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The role of maternal immune responses in tolerance induction is poorly understood. To study whether maternal allergen sen-
sitization affects offspring susceptibility to food allergy, we epicutaneously sensitized female mice with ovalbumin (OVA)
followed by epicutaneous sensitization and oral challenge of their offspring with OVA. Maternal OVA sensitization prevented
food anaphylaxis, OVA-specific IgE production, and intestinal mast cell expansion in offspring. This protection was mediated
by neonatal crystallizable fragment receptor (FcRn)-dependent transfer of maternal IgG and OVA immune complexes (IgG-IC)
via breast milk and induction of allergen-specific regulatory T (T reg) cells in offspring. Breastfeeding by OVA-sensitized moth-
ers or maternal supplementation with 1gG-IC was sufficient to induce neonatal tolerance. FcRn-dependent antigen presenta-
tion by CD11c* dendritic cells (DCs) in offspring was required for oral tolerance. Human breast milk containing OVA-IgG-IC
induced tolerance in humanized FcRn mice. Collectively, we demonstrate that interactions of maternal IgG-IC and offspring
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FcRn are critical for induction of T reg cell responses and control of food-specific tolerance in neonates.

INTRODUCTION
Food allergy is a growing public health concern as it affects
5-8% of the U.S. population, has no effective cure, and can
be associated with life-threatening anaphylaxis (Sicherer and
Sampson, 2014). The disease is associated with CD4™ T cells
that secrete Th2 cytokines, and allergen-specific IgE anti-
bodies that activate mast cells (Metcalfe et al., 2009). Allergic
reactions to foods often occur on the first known ingestion
(Sicherer et al., 1998), suggesting that exposure of offspring
to food allergens may occur in utero and/or through breast
milk. However, how maternal factors influence food allergy
in offspring remains largely unknown. For example, effects of’
maternal allergen exposure on development of allergies in off-
spring have been controversial. Past studies have identified an
increased risk (Sicherer et al., 2010) or no association (Lack et
al., 2003) of maternal peanut consumption with peanut sen-
sitization in offspring. In contrast, maternal exposure and/or
sensitization to food allergens could be beneficial for protec-
tion of offspring from allergic diseases in humans and in mice
(Fusaro et al., 2007; Lopez-Expésito et al., 2009; Mosconi et
al., 2010; Verhasselt, 2010b; Bunyavanich et al., 2014; Frazier
etal.,2014). Nevertheless, whether active tolerance is induced
in offspring has not been reported in these studies.

Forkhead box protein 3 (Foxp3)" regulatory T (T reg)
cells regulate Th2 responses and food allergy in humans and
in mice (Chatila, 2005; van Wijk et al., 2007; Littman and
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Rudensky, 2010; Ohkura et al., 2013; Noval Rivas et al.,
2015). However, whether maternal factors modulate T reg
cell-mediated tolerance in offspring remains elusive. Both
naturally occurring thymic-derived T reg cells and inducible
T reg cells derived from conventional CD4" T cells in the
presence of TGF-p and specialized dendritic cells (DCs) such
as CD11c¢"CD103" DCs suppress Th2 responses (Chatila,
2005; van Wijk et al., 2007; Curotto de Lafaille et al., 2008;
Gri et al., 2008; Akdis and Akdis, 2011). Successful immuno-
therapy 1s associated with increased T reg cells (Karlsson et
al., 2004; Shreffler et al., 2009; Akdis and Akdis, 2011; Mou-
sallem and Burks, 2012) and allergen-specific IgG antibodies
(Scadding et al., 2010; Syed et al., 2014). Although protective
effects of allergen-specific IgG through competition with IgE
(Schroeder and Cavacini, 2010) and binding to inhibitory Fc
receptor FcyRIIB (Jarrett and Hall, 1979; Fusaro et al., 2002;
Uthoft et al., 2003; Till et al., 2004; Wachholz and Durham,
2004; Mosconi et al., 2010; Verhasselt, 2010a; Burton et al.,
2014a) in food allergy have been proposed, the role of IgG in
protective immune regulation requires further studies.
Neonatal crystallizable fragment receptor (FcRn) is ex-
pressed in intestinal epithelial cells until weaning in mice, and
throughout life in humans (Simister and Mostov, 1989; Dick-
inson et al., 1999). FcRn mediates the transfer of maternal
IgG to rodent offspring in early life, and thus plays a key role
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in neonatal passive immunity (Brambell, 1969; Simister and
Mostov, 1989; Leach et al., 1996; Simister et al., 1996). Recent
studies identified a much broader function of FcRn beyond
the neonatal period in humans and mice, including protec-
tion of IgG and albumin from catabolism (Chaudhury et al.,
2003; Roopenian et al., 2003; Pyzik et al.,2015), bidirectional
transport of IgG (but not IgA or IgM) between the lumen and
lamina propria (LP; Antohe et al., 2001; Claypool et al., 2002;
Spiekermann et al., 2002; Akilesh et al., 2008; Dickinson et al.,
2008; Bai et al., 2011; Li et al., 2011), and retrieval of antigen
as IgG and antigen immune complexes (IgG-IC) from lumen
to APCs such as DCs and macrophages in LP (Yoshida et al.,
2004, 2000). It has been proposed that after internalization
of IgG-IC into APCs by Fcy receptors (FcyRs) on the cell
surface, FcRn binds to IgG-IC in acidic endosomes and con-
trols routing of IgG-IC to late endosomes, where antigen is
processed into peptide compatible with loading onto MHC
molecules, facilitating antigen presentation to T cells (Yoshida
et al., 2004, 2006; Qiao et al., 2008; Baker et al., 2011, 2013,
2014; Liu et al., 2011; Pyzik et al., 2015). Fc-fusion proteins
that bind to FcRn induce T reg cells and have been devel-
oped as therapeutic reagents (Lei and Scott, 2005; De Groot
et al., 2008; De Groot and Martin, 2009; Scott and De Groot,
2010; Rath et al., 2015). However, the role of FcRn in pro-
moting allergen-specific T reg cell response in early life is
currently underinvestigated.

Food allergy often coexists with atopic dermatitis (AD;
Eigenmann et al., 1998; Sicherer and Sampson, 1999; Hill et
al., 2007). AD is often the initial step in the so-called atopic
march, suggesting AD as a causal risk factor for subsequent
food allergy. Epidemiological data have shown that peanut
oil contaminants in baby lotions predispose to peanut allergy
(Lack et al., 2003) and that loss of function mutations in
the Filaggrin gene that encodes the epithelial barrier pro-
tein Filaggrin associated with AD also increase risk for food
allergy (Brown et al., 2011; Brough et al., 2014), implying
that increased allergen penetration through the damaged skin
barrier causes systemic allergen sensitization that may lead to
food allergy. Given the potential role of allergen sensitization
through the skin, we have previously established that epicuta-
neous allergen sensitization of mice through tape-stripped skin
over 7 wk results in food anaphylaxis (Bartnikas et al., 2013),
providing experimental support for this epidemiological hy-
pothesis linking skin allergen sensitization and food allergy.

Little is known about the role of maternally transferred
allergen and allergen-specific IgG in the development of al-
lergic diseases in offspring. To study the effects of maternal
allergen-specific immune responses on the susceptibility of
offspring to food allergy, we have further refined the epicuta-
neous sensitization model to develop an adjuvant-free, short
(9-d) protocol that retains key features of the previous model.
We hypothesized that maternal allergen sensitization induces
allergen-specific tolerance in offspring and protects against
food allergy. Female mice were epicutaneously sensitized
with allergen followed by epicutaneous sensitization and oral
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challenge of their offspring with the same allergen. We have
demonstrated that maternal sensitization with allergen pro-
tected their offspring from the development of food-allergic
responses to the same allergen. This protection was mediated
by allergen-specific T reg cells in offspring. The interactions
of maternal IgG-IC in breast milk and offspring FcRn are es-
sential for the development of allergen-specific T reg cells. We
demonstrate that human breast milk containing OVA-IgG-IC
induced oral tolerance in humanized FcRn mice, substanti-
ating the importance of the IgG-IC-FcRn axis in neonatal
tolerance induction. Collectively, these data suggest that the
IgG-IC-FcRn axis may provide a therapeutic target to in-
duce tolerance in early life to prevent food allergy in children.

RESULTS

Maternal allergen sensitization protects

offspring against food allergy

To assess whether maternal allergen-specific immune re-
sponses influence food allergic responses in offspring, we
epicutaneously sensitized 6-8-wk-old BALB/c WT female
mice with OVA or saline over 9 d before mating, and once
weekly during pregnancy and breastfeeding. 6—8-wk-old off-
spring were epicutaneously sensitized with OVA or saline fol-
lowed by oral OVA challenge by gavage at day 9 (Fig. 1 A).
Epicutaneous sensitization with OVA of offspring from sa-
line-exposed (unsensitized) mothers resulted in development
of food-allergic reactions as indicated by an increase in serum
OVA-specific IgE production. After oral OVA challenge,
mice exhibited serum levels of IL-4, systemic anaphylaxis in-
dicated by a drop in core body temperature, serum levels of
mouse mast cell protease-1 (nMCP1), frequencies and num-
bers of jejunal mast cells, and 1113 mRNA expression in the
jejunum (Fig. 1, B-I). Saline-exposed oftspring from unsen-
sitized mothers showed no detectable changes in these pa-
rameters after oral OVA challenge (Fig. 1, B-I). These results
are consistent with our previous findings in mice epicutane-
ously sensitized over 7 wk (Bartnikas et al., 2013). In contrast
to OVA-sensitized offspring of unsensitized mothers, these
parameters of food-allergic responses were significantly de-
creased in OVA-sensitized offspring of OVA-sensitized moth-
ers (Fig. 1, B-I). To test whether the protection of offspring
from food allergy elicited by maternal allergen sensitization is
applicable to a clinically relevant food allergen, mothers were
sensitized with 0.45 mg commercial peanut butter (100 pg
protein) followed by epicutaneous sensitization (0.45 mg) and
oral challenge (225 mg) of their offspring with peanut but-
ter. Offspring of unsensitized mothers exhibited food-allergic
responses, including development of peanut-specific IgE,
systemic anaphylaxis, serum mMCP1, and jejunal mast cell
expansion. In contrast, these food-allergic responses were sig-
nificantly impaired in offspring of peanut-sensitized moth-
ers (Fig. S1). Collectively, these results suggest that maternal
allergen sensitization results in protection of offspring from
development of food-allergic response to epicutaneous sensi-
tization and oral challenge with the same allergens.
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Figure 1. Maternal allergen sensitization protects offspring against food allergy. (A) Experimental protocol. (B) Serum OVA-IgE levels. (C) Serum IL-4
levels. (D) Core body temperature change 30 min after challenge. (E) Serum mMCP1 levels after challenge. (F) Representative flow cytometric analysis of
jejunal mast cells (c-kit*IgE*lineage~CD45%) from two independent experiments. Numbers indicate percentages. (G-1) Mast cell frequencies (G), numbers (H),
and /173 mRNA (1) in the jejunum. //73 mRNA levels are expressed as fold induction relative to jejunum of saline (SAL)-exposed offspring of saline-exposed
mothers. Groups of animals were compared using nonparametric one-way ANOVA. Data are mean + SEM of two independent experiments (B-E and G-I).
* P<0.05;™ P<0.01; ™, P<0.001; ™ P < 0.0001; ns, not significant.
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Maternal allergen sensitization induces allergen-specific

T reg cells in offspring

We next examined whether T reg cell responses are involved
in the protection of offspring against food allergy after mater-
nal allergen sensitization. Three-week-old weaned BALB/c
WT offspring of OVA-sensitized mothers exhibited an in-
crease in the frequencies and numbers of CD4 Foxp3" T reg
cells in mesenteric lymph nodes (MLN) as compared with
weaned offspring of unsensitized mothers (Fig. 2,A—C).To test
whether these T reg cells are allergen-specific, oftspring MLIN
cells were labeled with proliferation dye, stimulated in vitro
with OVA or peanut extract as an irrelevant allergen, and then
examined for expansion and proliferation as assessed by fre-
quencies of CD4 Foxp3™ cells and dye dilution, respectively.
In response to OVA stimulation, MLN cells from offspring of
OVA-sensitized mothers exhibited higher levels of expansion
(Fig. 2 D) and proliferation (Fig. 2, E and F) of CD4 " Foxp3"
T reg cells as compared with MLN cells from offspring of
unsensitized mothers. In contrast, MLN cells from offspring
of OVA-sensitized mothers did not show expansion or prolif-
eration of CD4 Foxp3" T reg cells in response to stimulation
with peanut extract (Fig. 2, D—F). There was no significant
increase in expansion or proliferation of CD4 Foxp3® T reg
cells in MLN cells from offspring of unsensitized mothers in
response to stimulation with OVA or peanut extract (Fig. 2,
D-F). These results suggest that CD4 Foxp3™ T reg cells in
MLN of offspring from OVA-sensitized mothers expanded
and proliferated specifically to OVA. We next tested the ca-
pacity of T reg cells from offspring of OVA-sensitized versus
offspring of unsensitized mothers to suppress OVA-specific
T cell proliferation in vitro. CD4"CD25" T reg cells iso-
lated by magnetic beads from MLN of weaned BALB/c
WT offspring were cocultured with CD4"CD25"DO11.10"
responder T cells labeled with proliferation dye in the pres-
ence of OVAjy;33 peptide and irradiated WT splenocytes.
Proliferation of DO11.10" T cells assessed by dye dilution
was significantly less in the presence of T reg cells from off-
spring of OVA-sensitized mothers as compared with T reg
cells from offspring of unsensitized mothers (Fig. 2, G and
H), indicating that OVA-specific T reg cells from offspring
of OVA-sensitized mothers are capable of suppressing the
OVA-specific T cell response in vitro. After epicutaneous
sensitization with OVA of offspring, greater expansion of
OVA-specific CD4"Foxp3™ T reg cells was observed in MLN
of offspring from OVA-sensitized mothers as compared with
those in similarly sensitized offspring of unsensitized mothers
(Fig. 2 I). These results indicate that maternal allergen sensi-
tization elicits T reg cell responses in offspring that are spe-
cific to the same allergen.

Allergen-specific T reg cells in offspring are required for
protection against food allergy

To examine the possibility that allergen-specific T reg cells
in weaned offspring reduce disease susceptibility, we tested
whether inducible depletion of T reg cells in offspring of
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OVA-sensitized mothers abolished the protection from food
allergy. We used a genetic approach in which lineage-specific
expression of the diphtheria toxin (DT) receptor (DTR) gene
in BALB/c Foxp3 “"PT™* mice allows selective Foxp3* T
reg cell depletion by DT treatment (Haribhai et al., 2011).
4—6-wk-old Foxp3"“™/PTR* offspring of OVA-sensitized
Foxp3" ™ PTR* mothers were treated with a single i.p. in-
jection of 50 pg/kg DT to eliminate T reg cells in offspring,
including OVA-specific T reg cells. Control Foxp3"““f/PTR*
littermates were injected with PBS. After DT treatment,
offspring were rested for 2 wk before OVA sensitization
for the recovery of Foxp3®“™ cells (Haribhai et al., 2011)
to avoid global T reg cell deficiency (Fig. 3 A). In response
to epicutaneous sensitization and oral challenge with OVA,
DT-treated Foxp3"“™PTR* offspring of OVA-sensitized
mothers exhibited an increase in disease susceptibility, as in-
dicated by higher levels of OVA-IgE, systemic anaphylaxis,
serum mMCP1, and jejunal mast cell expansion as compared
with PBS-treated Foxp3 ™ TR* littermates (Fig. 3, B-F).
These results support the key role of allergen-specific T reg
cells induced by maternal allergen sensitization in induction
of tolerance in offspring.

Maternal lgG-allergen immune complexes, but not free

allergen, are transferred to weaned offspring via breast milk
Maternal allergen and Igs are transferred to offspring and
shape neonatal immune responses (Renz et al., 2011). Given
the development of allergen-specific T reg cells in weaned
offspring of allergen-sensitized mothers before direct expo-
sure of offspring to allergen, we hypothesized that allergens
are transferred from mothers to offspring before weaning and
induce allergen-specific T reg cells. BALB/c¢ WT female mice
epicutaneously sensitized over 9 d with OVA, but not saline,
showed an increase in serum OVA-specific IgG1, OVA-IgG2a,
and OVA-IgE (Fig. 4 A), as previously reported (Nakajima et
al., 2012;Venturelli et al., 2016). Similarly, OVA-Igs were de-
tectable in breast milk and offspring sera of OVA-sensitized
mothers, but not of unsensitized mothers (Fig. 4, B and C).
Unexpectedly, levels of free OVA in breast milk or offspring
sera of OVA-sensitized mothers were undetectable or close
to the lower detection limit (Fig. 4, B and C). These results
led us to test whether allergen is transferred from moth-
ers to offspring as IgG-IC consisting of allergen and aller-
gen-specific Igs. Indeed, OVA-IgG1-IC and OVA-IgG2a-IC,
but not OVA-IgE-IC, were detectable in breast milk from
OVA-sensitized mothers but not in breast milk from unsensi-
tized mothers (Fig. 4 D and not depicted). Levels of TGF-f1
were also higher in breast milk from OVA-sensitized moth-
ers than in breast milk from unsensitized mothers (Fig. 4 D).
Consistently, offspring sera of OVA-sensitized mothers, but
not of unsensitized mothers, exhibited OVA-IgG1-IC and
OVA-IgG2a-IC (Fig. 4 E). OVA-IgA was virtually absent in
sera and breast milk from OVA-sensitized mothers, and sera
of offspring from OVA-sensitized mothers (not depicted).
These results suggest that allergens are transferred from aller-
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gen-sensitized mothers as I[gG-IC rather than as free allergen
to offspring via breast milk.

Breastfeeding by allergen-sensitized mothers protects
offspring from food allergy

Our data show that the protection of offspring by maternal
allergen sensitization is associated with the maternal IgG-IC
transfer via breast milk and the induction of allergen-specific
T reg cells in offspring. We hypothesized that maternal
IgG-IC transferred through breast milk as allergen is a key
factor in allergen-specific T reg cell induction in oftspring. To
this purpose, BALB/c WT mothers exposed to saline (unsen-
sitized) or sensitized with OVA were coordinately mated, and
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a part of offspring from unsensitized mothers were fostered
immediately after birth and nursed by OVA-sensitized moth-
ers until weaning. The remaining offspring from unsensitized
mothers were kept and nursed by unsensitized mothers. Off-
spring of OVA-sensitized mothers were kept in the same cage
and nursed together with fostered offspring of unsensitized
mothers (Fig. 5 A). Breastfeeding by OVA-sensitized mothers
increased levels of serum OVA-IgG1-1C and OVA-IgG2a-1C
as well as OVA-specific T reg cells in MLN of fostered oft-
spring at weaning similar to offspring of OVA-sensitized
mothers and higher than their littermates nursed by unsen-
sitized mothers (Fig. 5, B and C). In response to epicuta-
neous sensitization and oral challenge with OVA, fostered

Maternal immune complexes form neonatal tolerance | Ohsaki et al.
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offspring and offspring of OVA-sensitized mothers were
similarly protected from food-allergic responses, as levels of
serum OVA-IgE, systemic anaphylaxis, serum mMCP1, and
jejunal mast cell expansion were strongly impaired as com-
pared with OVA-sensitized offspring of unsensitized moth-
ers (Fig. 5, D-H).These results indicate that breastfeeding by
allergen-sensitized mothers promotes allergen-specific T reg
cells and protection from food allergy in offspring. As mater-
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nal Igs are also transferred through the placenta (Renz et al.,
2011), we have tested whether in utero—transferred IgG-IC
also participates in driving tolerance in offspring. To this pur-
pose, a part of offspring of OVA-sensitized mothers were
fostered immediately after birth and nursed by unsensitized
mothers (Fig. S2 A). Levels of maternal IgG-IC in fostered
offspring of OVA-sensitized mothers were higher than those
in offspring of unsensitized mothers and lower than in their
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littermates nursed by OVA-sensitized mothers (Fig. S2 B), in-
dicating transfer of maternal IgG-IC both in utero and via
breast milk. This was associated with a trend toward expan-
sion of OVA-specific T reg cells in MLN of weaned fostered
offspring that were significantly lower than their littermates
nursed by OVA-sensitized mothers (Fig. S2 C). After epicu-
taneous sensitization and oral challenge with OVA, fostered
offspring of OVA-sensitized mice showed a decrease in serum
OVA-IgE levels and a trend toward lower systemic anaphy-
laxis, serum mMCP1, and jejunal mast cell expansion as com-
pared with OVA-sensitized offspring of unsensitized mothers
(Fig. S2,D—-H), although these difterences did not reach statis-
tical significance. These results suggest that maternal IgG-1C
transferred in utero to offspring may contribute to neonatal
tolerance and that IgG-IC transferred during breastfeeding is
necessary for optimal induction of tolerance in offspring of
OVA-sensitized mothers.

IgG-IC supplementation to mothers protects

offspring from food allergy

We next sought to directly test the role of IgG-IC in in-
duction of neonatal tolerance by supplementing naive
mothers with IgG-IC. We chose OVA-IgG1-IC based on
the higher concentrations of maternal OVA-IgG1-IC rel-
ative to OVA-IgG2a-IC in breast milk and offspring sera
from OVA-sensitized mothers (Fig. 4, D and E). In vitro—
formed OVA-IgG1-IC consisting mouse monoclonal anti-
OVA-IgG1 antibodies and OVA (Baker et al., 2013) was
given 1.p. to naive BALB/c WT female mice once weekly for
6 wk during pregnancy and breastfeeding (Fig. 6 A). Con-
trol BALB/c WT female mice were left untreated. Mater-
nal IC supplementation resulted in an increase in levels of
serum OVA-IgG1-1C and OVA-specific T reg cells in MLN
of offspring at weaning (Fig. 6, B and C). These were as-
sociated with protection of offspring from food-allergic re-
sponses after epicutaneous sensitization and oral challenge
with OVA, as indicated by a decrease in levels of serum
OVA-IgE, systemic anaphylaxis, serum mMCP1, and jeju-
nal mast cell expansion (Fig. 6, D-H). As expected, offspring
of untreated mothers failed to show an increase in mater-
nal OVA-IgG1-IC, OVA-specific T reg cells, or protection
from food-allergic responses (Fig. 6, B-H). To further dissect
the role of maternal IC during breastfeeding in induction of
tolerance in offspring, mothers were supplemented i.p. with
OVA-IgG1-IC once weekly for 3 wk only during breast-
feeding (Fig. 6 I). Offspring of mothers supplemented with
OVA-IgG1-IC during breastfeeding, but not offspring from
untreated mothers, exhibited an increase in levels of serum
OVA-IgG1-IC, OVA-specific T reg cells in MLN at weaning,
and protection from food-allergic responses after epicutane-
ous sensitization and oral challenge with OVA (Fig. 6, J-P).
To test whether IgG-IC mediates neonatal tolerance directly
versus through the induction of allergen-specific T reg cells,
we examined food-allergic responses in offspring after ma-
ternal IgG and IgG-IC had been cleared from circulation.
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Maternal OVA-Igs or OVA-IgG-ICs were undetectable in
15-wk-old BALB/c WT offspring (not depicted). 15-wk-old
offspring of OVA-sensitized mothers, but not of unsensitized
mothers, showed an expansion of OVA-specific T reg cells in
MLN (Fig. S3 A) and decreased food-allergic responses after
epicutaneous sensitization and oral challenge with OVA (Fig.
S3, B-F), suggesting that maternal allergen sensitization in-
duces long-lasting protection in offspring. Collectively, these
results demonstrate that maternal allergen IgG-IC plays a
critical role in establishing tolerance in offspring against food
allergy through induction of allergen-specific T reg cells.

Offspring FcRn is required for protection from food allergy
As FcRn is involved in the retrieval of IgG-IC from the
lumen into LP (Yoshida et al., 2004, 2006), we examined the
role of FcRn in induction of tolerance in offspring. BALB/c
Fegrt'™ females were OVA-sensitized and mated with
BALB/c Fegrt”’~ males (Fig. 7 A). Fcgrt”~ females were
not used as they predictably exhibit a shorter IgG half-life
(Roopenian et al., 2003; Pyzik et al., 2015). Levels of serum
OVA-IgG1-IC and MLN OVA-specific T reg cells in weaned
Fegrt™’™ offspring were comparable to BALB/cWT offspring
of OVA-sensitized WT mothers, whereas there was no in-
crease in these parameters in Fcgrt™’™ littermates (Fig. 7, B and
C). After epicutaneous sensitization and oral challenge with
OVA, Fcgrt"”™ offspring of OVA-sensitized mothers exhib-
ited tolerance, as indicated by a decrease in levels of OVA-IgE
production, systemic anaphylaxis, and serum mMCP1,
and jejunal mast cell expansion (Fig. 7, D—H), whereas
OVA-sensitized Fegrt™’™ offspring of OVA-sensitized moth-
ers failed to show tolerance against food-allergic responses
(Fig. 7, D—H). Collectively, these results suggest that offspring
FcRun is essential in maternal IgG-IC transfer, differentiation
of allergen-specific T reg cells, and induction of tolerance in
offspring, confirming the requirement of maternal IgG-IC
and offspring FcRn in disease protection.

Milk-borne allergen IgG-IC induces allergen-specific T reg
cells via MLN CD11¢* DCs

‘We hypothesized that maternal IgG-IC is processed and pre-
sented by CD11c" DCs in offspring to promote the differ-
entiation of allergen-specific T reg cells. To test the capacity
of CD11c" DCs to present milk-borne IgG-IC and to in-
duce allergen-specific T reg cells, CD11c¢” DCs were isolated
from MLN of naive BALB/c WT mice and cocultured with
CD4" T cells from DO11.10" Foxp3"“™"Rag2™"~ mice that
lack natural T reg cells in the presence or absence of breast
milk from saline- or OVA-sensitized mothers for 4 d. Breast
milk of OVA-sensitized mothers, but not breast milk of sa-
line-exposed mothers or PBS, increased the frequencies of
OVA-specific Foxp3"“™ T reg cells (Fig. 8, A and B), sug-
gesting that CD11¢” DCs process and present milk-borne
allergen IgG-IC and induce allergen-specific T reg cells. We
next compared the capacity of CD11¢” DCs from MLN of
offspring of saline- or OVA-sensitized mothers to induce
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OVA-specific T reg cells in vitro without exogenous anti-
gen. CD11c¢” DCs from offspring of OVA-sensitized mothers,
but not from saline-exposed mothers, induced OVA-specific
Foxp3t“™ T reg cells (Fig. 8, C and D), indicating that
CD11c" DCs from offspring of OVA-sensitized mothers al-
ready acquired allergen in vivo and induced allergen-specific
T reg cells. To examine the ability of CD11¢* DCs to induce
tolerance in vivo, MLN CD11c¢" DCs were isolated from
BALB/c WT offspring of saline- or OVA-sensitized WT
mothers and adoptively transferred into naive BALB/c WT
recipients together with DO11.10" Foxp3"“""'Rag2™"~"CD4"
T cells (Fig. 8 E). After sensitization and oral challenge
with OVA, recipients of CD11c" DCs from offspring of
OVA-sensitized mothers, but not of CD11¢" DCs from
offspring of saline-exposed mothers, exhibited a decrease
in food-allergic responses (Fig. 8, F-J). Adoptive transfer of
CD11c" DCs from offspring of OVA-sensitized mothers re-
sulted in greater expansion of OVA-specific T reg cells in vivo,
as assessed as Foxp3"“™ cells in MLN and jejunum (Fig. 8, K
and L). These results indicate the critical role of CD11c" DCs
in offspring in processing maternally transferred IgG-IC and
promoting T reg cell-mediated tolerance against food allergy.

FcRn in CD11c* DCs is critical for induction

of tolerance in offspring

FcRn is expressed in DCs and macrophages throughout life
in humans and mice (Zhu et al., 2001). FcRn in APCs me-
diates antigen presentation of IgG-IC more efficiently than
soluble antigen alone (Qiao et al., 2008; Baker et al., 2011).
Our results suggest that maternally transferred OVA-IgG-IC,
but not free OVA, processed and presented by CD11c"
DC:s likely provides the basis for the development of aller-
gen-specific T reg cell responses in offspring. We hypothe-
sized that FcRn in offspring DCs contributes to tolerance
induction in offspring by facilitating IgG-IC presentation to
promote the induction of allergen-specific T reg cells during
this period of life. To this purpose, we examined the capacity
of CD11c¢" DCs from MLN of naive BALB/c Fcgrt™™ mice
to induce OVA-specific T reg cells in vitro in the presence
of breast milk from OVA-sensitized BALB/c WT mothers.
Unlike WT CD11c¢" DCs, Fegrt™’™ CD11c¢" DCs failed to
induce OVA-specific T reg cells in response to breast milk
from OVA-sensitized mothers (Fig. 9 A). WT and Fegrt™’~
CD11c¢" DCs were comparable in their capacity of inducing
OVA-specific T reg cells after in vitro stimulation with ex-
ogenous OVAj;.339 peptide and TGF-B1 (Fig. 9 A), indicat-
ing that the impaired capacity of Fcgrt”’~ CD11c¢” DCs in
inducing OVA-specific T reg cells was not a result of their

general failure to present allergens to CD4" T cells. These re-
sults suggest that FcRn in CD11c¢*” DCs is required for ma-
ternal allergen presentation and induction of antigen-specific
T reg cells. To further examine the role of FcRn in CD11c"
DCs in induction of tolerance in vivo, we used mice bear-
ing a floxed Fegrt gene (Fegrt™™) crossed with CD11c-cre
mice on C57BL/6 background to specifically delete FcRn
in CD11c¢" DCs (C57BL/6 Itgax“*Fcgr”™. Saline- or
OVA-sensitized Fegrt”? females were mated with Itgax™
Fegrt?” males (Fig. 9 B). Weaned Itgax™Fegrt™" offspring
of OVA-sensitized mothers exhibited a decrease in induc-
tion of OVA-specific T reg cells as compared with Fcgre””
littermates (Fig. 9 C). Consistently, Itgax“Fcgrt”® offspring
of OVA-sensitized mothers failed to exhibit tolerance to food
allergy, as Itgax““Fcgrt”” mice developed greater levels of
OVA-IgE, systemic anaphylaxis, and jejunal mast cell expan-
sion than their Fegr®? littermates in response to epicutane-
ous sensitization and oral challenge with OVA (Fig. 9, D-G).

IgG-IC in human breast milk protects humanized

FcRn mice from food allergy

Food-specific IgG and food allergen—-immune complexes are
present in sera and breast milk of healthy subjects (Husby et
al., 1985; Rumbo et al., 1998; Hirose et al., 2001; Bernard
et al., 2014; Hochwallner et al., 2014; Schwarz et al., 2016).
Elevated levels of allergen-specific IgG, especially IgG4, are
associated with successful allergen-specific immunotherapy
(Skripak et al., 2008; Caubet et al., 2012; James et al., 2012).
The presence of OVA-specific IgG4 and OVA-IgG4-1C was
assessed in breast milk samples from 16 nonatopic mothers
by ELISA. OVA-IgG4 was detectable in 10 (62.5%) milk
samples with a median value among positive samples of 95.8
ng/ml (Table S1). OVA-IgG4-IC was present in 8 subjects
among 10 subjects that were positive for OVA-IgG4 (Table
S1). OVA-IgE was undetectable in all samples. These results
together with the findings in our mouse models suggest that
maternal food-specific IgG in breast milk may promote the
development of neonatal tolerance if transferred to neo-
nates together with food allergen. To examine the capacity
of IgG-IC from human breast milk to promote induction of
neonatal tolerance and to demonstrate a direct link between
human FcRn and neonatal tolerance induction, we used
BALB/c mice that constitutively express human FcRn and
B2-microglobulin (f2M) and are deficient in mouse FcRn
(hFCGRT-hB2M-mFcgrt™’") and thus have only the human
form of the receptor (Roopenian et al., 2003; Yoshida et al.,
2004). BALB/c hFCGRT-hB2M-mFcgrt”’™ mice were sup-
plemented by gavage 2 times a week for 2 wk with pooled

Figure 5.

Breastfeeding by allergen-sensitized mothers protects offspring from food allergy. (A) Experimental protocol. (B) Serum OVA-1gG-ICs

in weaned offspring. (C) Analysis of OVA-specific Foxp3* cells expanded from offspring MLN cells. (D) Serum OVA-IgE levels. (E) Core body temperature
change. (F) Serum mMCP1 levels. (G and H) Flow cytometric analysis of jejunal mast cell frequencies (G) and numbers (H). Groups of animals were com-
pared using nonparametric one-way ANOVA. Data are mean + SEM of two independent experiments (B-H). *, P < 0.05; **, P < 0.01; **, P < 0.001; ns, not

significant. SAL, saline.
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human breast milk samples positive for OVA-IgG4-IC fol-
lowed by epicutaneous sensitization and oral challenge with
egg white protein (Fig. 10 A). Treatment of humanized FcRn
mice with OVA-IgG4-IC—containing breast milk resulted in
oral tolerance, as indicated by an increase in allergen-specific
T reg cells and a decrease in allergen-specific IgE, oral ana-
phylaxis, and jejunal mast cells (Fig. 10, B—F).The hypothesis
that OVA-IgG4-1C mediated the observed protection in hu-
manized FcRn mice from food allergy was tested by treat-
ment of humanized FcRn mice with the same milk after IgG
depletion. Removal of IgG from OVA-IgG4-IC—containing
milk abrogated the differentiation of allergen-specific T reg
cells as well as suppressive effects of milk on food-allergic re-
sponses (Fig. 10, B=F). Collectively, these results indicate that
allergen-specific IgG-IC in breast milk drive allergen-specific
T reg cells and that food-specific IgG antibodies exert an
induction of tolerance against food allergy. These data further
support the concept that the IgG-IC-FcRn axis contributes
to neonatal tolerance induction and may extend to humans.

DISCUSSION

In this study, we demonstrate that the interactions of maternal
food allergen—specific IgG-1C and offspring FcRn in induc-
tion of allergen-specific T reg cell responses are fundamental
to establishment of an effective, long-lasting neonatal toler-
ance to foods. Food allergen—specific IgG-IC is also observed
in human breast milk from nonatopic mothers and sufficient
to reduce disease susceptibility in humanized FcRn mice.

By using a physiological mouse model that shares fea-
tures of human food allergy, including a portal of exposure
(the skin) that is important for disease development, and re-
sponse to oral challenge with IgE- and mast cell-mediated
anaphylaxis, we demonstrated that maternal sensitization with
food allergen induces T reg cells in offspring that are specific
to the same allergen, which mediate the protection from food
allergy. Allergen-specific T reg cells were induced by mater-
nal IgG-IC in breast milk, which was transferred to offspring
in an FcRn-dependent manner, followed by FcRn-mediated
antigen presentation by CD11c¢” DCs in offspring. These
findings outline a cascade of cellular and molecular events
that underlie the induction of neonatal tolerance toward food
allergens elicited by maternal immune responses.

BALB/c WT offspring of unsensitized mothers devel-
oped food-allergic responses after epicutaneous sensitization
over 9 d and oral challenge with OVA, with increased levels
of serum OVA-IgE, systemic anaphylaxis, serum mMCP1,

and jejunal mast cell expansion. Our adjuvant-free model
eliminates in mothers and offspring potentially confounding
effects of adjuvants such as alum and cholera toxin (Oyoshi et
al., 2014) that were used in previous studies examining ma-
ternal effects on offspring allergies (Leme et al., 2006; Matson
et al., 2009; Mosconi et al., 2010). It is also highly versatile
as it is operative in different backgrounds including BALB/c
and C57BL/6. We demonstrate that maternal allergen sensi-
tization results in protection of offspring from development
of food allergy, as the disease features were strongly attenu-
ated in offspring of OVA-sensitized mothers. This protection
was long-lasting, as food-allergic responses were suppressed in
15-wk-old offspring from OVA-sensitized mothers.

This protection of offspring against food allergy was
associated with an increase in allergen-specific Foxp3™ T reg
cells in offspring at weaning, as indicated by the capacities
of these T reg cells to expand, proliferate, and suppress T
cell proliferation in an allergen-specific manner. Although
natural or type 1 T reg cells could also suppress food al-
lergy, the critical importance of allergen-specific T reg cells
in offspring in mediating neonatal tolerance was evident in
in vivo models, as depletion of allergen-specific T reg cells
in Foxp3"“™PTR* offspring of allergen-sensitized mothers
abolished tolerance against food allergy.

The differentiation of allergen-specific T reg cells in
offspring at weaning reflected the role of maternally trans-
ferred IgG-IC via breast milk. Maternal OVA-Igs were in-
creased in sera and breast milk from OVA-sensitized mothers,
which were also observed in offspring sera of OVA-sensitized
mothers. Although maternal OVA-IgE was detectable in off-
spring of OVA-sensitized mothers, oral OVA challenge of
saline-exposed offspring of OVA-sensitized mothers did not
result in systemic anaphylaxis, consistent with the observations
in humans and in mice that the presence of allergen-specific
IgE is not always associated with food allergy symptoms (Bart-
nikas et al., 2013;Valenta et al., 2015). Although mothers were
constantly exposed to OVA from preconception through
weaning, levels of free OVA in breast milk or sera of offspring
from OVA-sensitized mothers were negligible, whereas sim-
ilar ELISA protocols readily detected IgG-IC and OVA-Igs
not bound to OVA in the same samples. Although it is possi-
ble that undetectable levels of OVA in breast milk could also
be transferred to offspring, these results suggest that transfer of
free antigen to the pups during breastfeeding period is likely
minimal. Our results suggest that in utero—transferred IgG-1C
may also participate in driving tolerance in offspring and that

Figure 6.

IC supplementation to mothers protects offspring from food allergy. (A-H) IC supplementation during pregnancy and breastfeeding.

Experimental protocol (A), serum OVA-IgG1-IC in weaned offspring (B), OVA-specific Foxp3™ cells expanded from offspring MLN cells (C), serum OVA-IgE
levels (D), core body temperature change (E), serum mMCP1 levels (F), jejunal mast cell frequencies (G), and numbers (H). (I-P) IC supplementation during
breastfeeding. Experimental protocol (1), serum OVA-IgG1-IC in weaned offspring (J), OVA-specific Foxp3* cells expanded from offspring MLN cells (K),
serum OVA-IgE levels (L), core body temperature change (M), serum mMCP1 levels (N), jejunal mast cell frequencies (0), and numbers (P). Groups of animals
were compared using the Mann-Whitney U test. Data are mean + SEM and representative of 2 independent experiments (B-H, J-P). *, P < 0.05; **, P < 0.01;

* P <0.001; P < 0.0001.
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Offspring FcRn is required for protection of offspring from food allergy. (A) Experimental protocol. (B) Serum OVA-IgG1-IC in weaned off-
spring. (C) Analysis of OVA-specific Foxp3* cells expanded from offspring MLN cells. (D) Serum OVA-IgE levels. (E) Core body temperature change. (F) Serum
mMCP1 levels. (G and H) Flow cytometric analysis of jejunal mast cell frequencies (G) and numbers (H). Groups of animals were compared using nonpara-
metric one-way ANOVA. Data are mean + SEM of two independent experiments (B-H). *, P < 0.05; *, P < 0.01;** P < 0.001; ns, not significant. SAL, saline.
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Figure 8. Milk-borne IgG-IC induces allergen-specific T reg cells via MLN CD11c¢* DCs. (A and B) Flow cytometric analysis (A) and frequencies (B)
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IgG-IC transferred during breastfeeding is necessary for op-
timal induction of tolerance. This was further supported by
the findings that breastfeeding by OVA-sensitized mothers
was sufficient to increase IgG-IC levels and allergen-specific
T reg cells, as well as protection against food allergy in fos-
tered offspring of unsensitized mothers, similar to offspring of
OVA-sensitized mothers.

The direct contribution of maternal IgG-IC to toler-
ance induction was evident as maternal IC supplementation
during pregnancy and breastfeeding promoted neonatal toler-
ance against food allergy. Maternal IgG-IC supplementation
only during breastfeeding resulted in lower levels of 1gG-IC
in offspring as compared with maternal IgG-IC supplemen-
tation during pregnancy and breastfeeding, likely reflecting
the total IgG-IC dose given to mothers and the contribu-
tion of in utero IgG-IC transfer. Although physiological dose
requirements for IgG-IC to induce neonatal tolerance are
unknown, maternal IgG-IC supplementation during breast-
feeding alone still provided resistance toward food allergy in
offspring. This further supports the critical role of IgG-IC in
induction of neonatal tolerance. The essential role of offspring
FcRn in tolerance induction was shown in an in vivo model.
BALB/c Fcgrt”~ offspring of OVA-sensitized Fcgrt’~
mothers showed comparable levels of maternal IgG-IC
transfer, allergen-specific T reg cell induction, and protection
against food allergy as in WT controls. Impaired formation of
allergen-specific T reg cells and failure of tolerance induction
in BALB/c Fegrt’™ littermates of OVA-sensitized Fcgrt™~
mothers were associated with their inability to receive and
respond to maternal IgG-IC, consistent with a previous study
that offspring FcRn is required for maternal IgG-IC trans-
fer and protection against experimental asthma (Mosconi et
al., 2010). A previous study evaluated mothers and offspring
immunized through a nonphysiological route (i.p.) with an
artificial adjuvant, alum, which induces allergic airway in-
flammation that is independent of IgE or mast cells (Wil-
liams and Galli, 2000). In this study, mothers were exposed to
OVA aerosols after adoption of offspring, raising a possibility
that mothers and offspring ingested OVA by licking their fur.
Thus, their results of neonatal tolerance induction may have
reflected exposure of mothers and offspring to OVA by both
airway and oral routes. The capacity of IgG-IC to induce T
reg cell-mediated tolerance and the role of FcRn in DCs
were not directly addressed in the previous study. Further-
more, the mechanisms suggested using a mouse model of al-
lergic airway inflammation do not necessarily extend to the
mechanisms applicable to a model of food allergy. Our model

is likely to be more relevant to naturally occurring sensiti-
zation to food allergens in that it is adjuvant-free, uses skin
as a route of exposure that is important for development of
clinical food allergy, is applicable to a clinically relevant pea-
nut allergen, and assesses responses to oral challenge together
with IgE- and mast cell-mediated anaphylaxis (Bartnikas et
al., 2013; Galand et al., 2016).

The mechanism driving the differentiation of aller-
gen-specific T reg cells involved maternal antigen presenta-
tion by CD11c¢* DCs in offspring. CD11¢” DCs from MLN
of naive BALB/c WT mice supported induction of aller-
gen-specific T reg cells in the presence of breast milk from
OVA-sensitized mothers in vitro. In addition, CD11c¢" DCs
from offspring of OVA-sensitized mothers induced aller-
gen-specific T reg cells in vitro without addition of exoge-
nous antigen, indicating that these cells acquired maternally
transferred antigens in vivo, likely as IgG-IC, given the ab-
sence of free OVA in breast milk from OVA-sensitized moth-
ers. We further demonstrated that CD11¢" DCs from MLN
in offspring promote differentiation of allergen-specific T
reg cells that mediate tolerance in vivo. Adoptive transfer of
CD11c¢" DCs from offspring of OVA-sensitized mothers, but
not CD11c" DCs from offspring of unsensitized mothers,
transferred tolerance in recipients.

In addition to mediating maternal [gG-IC transfer to
offspring through intestinal epithelial cells as supported by
our previous studies (Yoshida et al., 2004), FcRn in CD11c¢*
DC:s in offspring was also critical for maternal IgG-IC pro-
cessing and antigen presentation to induce allergen-specific
T reg cells. Unlike WT CD11¢” DCs, Fegre’~ CD11c¢” DCs
were incapable of presenting OVA-IgG-IC in breast milk
from OVA-sensitized mothers to induce allergen-specific T
reg cells in vitro. These results are consistent with the dis-
tinctive role of FcRn in CD11c¢* DCs in processing [gG-IC,
rather than soluble antigen, to prime T cell responses (Qiao et
al., 2008; Baker et al., 2011) and further support our concept
that IgG-IC in breast milk provides the main basis of aller-
gen-specific T reg cell differentiation. The requisite role of
FcRn in CD11¢” DCs in determining the tolerogenic envi-
ronment was further demonstrated by us in vivo in mice with
CD11c" cell-specific FcRn deficiency, which failed to in-
crease allergen-specific T reg cells and tolerance induction by
maternal allergen sensitization. Previous studies have linked
FcRn-dependent antigen processing to the induction of Th1
responses via induction of IL-12 production by CD11c" cells
(Baker et al., 2013). Our studies here thus extend these ob-
servations by showing that FcRn in CD11c¢” cells in response

from offspring of SAL or OVA mothers and cultured with CD4*D011.10*Foxp3 ™ cells without exogenous allergens. (E-L) Adoptive transfer of MLN CD11¢*
cells from offspring of SAL or OVA mothers. Experimental protocol (E), OVA-IgE (F), core body temperature change (G), serum mMCP1 levels (H), jejunal
mast cell frequencies (I) and numbers (J), and flow cytometric analysis of CD4*D011.10*Foxp3 ™ T reg cells in MLN (K) and jejunum (L) of recipients.
Representative plots from two independent experiments shown (A and C). Numbers indicate percentages (A and C). Groups of animals were compared
using nonparametric one-way ANOVA (B) and the Mann-Whitney U test (D and F-L). Data are mean + SEM of two independent experiments (B and D) or
representative of two independent experiments (F-L). *, P < 0.05; **, P < 0.01; ns, not significant. SAL, saline.
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to IgG-IC also regulates the induction of FoxP3" T reg cells.
‘Whether this is a result of the activities of FcRn in specific
subsets of APCs and in a tissue- and/or age-dependent man-
ner remains to be addressed. Our study delineates for the first
time the critical role of FcRn in DCs in promoting aller-
gen-specific T reg cell responses, which together provides
a greater understanding of the role of FcRn in modulating
protective immune regulation in food allergy. Our results thus
provide a novel role of FcRn in mediating allergen-specific T
reg cell responses in mediating neonatal tolerance, on the top
of its known role in the maternal IgG transfer.

FcRn may thus control tolerance induction at many
points of life. These include the role played by FcRn in con-
trolling the transport of IgG-IC across the placenta ante-
natally into the developing fetus (Leach et al., 1996). FcRn
function in intestinal epithelial cells of the neonatal animal
may be particularly important in the rodent during neonatal
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life when FcRn expression and function are robust (Gill et al.,
1999). Although never directly addressed, FcRn in intestinal
epithelial cells may play a role in the antigen presentation
functions of this cell type in the induction of tolerance (Kai-
serlian et al., 1989). These possibilities are of potential future
interest through conditional deletion of Fegrtin the intestinal
epithelium, for example.

As IgG-IC processing also requires FcyR  (Baker et
al., 2011), the contribution of each FcyR to IgG-IC up-
take by CD11¢" DCs leading to the T reg cell induction is
not clear and an important future area of study. One recent
study demonstrated a critical role for FcyRIIb in mediating a
protective effect of allergen-specific IgG against food allergy
(Burton et al., 2017). Nevertheless, it may be hypothesized
that after the internalization of IgG-IC by FcyRs, FcRn is
the only intracellular receptor that is known to control the
routing of IgG-IC to an antigen-processing pathway to prime
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T cells (Qiao et al., 2008; Baker et al., 2011, 2013, 2014; Liu
et al., 2011; Guilliams et al., 2014).

‘We demonstrate in the current study that food-specific
IgG4 1s detectable in breast milk from nonatopic mothers,
consistent with the previous studies (Bernard et al., 2014,
Rekima et al., 2017). Furthermore, OVA-IgG4-IC was com-
monly present in breast milk samples that were positive for
OVA-IgG4.The importance of the milk-borne IgG-IC-FcRn
axis in tolerance induction was strongly corroborated by the
impaired food-allergic responses in humanized FcRn mice
supplemented with breast milk from nonatopic mothers con-
taining OVA-IgG-IC, but not with IgG-depleted milk. These
results further validate that the concept of inducing oral tol-
erance by the IgG-IC pathway is also effective when human
breast milk IgG-IC is used, providing a particularly important
piece of evidence for the potential clinical relevance of our
observations in mice for humans.

Our study is in line with recent findings that mater-
nal exposure to food allergens decreases allergy in offspring
in humans and in mice (Fusaro et al., 2007; Lopez-Exposito
et al., 2009; Mosconi et al., 2010; Verhasselt, 2010b; Bunya-
vanich et al., 2014; Frazier et al., 2014). Prior human studies
examining the effect of maternal diets during pregnancy on
peanut allergy have shown inconsistent results. A prospective
US study showed no benefit of maternal and early childhood
avoidance of milk, egg, or peanut in preventing food allergies
(Zeiger et al., 1989). Our results provide experimental sup-
port for recent decisions to withdraw recommendations of
allergen avoidance during pregnancy and breastfeeding, and
support potential beneficial effects of maternal allergen ex-
posure to protect offspring from food allergy. A recent study
suggesting that early food introduction might decrease the
risk of food allergy development (Perkin et al., 2016) under-
scored the potential benefit of food allergen transter through
breast milk as this may be the first food exposure for the in-
fant. Our data indicate that both offspring of sensitized moth-
ers and offspring of unsensitized mothers supplemented with
IgG-IC exhibited tolerance against food allergy, highlighting
the critical role of maternal IgG-IC in tolerance induction
in offspring regardless of the sensitization status of mothers
in our mouse model. Our findings that food allergen—spe-
cific IgG-IC is present in human breast milk from nonatopic
mothers and sufficient to reduce disease susceptibility in hu-
manized FcRn mice support that nonatopic mothers may
induce oral tolerance through the IgG-IC pathway. Analysis
of how the atopic status of mothers may influence tolerance
induction in offspring in humans will be an important future
question to be addressed.

In summary, this study has provided novel exper-
imental evidence supporting a critical role of maternal al-
lergen-specific immune responses in establishing effective
tolerance that prevents food allergy in offspring, extending
well beyond the previously known roles of maternal anti-
bodies and FcRn in providing passive immunity. Our exper-
imental approaches that combine cellular and in vivo animal
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investigations as well as human ex vivo samples demonstrate
that the interactions of IgG-IC and FcRn are critical in the
development of neonatal tolerance, namely FcRn-dependent
transfer of maternal IgG-IC and FcRn-dependent IgG-IC
processing and antigen presentation by CD11c" DCs to in-
duce allergen-specific T reg cells in offspring (Fig. S4), thus
identifying multiple roles for FcRn in neonatal tolerance.
Our results also provide a rationale for measures that improve
the development of allergen-specific T reg cells through ma-
ternal allergen exposure. This previously unrecognized tol-
erance pathway could suggest a potential for IgG-IC as an
immunotherapy to improve oral tolerance and may lead to
improved therapeutic strategies to induce tolerance in early
life to prevent food allergy in children.

MATERIALS AND METHODS

Study participants

Nonatopic breastfeeding mothers were recruited as defined by
no personal or family history of atopic diseases (food allergy,
environmental allergy, eczema, asthma) in first-degree rela-
tives. These subjects had no other chronic diseases or mastitis
during the preceding 4 wk. Informed consent was obtained
from the subjects and the study was approved by the Boston
Children’s Hospital Institutional Review Board. Milk samples
were centrifuged (400 g, 15 min), fat was removed, and su-
pernatant was collected, frozen, and stored at —20°C until use.

Mice

BALB/c WT mice were purchased from Taconic. BALB/c
Foxp3"“™PTR* and BALB/c DO11.10"Rag2 '~ Foxp3 "’
mice bred onto a BALB/c background for >10 genera-
tions were a gift from T. Chatila (Boston Children’s Hospital,
Boston, MA). Fcgrt™’™ (Roopenian et al., 2003) and hFCG
RT—hBZM—chgrt'/ ~ (Roopenian et al., 2003;Yoshida et al.,
2004) mice were bred onto a BALB/c background for more
than 10 generations. C57BL/6 Fcgrt”” mice were kindly
provided by E.S. Ward (University of Texas Southwestern
Medical Center, Dallas, TX; Yoshida et al., 2004; Montoyo et
al., 2009). All mice were bred in the animal facility of Bos-
ton Children’s Hospital, kept in a specific pathogen-free en-
vironment, and fed an OVA-free diet. All procedures were
performed in accordance with the Animal Care and Use
Committee of Boston Children’s Hospital.

Allergen sensitization and anaphylaxis

Epicutaneous sensitization of mice was performed as previ-
ously described (Venturelli et al., 2016). In brief, the dorsal
skin of anesthetized 6—8-wk-old female mice was shaved and
tape-stripped six times with Tegaderm (Westnet Inc.). Then
100 pg OVA (Grade V; Sigma) in 100 pl of normal saline,
or placebo (100 pl of normal saline), was placed on a patch
of sterile gauze (1 X 1 cm), which was secured to the dorsal
skin with Tegaderm. Each mouse had a total of three 1-d ex-
posures to the patch separated by 2-d intervals over 9 d be-
fore mating. Female mice received epicutaneous sensitization
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with OVA once weekly during pregnancy and breastfeeding.
Mothers did not receive oral OVA challenge. 6—8-wk-old
offspring were epicutaneously sensitized with OVA or saline
over 9 d followed by a bolus oral challenge with 100 mg OVA
at day 9 (Bartnikas et al., 2013). Temperature changes were
measured by using the DAS-6006 Smart Probe and transpon-
ders (Biomedic Data Systems) injected subcutaneously. Mice
were euthanized 24 h after challenge to harvest tissues. For T
reg cell depletion by DT, Foxp3““™P™* mice were treated
i.p. with 50 pg/kg DT (List Biological Laboratory).

Fostering of offspring

Mothers sensitized with saline or OVA were coordinately
mated, and offspring of saline- or OVA-exposed mothers
were fostered and nursed by OVA- or saline-sensitized moth-
ers. Offspring of OVA- or saline-sensitized mothers were
kept in the original cage and nursed by OVA- or saline-sen-
sitized mothers together with fostered offspring of saline-
or OVA-exposed mothers.

Breast milk collection

Mouse breast milk was collected after i.p. injection of
4 TU oxytocin (Sigma) 24 h after OVA sensitization
of breastfeeding mothers.

IC supplementation

OVA-IgG1-IC was formed as previously described (Baker et
al., 2011). In brief, mouse monoclonal anti-OVA-IgG1 anti-
bodies purified using Affi-Gel Protein A MAPS II kit (Biorad)
from hybridoma (clone 01-4), a kind gift of H. Karasuyama
(Tokyo Medical and Dental University, Tokyo, Japan), was
incubated at 1:2 molar ratio of anti-OVA-IgG1 to OVA at
37°C for 30 min. OVA-IgG1-IC (100 pg) was given i.p. to
BALB/cWT female mice once weekly for 6 wk during preg-
nancy and breastfeeding, or for 3 wk during breastfeeding.

Human breast milk supplementation

3-5-wk-old hFCGRT-hB2M-mFcgrt”’~ mice were treated
by gavage twice a week for 2 wk with 300 pl pooled human
breast milk samples containing OVA-IgG4-IC, the same
breast milk samples depleted of IgG, or PBS. IgG depletion
was performed with the Nab Protein G Spin kit (Thermo
Scientific) according to the manufacturer’s instructions. Mice
were epicutaneously sensitized with 200 pg egg white ex-
tract (Greer) and orally challenged with 200 mg egg white
protein (Nutriom LLC) as described above (Allergen sensiti-
zation and anaphylaxis).

ELISA

Analysis of mMCP1, mouse IL-4, OVA-specific IgE, IgG1,
and IgG2a were performed as described previously (Oyoshi
et al., 2011; Bartnikas et al., 2013). Biotin-conjugated peanut
extract or egg white extract (Greer) was used to detect pea-
nut- or egg white—specific IgE. TGF-f1 was measured per
the manufacturer’s instructions (Affymetrix). For analysis of
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OVA-IgG1 and OVA-IgG2a immune complexes or free OVA,
ELISA plates were coated with goat anti-OVA polyclonal an-
tibody (MP Biomedicals), saturated nonspecific binding, and
incubated with serum or breast milk, followed by incubation
with biotin-conjugated anti-mouse IgG1 or IgG2a antibod-
ies (BD) or rabbit anti-OVA polyclonal antibody (Abcam).
HRP-conjugated avidin (Aftymetrix) was used for detection.
As a reference standard, adjacent wells on the same plates were
coated with OVA (gradeV, Sigma), and anti-OVA mouse [gG1
(Sigma) or anti-OVA mouse IgG2a (Biolegend) were added.
For analysis of human OVA-IgG4 or OVA-IgG4 immune
complexes, ELISA plates were coated with OVA or goat anti-
OVA antibody and incubated with breast milk followed by
biotin-conjugated anti-human IgG4 (BD Biosciences) with
total human IgG4 as a reference standard.

Cell cultures

Allergen-specific T cells were identified by allergen-induced
ex vivo proliferation as previously described (Burton et al.,
2014b). In brief, MLN cells were labeled with CellTrace Vio-
let (Life Technologies) and cultured in complete RPMI 1640
(Invitrogen) supplemented by 10% FCS, 0.05 mM 2-mer-
captoethanol, and penicillin/streptomycin with or without
allergen (200 pg/ml OVA or peanut extract) for 5 d. Cells
undergoing proliferation (dye dilution) were considered aller-
gen-specific, a conclusion supported by a lack of proliferation
in the absence of allergen or in allergen-stimulated cells from
unsensitized mice. For OVA-specific T reg cell differentiation,
CD11c¢" DCs were enriched from MLN of 3—5-wk-old WT
or Fcgrt”’~ mice by CD11c¢" Microbeads (Miltenyi). Naive
WT mice or offspring of epicutaneously sensitized mothers
with saline or OVA 1 day after last maternal exposure (day 46;
Fig. 1 A) were used. Naive CD4" T cells were enriched from
spleen of DO11.10"Rag2™"~ Foxp3““* mice by a naive CD4"
T cell kit (Miltenyi). Naive CD4" T cells (2.5 X 10°) were
cultured with CD11¢” DCs (0.5 X 10°) in the presence or ab-
sence of 40X diluted breast milk, or 1 pM OVA;5;3.339 peptide
and 5 ng/ml recombinant human TGF-f1 (R&D Systems).
After 3 d, allergen-specific induced T reg cells were analyzed
by flow cytometry on the basis of EGFP fluorescence.

Adoptive transfer

CD11c¢" DCs were enriched as above (Cell cultures) from
MLN of offspring. CD11c¢" DCs (2 X 10°) and naive CD4""
DO11.10"Foxp3™“™ T cells (2 X 10° prepared as above
(Cell cultures) were injected intravenously into naive recipi-
ents. After 5 d, recipients were epicutaneously sensitized over
9 d, then orally challenged with OVA as above (Allergen sen-
sitization and anaphylaxis).

Suppression assay

CD4"CD25"T reg cells isolated by magnetic beads (Miltenyi)
from MLN of BALB/c WT offspring were cocultured with
naive CD4" T cellsisolated from DO11.10"Rag2™"~ Foxp3=“*"
mice (2.5 X 10* cells/well) labeled with CellTrace Violet at
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1:1T reg/responder ratio in the presence of 1 pM OVAj5;3.339
peptide and irradiated splenocytes (5 x 10* cells/well). After 4
d, cell proliferation was evaluated by dye dilution.The percent
suppression was calculated using the following formula:

1 % of proliferated cells with T reg present
% of proliferated cells without T reg present

) % 100.

Flow cytometry

T reg cells were stained with fluorochrome-conjugated an-
tibodies for Foxp3, CD3, CD4, and CD25 using the Foxp3
staining kit (eBioscience). For lamina propria lymphocyte iso-
lation, a jejunum section of the small intestine was harvested,
and the tissue was prepared as previously described (Galand
et al., 2016). Single-cell suspensions were stained with fluoro-
chrome-conjugated mAbs for IgE, c-kit, CD3,CD11c, CD19,
CD45, and NKp46 (purchased from BioLegend, BD Biosci-
ences, or eBioscience). Dead cells were routinely excluded
from analysis by Fixable Viability Dye staining (eBioscience).
Mouse mast cells were identified as live, CD45 lin"c-kit TgE"
cells. Cells were analyzed on LSR Fortessa (BD), and the data
were analyzed using Flow]Jo software (Tree Star Inc.).

Quantitative PCR
Quantitative real-time PCR was performed as described pre-
viously (Oyoshi et al., 2011).

Statistical analysis

A Mann-Whitney U test (between two groups) or nonpara-
metric one-way ANOVA (between multiple groups) was
used to compare the distribution of each outcome. All analy-
ses were performed with Prism software, version 6.0 (Graph-
Pad Software). A p-value of <0.05 was considered to indicate
statistical significance.

Online supplemental material

Fig. S1 shows that maternal sensitization protects offspring
from peanut allergy. Fig. S2 shows the contribution of in
utero transferred maternal IgG-IC to induction of neona-
tal tolerance. Fig. S3 shows maternal sensitization induces
long-lasting protection in offspring. Fig. S4 summarizes
the mechanisms of neonatal tolerance via a maternal
IgG-IC-FcRn axis. Table S1 summarizes the characteris-
tics of human breast milk.
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