental alkaline phosphatase 1:1000 (cat#: ab212383, Abcam, Cambridge, UK); anti-human FcRn 1:100 (cat#:

ab193148, Abcam) and rabbit anti-human CD16 1:100 (cat#: NCL-L-CD16, Leica Biosystems, Wetzlar, Germany) in 5% bovine serum albumin

(BSA) in PBS overnight at 4�C. Slides were washed in 0.1% PBS-Tween and incubated for 2h with the fluorescently-conjugated secondary an-

tibodies (goat anti-mouse IgG2a (cat # A-21133, Abcam); goat anti-mouse IgG2b (cat # A-21141, Abcam); or goat anti-rabbit (cat # A-21070,

Thermofisher). At a dilution of 1:500 in 5% BSA. Finally, slides were treated with Vector true (cat # SP8400-15, Vector Laboratories, Newark,

CA), nuclei stained with DAPI (cat # D1360, Thermofisher) and cover slips applied with Vectashieldmountingmedia (cat # H-1000, Vector Lab-

oratories). Images were acquired with an SP8 Lightning confocal microscope and intensity calculated using Image J software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unpaired t-test, Wilcoxon matched signed rank paired, Mann-Whitney, Chi-square and ANOVA with Tukey’s multiple comparison test or

Kruskal Wallis with Dunn’s multiple comparison were determined using GraphPad Prism, version 9.1.2 software (GraphPad Software Inc.

San Diego, CA). A P-value of 0.05 was considered statistically significant. Linear and multivariable linear regression models were built using

STATA Software, version 15.1 to identify factors associated with transfer of HSV-specific IgG, nAbs or FcgRIIIa activating IgG.
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