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Maternally transferred mAbs protect neonatal mice
from HSV-induced mortality and morbidity
Iara M. Backes1,2, Brook K. Byrd2, Matthew D. Slein1,2, Chaya D. Patel1, Sean A. Taylor1, Callaghan R. Garland1, Scott W. MacDonald3,
Alejandro B. Balazs3, Scott C. Davis2, Margaret E. Ackerman1,2, and David A. Leib1

Neonatal herpes simplex virus (nHSV) infections often result in significant mortality and neurological morbidity despite
antiviral drug therapy. Maternally transferred herpes simplex virus (HSV)-specific antibodies reduce the risk of clinically overt
nHSV, but this observation has not been translationally applied. Using a neonatal mouse model, we tested the hypothesis
that passive transfer of HSV-specific human mAbs can prevent mortality and morbidity associated with nHSV. The mAbs were
expressed in vivo via vectored immunoprophylaxis or recombinantly. Through these maternally derived routes or through
direct administration to pups, diverse mAbs to HSV glycoprotein D protected against neonatal HSV-1 and HSV-2 infection.
Using in vivo bioluminescent imaging, both pre- and post-exposure mAb treatment significantly reduced viral load in mouse
pups. Together these studies support the notion that HSV-specific mAb-based therapies could prevent or improve HSV infection
outcomes in neonates.

Introduction
Among perinatal viral infections, neonatal herpes simplex virus
(nHSV) infection has the highest infant mortality rate (Williams
et al., 2013; Slutsker and Schillinger, 2021). Transmission most
often occurs during birth or via close contact with an infected
individual in the first few days of life (Brown et al., 1997). It is
estimated that there are 14,000 cases of nHSV per year globally
(Looker et al., 2017), and recent studies suggest rising incidence
in the United States (Mahant et al., 2019). nHSV presents clin-
ically in three forms: skin, eye, and mouth; central nervous
system (CNS); and disseminated disease in the visceral organs.
Despite aggressive antiviral treatment with acyclovir, mortality
subsequent to disseminated disease remains high (30%), and
CNS disease is associated with ∼70% neurological morbidity
and 25% mortality (Whitley et al., 1991; Brown et al., 1997; Corey
andWald, 2009). This disease burden highlights the urgent need
to augment clinical interventions in nHSV infections.

Maternal infection and seropositivity can reduce the risk of
nHSV acquisition. The greatest risk (30–50%) is to vaginally
delivered neonates born to seronegative mothers with primary
or first-time genital infection (Brown et al., 1991; Brown et al.,
1997; Corey and Wald, 2009; Whitley et al., 1980; Brown et al.,
1991). In contrast, the risk of infection resulting from reactivated
genital HSV disease is ∼3%. This suggests that maternal sero-
conversion and subsequent placental and/or milk transfer of

antibodies (Abs) protect the neonate from HSV infection
(Whitley et al., 1980; Kohl et al., 1989; Brown et al., 1991, 2003;
Corey and Wald, 2009). Supporting these clinical observations,
maternal seropositivity induced by vaccination, infection, or
passive transfer of polyclonal HSV-specific IgG during preg-
nancy reduced the risk of mortality and/or neurological mor-
bidity in mouse pups (Patel et al., 2019; Patel, 2020).

Several HSV-specific monoclonal antibodies (mAbs) target-
ing envelope glycoproteins prevent ocular (Wang et al., 2017),
genital (Krawczyk et al., 2013; Sanna et al., 1996), and systemic
HSV disease in adult mouse models (Lai et al., 2010; Lai and
Chan, 2013). Given the high susceptibility of neonatal mice to
HSV infection, it is of interest to investigate whether mAbs that
show efficacy in adult mice also prevent disease in neonatal
mice. In agreement with adult mouse studies, protection in
newborn mice depends on epitope specificity, with the protec-
tion afforded by select mAbs or polyclonal antigen-specific Ab
preparations (Kohl et al., 1990). Here, we evaluated a set of four
human IgG1 mAbs that target the viral entry mediator glyco-
protein D (gD; Wang et al., 2017; Lee et al., 2013; Clementi et al.,
2016; Burioni et al., 1994). gD is present on HSV-1 and HSV-2
envelopes as well as the surface of infected cells (Stannard et al.,
1987). Clinical trials of subunit vaccines that included gD in their
preparation did not meet end-point efficacy (Corey et al., 1999;
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Belshe et al., 2012) in part because the vaccinees were unable to
generate substantial Abs to key gD epitopes (Hook et al., 2018).
This significant pitfall could be circumvented by the use of
prescreened mAbs with defined specificity. Indeed, two of the
three mAbs being evaluated in current clinical trials use gD as a
target, prompting us to include mAb E317/UB-621 (NCT02346760,
NCT03595995, NCT04714060, and NCT04979975) and HSV8 in
this study (NCT02579083). To increase the breadth of gD cover-
age, we also included mAbs CH42 and CH43, which have been
recently evaluated in adult mice (Wang et al., 2017). Thus, these
four gD-specific mAbs were evaluated for their potential to pre-
vent HSV mortality and disseminated disease in a neonatal mouse
infection model.

Given the evidence that polyclonal maternal antibodies are
naturally protective against nHSV, we hypothesized that ma-
ternally transferred mAbs could have therapeutic utility. To
address this, damswere given an injection of recombinant mAbs
or adeno-associated virus (AAV)-vectored antibody delivery
(Balazs et al., 2012), a strategy that can protect adult animals
from viral (Balazs et al., 2013; Balazs et al., 2014; Jong et al., 2014)
and parasitic infections (Deal et al., 2014), but which has not
been evaluated for its ability to provide transgenerational pro-
tection in the form of maternally transferred Abs. Together our
work demonstrates that maternal or direct administration of
mAbs can ameliorate or prevent this devastating neonatal dis-
ease, motivating clinical investigation.

Results
mAb UB-621 accumulates at the placental–fetal interface
The mAbs used in this study span the gD ectodomain, with
epitopes close to the herpes virus entry mediator (HVEM)
binding domain, and the Nectin (1 and 2) binding domains (Fig. 1
A). The gD:mAb interfaces between E317/UB-621, CH42, and
CH43 have been resolved in detail through crystallography and
alanine scanning (Wang et al., 2017; Lee et al., 2013), while that
of HSV8 ismore broadly defined from binding experiments with
truncated gD (De Logu et al., 1998; Fig. 2 B). Each of these mAbs
protects from HSV infection in adult mouse models (Table S1),
and two (E317/UB-621 and HSV8) are currently in clinical trials
(E317/UB-621: NCT02346760, NCT03595995, NCT04714060, and
NCT04979975; HSV8: NCT02579083).

While maternal Abs prevent nHSV mortality and morbidity
(Jiang et al., 2017; Patel et al., 2019), their biodistribution in
pregnant dams has not been fully elucidated. To preserve the
complex anatomy of the placental–fetal interface, we pursued
hyperspectral imaging via whole body cryo-macrotome pro-
cessing (Soter et al., 2020), which causes minimal disruption to
these tissues (Fig. 2). We administered fluorescently labeled UB-
621 mAb to pregnant C57BL6 (B6) dams 2 d before sacrifice and
tissue preparation. Two dams (naive and UB-621 infused) were
immediately processed for cryo-imaging after sacrifice, while an
additional dam was further dissected to prepare conceptuses for
cryo-imaging. A robust fluorescent signal of tissues at the
placental–fetal interface was detected in the cryo-imaged dam
infused with fluorescent UB-621 as compared with the control
dam that did not receive mAb (Fig. 2, A and B; and Video 1). To

confirm that this signal originated from tissues at the
maternal–fetal interface, conceptuses were individually har-
vested from the maternal uterus and individually imaged with
different layers of placental–fetal and/or fetal tissues dissected
(Fig. 2 C). These dissection experiments confirmed that mAb
accumulated at the placental–fetal interface and was also de-
tected in fetal and maternal tissues (Fig. S1). When assessing
fetal tissues, greater variability was observed with dissected
tissues, potentially reflecting the different maternal and fetal
layers that were differentially exposed prior to cryopreserva-
tion. Notably, high fluorescence was observed in a harvested
conceptus where the visceral yolk sac, a tissue rich in the ex-
pression of the neonatal Fc receptor (FcRn) necessary for IgG
transfer (Kim et al., 2009), remained intact (Fig. 2 C, middle
image). Overall, this technique allowed us to visualize IgG tra-
versing the circulation of the pregnant dam and entering ma-
ternal and fetal membranes.

HSV mAbs targeting gD protect neonatal mice from HSV-1 and
HSV-2 mortality
Like human neonates, mouse pups are highly susceptible to HSV
infection, succumbing to infection at low viral doses relative to
adult mice (Zawatzky et al., 1982; Kohl and Loo, 1980). There-
fore, we wished to determine if HSV gD-specific mAbs could
protect mouse pups from HSV-1 infection. Pregnant dams were
administered either CH42 or control IgG ∼3–5 d before partu-
rition, and the pups were challenged intranasally with HSV-1 1 d
after birth (Fig. 3 A). The offspring of dams treated with CH42
showed significantly improved survival (P < 0.001) compared
with offspring of control IgG-treated dams.

While prophylactic approaches for nHSV are desirable, we
also sought to model therapeutic approaches to treat extant in-
fections in neonates that may more closely model the clinical
setting. To understand the prophylactic and therapeutic effect of
mAb treatment, we administered E317 or control mAb (both at
∼6.45 mg/kg) 1 d before viral challenge. Given results with
prophylactic maternal CH42 treatment, we administered CH42
or control mAb (both at ∼25 mg/kg) 1 d after viral challenge.
Pups treated with E317 or CH42 exhibited improved survival (P =
0.06 and P < 0.05, respectively) relative to pups that received
control IgG (Fig. 3 B). Notably, when used prophylactically, E317
(∼6.45 mg/kg) protected all mouse pups from lethal infection.

We next assessed the protection afforded by mAbs currently
being evaluated in clinical trials for adult genital HSV disease
(HSV8 and UB-621; Clementi et al., 2016; Politch et al., 2021;
E317/UB-621: NCT02346760, NCT03595995, NCT04714060, and
NCT04979975; HSV8: NCT02579083). HSV8, UB-621, CH42, or
control IgG were administered to pups and then mice were
immediately challenged with HSV-1. Both HSV8 and UB-621
mAbs completely protected pups frommortality following HSV-
1 viral challenge (P < 0.001). In contrast, CH42 afforded partial
protection compared with control IgG-treated pups (P < 0.01;
Fig. 3 C, left panel).

While HSV-1 genital disease predominates in the Americas
and Western Pacific and continues to rise as the etiologic agent
of genital disease in high-income countries, HSV-2 remains a
significant cause of neonatal disease. Therefore, pups were
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treated with HSV8, UB-621, and CH42, as described above, and
challenged with HSV-2 (Fig. 3 C, right panel). Each HSV-specific
mAb tested resulted in significantly improved (UB-621 P < 0.001,
CH42 and HSV8 P < 0.01) survival of pups challenged with
HSV-2 as compared with control IgG-treated pups. Collec-
tively, these data showed that gD-specific mAbs can protect
highly susceptible neonatal mice when administered via dis-
parate routes, at different doses of the antibody, and before
and after viral challenge with either HSV-1 or HSV-2.

mAb CH42 reduces CNS and disseminated viral replication
Disseminated disease results in the highest case fatality rate
among nHSV clinical presentations, and despite aggressive an-
tiviral treatment, has an unacceptably high mortality (30%;
Corey and Wald, 2009). We, therefore, assessed the impact of
mAb therapy in the control of viral dissemination using biolu-
minescent imaging (BLI) to monitor viral replication and spread
in real-time (Fig. 4). Dams or pups received CH42 mAb or con-
trol IgG either before or after the challenge with recombinant
HSV-1 that expresses luciferase (Summers et al., 2001; Luker
et al., 2002). We performed BLI every other day from 2 to 8 d
after infection. As expected (Patel et al., 2019; Jiang et al., 2017),
the virus was detected primarily in the lungs, trigeminal ganglia,
and brain (Fig. 4 and Fig. S2). Among the different treatment and
timing modalities tested, offspring of mAb-treated dams cleared
the infections fastest compared with control IgG (P < 0.001),
with nearly undetectable bioluminescence even at the earliest
time point assessed (Fig. 4, A and D). When antibody and virus

were administered simultaneously, or when the antibody was
administered 1 d following infection, a similar pattern was ap-
parent: bioluminescence diminished more rapidly in CH42-
rather than control IgG-treated pups over time and reached
background levels by day 6 (Fig. 4, B, C, E, and F). While mAb
prophylaxis of the pregnant dam resulted in the best viral sup-
pression, co- and postinfection mAb treatment also conferred
protection, demonstrating the efficacy of mAb therapy
for nHSV.

HSV-specific mAbs delivered via vectored immunoprophylaxis
(VIP) provide transgenerational protection from nHSV
mortality
Having shown that administration of mAbs to dams protects
their pups from nHSV mortality, we sought to investigate VIP
using AAV-mediated Ab delivery. HSV-specific in vivo AAV-
expressed mAbs (CH42, CH43, and E317) and one control IgG
mAb (IgG1 targeting human immunodeficiency virus envelope
glycoprotein) were used in these studies. Female mice received a
single intramuscular injection of a nonintegrating AAV8 en-
coding a humanmAb (Fig. 5 A). Serumwas obtained over a 4-wk
period to confirm mAb expression (Fig. 5 B). Progeny of AAV-
transduced dams had detectable levels of mAbs in the serum
(Fig. 5 C and Fig. S3 A). Furthermore, mAb was effectively
transferred throughout visceral organs and the nervous system
(Fig. 5 C). Antibody biodistribution was similar to that observed
in neonatal mice that received direct intraperitoneally (i.p.) in-
jectedmAb (Fig. S3 B). The notable exception was that pups born

Figure 1. Epitope map of HSV-specific mAbs that target the viral entry mediator gD. (A) Linear representation of the gD extracellular domain with the
HVEM binding domain (yellow) and Nectin domains (black). UB-621 is a clinical-grade product of the E317 clone. The exact contact residues of HSV8 are not
known, but shown is an approximation based on reactivity against gD residues 235–275. (B) The space-filling structure of truncated gD (gD285; PDB accession
no. 1JMA), with cell receptor binding domains and mAb epitopes denoted by specific colors shown in A, as follows: red = CH42, pink = CH43, blue = E317/UB-
621, purple = HSV8. Residues (P14, A21, Q27, R130, D215, R222) are numbered as points of reference.
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to AAV-transduced dams had higher mAb signal originating
from the stomach, indicative of mAbs present in ingested
breastmilk.

Finally, to assess whether the transferred mAbs were suffi-
cient to protect pups from a lethal viral challenge, progeny of
AAV-transduced dams were challenged with HSV-1 2 d post-
partum and monitored until weaning at 3 wk of age. Despite
variation in the levels of transferred mAb, the progeny of HSV
mAb AAV-transduced dams were completely protected from
mortality, while progeny of control IgG AAV-transduced dams
rapidly succumbed to infection (Fig. 5 D). These findings dem-
onstrate that antibodies produced in vivo in dams via VIP and
subsequently transferred to pups were protective (P < 0.001).
Moreover, although pups from E317 AAV-transduced dams re-
ceived considerably less mAb, they were equally protected from
disease as pups that received 10–50-fold higher levels of mAbs

from their mothers. These differences in expression could be
attributed to variance in RNA stability, translational efficiency,
protein secretion efficiency, and clearance of the circulating
mAb. Transduction of dams resulted in the transfer of huIgG
that was persistent enough to protect mouse pups born in their
third breeding cycle, ∼6 mo after transduction, consistent with
long-term expression achieved previously (Balazs et al., 2012;
Balazs et al., 2013; Deal et al., 2014). Together, these findings
further underscore the promise of diverse mAb delivery strategies
in protection against nHSV-induced morbidity and mortality.

Discussion
A great deal of evidence supports the hypothesis that Abs protect
humans and mice against nHSV (Yeager et al., 1981; Kohl et al.,
1990; Brown et al., 1991, 2003; Kohl, 1991; Evans and Jones, 2002;

Figure 2. Fluorescently labeled mAb accumulates at the placental–fetal interface. To assess maternally administered Ab biodistribution, conjugated Ab
was administered intravenously (IV) on day 15 or 16 of gestation to B6 mice, then 2–3 d later tissues were prepared for whole body imaging using the cryo-
macrotome. (A) Background fluorescence levels in a pregnant dam (n = 1) not injected with conjugated Ab. (B) Accumulation of fluorescently labeled UB-621 Ab
in a pregnant dam (n = 1) 2 d following IV administration. (C) Accumulation of fluorescently labeled Ab following administration to the pregnant dam (n = 1) in a
subset (showing 3 of 6 pups) of harvested conceptuses from the murine uterus, with maternal and fetal layers removed as indicated.
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Jiang et al., 2017; Patel et al., 2019, 2020; Kao et al., 2020).
Several mAbs, some used in this study, ameliorate acute HSV
infection in adult animal models (Wang et al., 2017; Krawczyk
et al., 2013; Sanna et al., 1996; Kohl et al., 1990; Kimberlin, 2007).
Despite this evidence, however, little progress has been made
toward Ab-based therapies to treat nHSV in the clinic, and prior
trials have relied upon acyclovir and its derivatives. Our ex-
periments demonstrated that diverse mAbs targeting gD protect
neonatal mice from lethal viral challenge and reduce virally
derived bioluminescence in the viscera, peripheral nervous
system (PNS), and CNS. Among mAbs tested, HSV8 (Politch
et al., 2021) and UB-621 (Clementi et al., 2016) are currently
being evaluated for prevention and/or reduction of adult
HSV genital disease (clinical trial identifiers NCT02579083,
NCT04714060, and NCT04165122). In light of our results, these
mAbs should be considered for the prevention or amelioration of
HSV in susceptible neonates.

Clinically, early therapeutic intervention is critical in the
setting of nHSV, and delayed acyclovir treatment is associated
with increased in-hospital death and morbidity (Shah et al.,
2011). Likewise, our results underscore the importance of early
intervention in the setting of mAb-based treatment. Among
clinical presentations, disseminated disease has the highest
mortality and CNS disease has the highest morbidity (Whitley
et al., 1991). The use of the intranasal route of infection, which
often results in viral dissemination (Patel et al., 2019; Kao et al.,
2019; Jiang et al., 2017), allowed us to discern if mAbs could
reduce viral load in multiple tissues. Maternal mAb adminis-
tration, either by direct infusion of Ab or through VIP, gave
near-complete protection to pups from nHSV. Maternal mAb
administration results in the transfer of mAbs through the
placenta and breast milk, which in the case of AAV-derived
mAbs was observed over multiple pregnancies. This durability
is consistent with the protection sustained with active maternal

Figure 3. Prophylactic and therapeutic HSV-specificmAbs prevent nHSV-associatedmortality. Abs were delivered intraperitonially to pregnant dams, or
pups. Pups were challenged intranasally 2 d post-partum with indicated viral dose, then observed to DPI 21. (A) Survival of pups following administration of
CH42 (red, dam n = 2, two litters, pup n = 9) or IgG control (ctrl, black, dam n = 2, two litters, pup n = 11) to B6 background pregnant dams 5 d before infection.
(B) Survival of B6 pups following administration of E317 (blue, one litter, n = 6) or IgG control (black, one litter, n = 4) 1 d before infection in solid lines. Survival
of a single litter for which one half received CH42 (red, n = 4) and the other half IgG control (black, n = 4) 1 d postinfection in dashed lines. (C) Survival of pups
following HSV8 (purple, one litter, n = 8), UB-621 (teal, one litter, n = 6), CH42 (red, one litter, n = 6), or IgG control (black, two litters, n = 17) administration
immediately before infection with HSV-1. Survival of pups following HSV8 (purple, two litters, n = 11), UB-621 (teal, one litter, n = 9), CH42 (red, one litter, n =
9), or IgG control (black, two litters, n = 11) administration immediately before infection with HSV-2. Statistical significance was determined by the Log-rank
(Mantel-Cox) test; HSV-specific mAbs are compared to IgG control (ctrl). *, P < 0.05; **, P < 0.01; ***, P < 0.001. DPI, day postinfection.
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vaccination, also achieved over multiple pregnancies (Patel
et al., 2019; Patel et al., 2020). Maternally derived mAbs were
both systemically and mucosally distributed, which may explain
the superior protection relative to direct pup administration.
Furthermore, the progeny of AAV-transduced dams would have
continually transferred mAbs throughout gestation, which not
only lengthens the time to accumulation but also exposes the
fetus to Abs much earlier in their development. It is not com-
pletely understood if this would have significant consequences
in the clearance or biodistribution of transferred Abs when

compared to Ab exposure taking place later in gestation. How-
ever, the resulting in utero accumulation of mAbs, supple-
mented through nursing, could provide an explanation for the
excellent protection afforded by this strategy. These results are
also consistent with the idea that early prophylactic treatment
provides optimum protection.

Different mAbs resulted in variable protection when directly
administered to pups. These differences may be attributed to
distinct mechanisms of action (e.g., neutralization, antibody-
dependent cellular cytotoxicity, or other effector functions),

Figure 4. Administration of CH42 reduces viral dissemination. Pregnant dams or 2-d-old pups received intraperitoneal injections of CH42 or IgG control
(ctrl) antibody before or after intranasal viral challenge with a luciferase-expressing reporter HSV-1 (1 × 105 PFU). Pups were imaged on DPI 2, then imaged until
DPI 8. Representative images follow the same two pups sequentially. (A) Bioluminescence imaging of pups following CH42 (dam n = 2, two litters, pup n = 10)
or IgG control (dam n = 2, two litters, pup n = 12) administration to pregnant dams 5 d before infection. (B) Bioluminescence imaging of pups following i.p. mAb
administration of CH42 (dam n = 1, one litter, pup n = 6) or IgG control (dam n = 1, one litter, pup n = 5) and immediate subsequent viral challenge.
(C) Bioluminescence imaging of pups following i.p. mAb administration of CH42 (dam n = 2, two litters pup n = 4–6) or IgG control (dam n = 2, pup n = 4–6) 1 d
after infection. (D) The quantification of the virally derived bioluminescence in A–C in the top, middle, and bottom panels, respectively. Each dot represents an
animal, the solid line is the median, and the dotted lines are the quartiles. Statistical significance was determined by two-way ANOVA, and Š́ıdák’s method for
multiple comparisons (**, P < 0.01; ***, P < 0.001; ****, P < 0.0001). DPI, days post infection.
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and/or differences in epitope affinity or specificity. More spe-
cifically, consistent with differences in survival between HVEM
and Nectin knockout mice challenged with HSV (Kopp et al.,
2014; Kopp et al., 2013; Kopp et al., 2009), the differing recep-
tor binding domains targeted by these mAbs could explain this
variation. Both E317/UB-621 and HSV8 are robust neutralizers of
HSV-1 and HSV-2 (Burioni et al., 1994; Lai et al., 2010), while
CH42 and CH43 can only protect engineered cells lines that
express HVEM alone (Wang et al., 2017). In vivo, attenuated
infection has been demonstrated in mice that lack Nectin-1, in-
dicating that it is the predominant receptor by which HSV ini-
tiates viral entry in mice. These data suggest that neutralization
and effector activity may afford protection when E317/UB-621
and HSV8 are administered. In contrast, CH42 and CH43 likely
rely predominantly on non-neutralizing functions.

Overall, we conclude that the mAbs tested in this study are
effective and that the mode, dose, and timing of mAb adminis-
tration are key determinants of protection. Prophylactic use of
mAb to the respiratory syncytial virus (RSV) demonstrates the
feasibility of mAb-based interventions in the neonatal and
preterm population, with similar pharmacokinetics as those
seen in adults (Subramanian et al., 1998; Sáez-Llorens et al.,

1998). Recently, the half-life extended engineered mAb, VRC01-
LS, which targets HIV, was administered to newborns and in-
fants. These mAbs were well tolerated with minimal adverse
events, and when compared to unaltered VRC01, the LS-
engineered version was present at significantly higher levels
at 4 and 8 wk after administration (Cunningham et al., 2020;
McFarland et al., 2021). While neonates have a shorter window
of vulnerability to HSV as compared with RSV and HIV, the long
half-life of IgG1, which can be prolonged with mAb engineering
(Zalevsky et al., 2010; Booth et al., 2018), could provide a single-
dose strategy to protect from diseases. These data provide strong
support to the idea that pre- and post-exposure mAb adminis-
tration protects neonates from HSV infection.

Current clinical strategies to prevent nHSV involve the ad-
ministration of antivirals to mothers with a history of genital
herpes or, in cases of primary HSV infection, cesarean section
(Brown et al., 2003; Sheffield et al., 2006). Importantly, our
model uses maternal Ab therapy, which has the potential to
protect both the mother and neonate. Collectively, we show that
mAbs transfer to neonates and distribute to visceral organs and
the nervous system. This observation is consistent with the
distribution of natural maternally derived mouse and human

Figure 5. AAV-derived HSV-specific transferred mAbs protect pups from nHSV mortality. AAVs encoding four different mAb sequences were admin-
istered to femalemice. Progeny were assessed for Ab transfer and protection from viral challenge. (A) Schematic of AAV human IgG expression vector structure
and experimental approach. (B) Detection of in vivo expressed huIgG in the serum of AAV-administered female mice from two different litters, week 0 through
4, CH42 (n = 2), CH43 (n = 2), E317 (n = 3), and IgG ctrl (n = 3). (C) Biodistribution of human IgG in the viscera, brain, trigeminal ganglia, and serum of offspring of
AAV-treated dams, each symbol represents a pup, CH42 (dam n = 2, two litters, pup n = 4), CH43 (dam n = 1, one litter, pup n = 3), E317 (dam n = 3, three litters,
pup n = 6), IgG ctrl (dam n = 3, three litters, pup n = 8), the bars represent geometric mean. Signal is reported as the fold increase in human IgG in treated pups
relative to untreated controls. (D) Survival of progeny of AAV-administered dams challenged with 1 × 104 PFU of HSV-1 2 d post-partum, CH42 (dam n = 2, two
litters, pup n = 14), CH43 (dam n = 2, two litters, pup n = 14), E317 (dam n = 3, three litters, pup n = 18), IgG ctrl (dam n = 3, three litters, pup n = 19). Statistical
significance was determined by the Log-rank (Mantel-Cox) test; HSV-specific mAbs are compared to IgG control (ctrl; ***, P < 0.001). Serum (SRM), stomach
(STM), lung (LNG), liver (LVR), heart (HRT), kidney (KD), spleen (SPL), trigeminal ganglia (TG), brain (BRN).
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Abs (Patel, 2020; Jiang et al., 2017). In agreement with the hy-
pothesis that Abs protect neural tissues from viral spread
(McKendall et al., 1979; Oakes, 1975; Dix et al., 1981), we have
previously shown that active maternal vaccination protected
mice from neurobehavioral pathology (Patel et al., 2019; Patel
et al., 2020). These results represent an exciting opportunity to
pursue maternal mAb-based interventions to prevent congenital
and perinatal disease in at-risk populations. There are >260
clinical trials exploring AAV-based gene delivery (Bulcha et al.,
2021). In its most successful platform, AAV-mediated therapy
has demonstrated clinical efficacy up to 6 yr after a single ad-
ministration (Gaudet et al., 2016). Encouragingly, two clinical
trials to date have explored AAV-based HIV-specific mAb de-
livery (PG9: NCT01937455 and VRC07: NCT03374202) with ex-
cellent safety profiles (Casazza et al., 2022; Priddy et al., 2019).
AAV-expressed VRC07 was detected 3 yr after delivery in half of
the study participants. While anti-drug Abs (ADA) reactive to
the expressed mAbs have been reported (Casazza et al., 2022),
AAV8-derived mAb expression in B6 mice has shown minimal
immunogenicity (Balazs et al., 2012). AAV-based approaches
could allow for continuous maternal mAb transfer throughout
gestation and postpartum through human milk, potentially
protecting both the mother and baby. Hyperimmune globulin
represents an alternative strategy to provide HSV-specific Abs
to the maternal–infant dyad, which may also protect from nHSV
infection. Recently, this approach was employed to attempt to
prevent congenital cytomegalovirus (CMV) infection via ma-
ternal treatment with CMV hyperimmune globulin. Ultimately,
this strategy did not prevent congenital CMV, and treatment
with hyperimmune globulin raised concerns over adverse ob-
stetrical outcomes. These adverse outcomes were not statisti-
cally significant, but they were consistent with previous studies
that also detected slightly higher risk in preterm birth, pre-
eclampsia, and reduced fetal growth (Revello et al., 2014; Hughes
et al., 2021). In contrast, the administration of mAbs during
pregnancy has not been associated with these risks (Pham-Huy
et al., 2021). Therefore, maternal mAb deliverymay prove useful
for other congenital and perinatal infections, especially for
pathogens for which vaccination has failed or has not been
attempted.

Infectious diseases account for approximately one-third of
newborn deaths worldwide. Antenatal and perinatal infections
of bacterial and viral etiology, including but not limited to Group
B Streptococcus (GBS), CMV, and HSV, have devastating con-
sequences. These infections result in significant neonatal death
and life-long disability for the survivors (Whitley et al., 1991;
Corey and Wald, 2009; Franciosi et al., 1973; Stagno et al., 1982;
Stagno et al., 1986). Encouragingly, widespread screening and
antenatal antibiotic use have significantly reduced the incidence
of neonatal GBS, demonstrating that infection in early life can be
circumvented if good therapies exist (Committee on Obstetrics
Practice, 2020). Viral infections such as CMV and HSV remain a
significant danger to neonates. While antiviral treatments have
significant benefits in the reduction of mortality, they are unable
to prevent long-term sequelae of nHSV. In the absence of ad-
ditional interventions, such as vaccines or mAbs, consortiums
and working groups are unlikely to recommend screening,

leaving a gap in identifying affected pregnancies/newborns and
failing to prevent significantmorbidity andmortality evenwhen
diagnosed. Therefore, there is a great need to identify effective
new therapeutic interventions for antenatal and perinatal in-
fections as they have tremendous potential to save lives and
improve long-term quality of life.

Materials and methods
Mouse procedures
C57BL/6 (B6) and B cell insufficient muMT (B6.129S2-
Ighmtm1Cgn/J) mice were purchased from The Jackson Laboratory
(Kitamura et al., 1991). muMT mice were used in a subset of
experiments to attribute protection to administered mAb, but
the results were interchangeable with the B6 mice, which were
therefore used for follow-up experiments. Blood collection was
via cheek bleed from the mandibular vein with a 5-mm lancet
for weanlings and adults or a 25 G needle for 1–2 wk-old pups.
Animals <1 wk of age were euthanized prior to decapitation for
blood collection. Blood samples were allowed to clot by stasis
for ≥15 min and then spun at 2,000 × g for 10 min at 4°C and the
supernatants were collected and stored at −20°C. mAbs were
administered i.p. to pups in 20 μl. mAbs were administered i.p.
to pregnant dams in volumes between 0.350 and 1 ml, to ac-
commodate different mAb concentrations. For imaging studies,
infected pups were injected i.p. with 20 μl of 15 mg/ml
D-luciferin potassium salt (LUCK-100; GOLDBIO) and placed in
an isoflurane chamber and moved into the Xenogen IVIS-200
(Caliper Life Sciences) with a warmed stage and continuous
isoflurane. Pups were typically imaged 2 d postinfection and
serially imaged every other day to monitor bioluminescence.
Bioluminescence was determined by drawing a region of in-
terest (ROI) of the same size per pup using the Living Image
Software (Perkin Elmer). Background bioluminescence was
determined by drawing a ROI on the stage in the absence of
mouse pups. Endpoints for survival studies were defined as
excessive morbidity (hunched, spasms, or paralysis) or >10%
weight loss.

mAbs
CH42 and CH43 plasmids were kindly provided by Dr. Anthony
Moody (Duke University, Durham, NC). When expressed
in vitro, CH42 contained the Fcmutation known as AAA (S298A/
E333A/K334A). This mutation has been shown to enhance
binding to the activating human FcγRIIIa and decrease binding
to activating FcγRIIa and inhibiting FcγRIIb, which overall en-
hances antibody-dependent cellular cytotoxicity (Shields et al.,
2001; Liu et al., 2014). In murine model systems, similar muta-
tions to (S298A/E333A/K334A) have enhanced FcγRIV binding,
resulting in increased antibody-dependent cellular cytotoxicity
(Liu et al., 2014). E317 is the original clone of the clinical drug
product UB-621; its heavy and light chain variable sequences are
derived from published amino acid sequences (Lai et al., 2010)
and synthesized in-house. The heavy and light chain variable
sequences were ordered as “gBlocks” (Integrated DNA Technol-
ogies) and cloned to an IgG1 heavy chain backbone and a κ light
chain backbone. In-house expressed antibodies were made
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through co-transfection of heavy and light chain plasmids in
Expi293 HEK cells (Thermo Fisher Scientific) according to the
manufacturer’s instructions. 7 d after transfection, cultures
were spun at 3,000 × g for 30 min to pellet the cells and the
supernatants were filtered (0.22 μm). IgG was affinity purified
using a custom-packed 5 ml protein A column with a retention
time of 1 min (i.e., 5 ml/min) and eluted with 100 mM glycine,
pH 3, which was immediately neutralized with 1 M Tris buffer,
pH 8. The eluate was then concentrated to 2.5 ml for size ex-
clusion chromatography on a HiPrep Sephacryl S-200 HR col-
umn using an AktaPure FPLC at a flow rate of 1 ml/min of
sterile PBS. Fractions containing monomeric IgG were pooled
and concentrated using spin columns (Amicon UFC903024) to
∼2 mg/ml of protein and either used within a week or aliquoted
and frozen at −80°C for later use. HSV8 mAb was kindly pro-
vided by ZabBio, and UB-621, a clinical grade antibody prepa-
ration with the E317 gene sequence expressed in hamster ovary
cells, was kindly provided by United Biopharma. Control
IgG mAbs were made in-house and target HIV envelope
glycoprotein.

Viral challenge
The WT viral strains used in this study were HSV-1 17syn+

(Brown et al., 1973) and HSV-2 G (kindly provided by Dr. David
Knipe; Ejercito et al., 1968). The bioluminescent luciferase-
expressing recombinant virus HSV-1 17syn+/Dlux was con-
structed as previously described (Luker et al., 2002). Viral stocks
were prepared using Vero cells as previously described
(Manivanh et al., 2017; Rader et al., 1993). Newborn pups were
infected intranasally on day 1 or 2 postpartum with indicated
amounts of HSV in a volume of 5 μl under isoflurane anes-
thesia. Pups were then monitored for survival and imaging. For
survival studies, pups were challenged with 1 × 103 or 1 × 104

plaque-forming units (PFU) of HSV-1 (strain 17) and 3 × 102 PFU
of HSV-2 (strain G) as indicated. Viral challenge doses were se-
lected on the basis of prior investigations in which 50 or 100% of
control litters succumbed to infection (Patel et al., 2019; Jiang
et al., 2017). For imaging studies, pups were challenged with 1 ×
105 PFU of HSV-1 17syn+/Dlux, and this viral dose has been
previously utilized to ascertain viral dissemination to the PNS,
CNS, and viscera when infecting with WT virus and performing
traditional viral plaque assays (Patel et al., 2019; Jiang et al.,
2017). We, therefore, used this viral dose, which did not result
in significant mortality, indicating that this strain is attenuated
relative to the WT strain. Importantly, we observed replication
in the viscera, CNS, and PNS, and continued to use this dose for
our studies.

Whole body cryo-macrotome imaging procedures
Conjugation of mAb UB-621 was as previously described
(Schneider et al., 2017). Briefly, 5 mg of mAb in 100 μl of PBS was
incubated with 10 μl of filter-sterilized 1 M sodium bicarbonate
and 1 μl of 10 mg/ml AF488 NHS-ester (Lumiprobe) for 1 h at
room temperature and protected from light. Buffer exchange
was carried out with Zeba spin columns (Thermo Fisher Scien-
tific). B6 dams were bred for timed pregnancies, and on day 11
of gestation, a chlorophyll-free diet (ICN90460610; MP

Biomedicals) was initiated to reduce autofluorescence. On day 16
of gestation, 5 mg AF488-labeled UB-621 was administered via
tail-vein in a 100 μl volume, and 2 d later animals were sacrificed
and prepared for cryo-imaging byOCT (Tissue-Tek) flooding and
subsequent freezing at −20°C. The hyperspectral imaging whole
body cryo-macrotome instrument has been described previously
(Fitzgerald et al., 2020). Briefly, the system operates by auto-
matically sectioning frozen specimens in a slice-and-image se-
quence, acquiring images of the specimen block after each
section is removed. For this study, we acquired brightfield and
AF488 fluorescence volumes of each animal at a resolution of
150 µm in the sectioning direction and ∼100 µm in the imaging
plane. Hyperspectral fluorescence images were spectrally un-
mixed using known fluorophore and tissue spectral bases to
isolate the AF488 signal in animal tissue. The acquired image
stacks were then combined in an open-source software platform
(Slicer 4.11) to generate high-resolution three-dimensional vol-
umes of the brightfield and fluorophore distribution throughout
whole-body animal models.

AAV production and procedure
AAVs encoding the heavy and light chain sequences of CH42,
CH43, and E317, and control IgG (an IgG1 targeting the HIV en-
velope glycoprotein) mAbs with the same human IgG1 backbone
were produced as previously described (Balazs et al., 2012). A
single 40 μl injection of 1 × 1011 genome copies of AAV was ad-
ministered into the gastrocnemius muscle of B6 mice as previ-
ously described (Balazs et al., 2012). Blood samples were obtained
by cheek bleed to verify antibody expression.

Assessment of mAb expression and biodistribution
A magnetic bead-based assay (Brown et al., 2012) was used to
measure antibody expression and biodistribution. Beads were
conjugated to anti-human antigen-binding fragment (Fab) to
capture mAbs of interest. Briefly, anti-human IgG F(ab’)2 frag-
ment (109-006-097; Jackson Immune Research) was conjugated
to fluorescent microspheres (MagPlex-C Microspheres, Lumi-
nex Corp.) at a ratio of 6.5 μg protein/100 μl microspheres.
Samples were diluted as indicated in mAb expression and bio-
distribution figures and then incubated with microspheres
(500–750 beads/well) overnight at 4°C and washed in PBS with
1% BSA, 0.05% Tween-20, and 0.1% sodium azide. Anti-human
IgG PE (2040-09; Southern Biotech) was incubated at 0.65 μg/ml
for 45 min in PBS-TBN. The microspheres were washed and
resuspended in 90 μl of sheath fluid (Luminex) and read using a
Bio-plex array reader (FlexMap 3D, OR MAGPIX). The median
fluorescence intensity of the PE signal was determined for each
sample at indicated dilutions. For biodistribution assessment,
the signal is reported as the fold increase in PE signal in treated
pups relative to untreated controls.

Statistical analysis
Prism 8 GraphPad software was used for statistical tests unless
otherwise described. For survival studies, HSV-specific mAbs
were compared with isotype controls using the Log-rank
Mantel–Cox test to determine P values. For BLI imaging stud-
ies, groups and time points were compared with each other via
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two-way ANOVA, with Sidak’s test for multiple comparisons to
determine P values.

Study approval
Procedures were performed in accordance with Dartmouth’s
Center for Comparative Medicine and Research policies, and
following approval by the institutional animal care and use
committee.

Online supplemental material
Fig. S1 shows fluorescently labeled mAb signals measured by
whole-body hyperspectral imaging. Fig. S2 shows BLI imaging of
mouse pups and subsequent dissection to ascertain signal that
includes the brain and trigeminal ganglia spread. Fig. S3 shows
the biodistribution of maternally transferred VIP-derived mAbs
and directly administered mAbs in pups. Table S1 summarizes
the mAbs used in this study. Table S2 summarizes the survival
experiments included in this publication. Video 1 shows fluo-
rescently labeled mAb signal in fetal and maternal tissues via
whole body hyperspectral imaging of a näıve and fluorescent-
agent administered dam.
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Supplemental material

Figure S1. Fluorescently labeled mAb signals in fetal and maternal tissues measured by whole-body hyperspectral imaging. To assess maternally
administered Ab biodistribution, conjugated Ab was administered IV on day 15 or 16 of gestation, then 2–3 d later tissues were prepared for imaging with the
whole body cryo-macrotome, mAb admin (dam n = 1, pup n = 4), mAb admin. + dissection (dam n = 1, pup n = 6). Control background fluorescence was
determined in a pregnant dam not injected with conjugated Ab (dam n = 1, pup n = 4). Each dot represents the average intensity value of all voxels for a single
animal, bar represents the full cohort’s geometric mean fluorescence intensity value, and the error is reported as geometric standard deviation (n = 4–6 per
cohort).
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Figure S2. Rostral bioluminescence derives from the brain and trigeminal ganglia. Pups (n = 3) were challenged with 1 × 105 PFU of luciferase-expressing
HSV-1, then imaged following i.p. administration of 20 ul of luciferin (15 mg/ml). (A) Bioluminescence of pup imaged, and immediately sacrificed and dissected
on DPI 2. (B and C) Bioluminescence of pups imaged, and immediately sacrificed and dissected on DPI 4. DPI, days postinfection.

Figure S3. Distribution ofmaternally transferred VIP-derivedmAbs and directly administeredmAbs in pups.Magnetic bead-based assays were used to
detect hIgG transfer and biodistribution. (A) Detection of in vivo expressed huIgG in the serum (diluted 1–300) of 2-d-old progeny of AAV-administered dams,
each column represents an individual AAV-transduced dam, and each symbol within the column a mouse pup, the line represents the median value. CH42 (dam
n = 1, pup n = 4); Ctrl IgG (dam n = 3, pup n = 9); CH43 (dam n = 2, pup n = 6); E317 (dam n = 2, pup n = 6). (B) Biodistribution of huIgG of pups 48 h after
intraperitoneal administration of mAbs UB-621 (pup n = 2), CH42 (pup n = 2), HSV8 (pup n = 2). Each symbol represents a mouse pup. Signal is reported as the
fold increase in huIgG in treated pups relative to untreated controls. Serum (SRM), stomach (STM), lung (LNG), liver (LVR), heart (HRT), kidney (KDY), spleen
(SPL), trigeminal ganglia (TG), brain (BRN).
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Video 1. Fluorescently labeled mAb signal in fetal and maternal tissues via whole body hyperspectral imaging. Experimental set up as described in Fig.
S1. Left video shows a näıve control dam that did not receive fluorescent mAb, right video shows dam administered AF488-conjugated UB-621. Playback speed
is 10 frames/s. Please note that this is not live imaging so the playback speed is not related to time during a longitudinally assessed process.

Provided online are Table S1 and Table S2. Table S1 provides a summary of the mAbs used in this study. Table S2 provides a
summary of survival experiments performed in this study.
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