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Abstract

Peanut allergy is a growing public concern; however, little is known about the immunological
mechanism(s) that initiate the disease process. Our knowledge is also limited regarding the role of
group 2 innate lymphoid cells (ILC2s) in regulating humoral immunity. To fill these major gaps in
our knowledge, we investigated the immunological mechanisms involved in peanut allergen
sensitization by using mouse models. To mimic environmental exposure in humans, naive BALB/c
mice were exposed to peanut flour by inhalation without any exogenous adjuvants. When exposed
to peanut flour, naive mice developed T follicular helper (Tfh) cells in their lung draining lymph
nodes (dLNs) and produced IgE antibodies to peanuts. Mice deficient in IL-13 showed decreased
numbers of Tfh cells and germinal center B cells and produced significantly less IgE antibodies.
IL-13 was necessary and sufficient for induction of CD11c* MHCIIM dendritic cells that are
implicated in Tth cell development. Importantly, lung ILC2s served as a predominant early source
of IL-13 when naive mice were exposed to peanut flour. Furthermore, mice that are deficient in
lung ILC2s by bone marrow transfer from Rora59/59 mice or by genetic manipulation produced
significantly less IgE antibodies to peanuts compared to control mice. These findings suggest lung
ILC2s that serve as a rapid source of 1L-13 upon allergen exposure play a major role in Tfh cell
development, IgE antibody production and initiation of peanut allergy.

INTRODUCTION

The late 1990s saw an increase in the prevalence of peanut allergies (1). Accidental
ingestion of small amounts of peanuts can cause afflicted patients to experience severe
clinical symptoms, including systemic anaphylaxis. The rise in peanut allergies has been
accompanied by an increased burden on the medical care system along with considerable
emotional and financial burdens for patients and their families (2). Therefore, it is essential
to understand the immunologic mechanisms involved in initiation of peanut allergies and to
develop effective and safe strategies to prevent and treat the disease.
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Peanut allergies are associated with type 2 immune responses (3). The T follicular helper
(Tth) cells that are residing in lymph nodes (LNs) and specialized in providing B cell help
are likely involved in production of IgE antibodies to airborne allergens (as opposed to
conventional Th2-type CD4* T cells) (4-7). More recently, a unique subset of 1L-13-
producing Tth cells, called Tfh13 cells, has been implicated in the production of
anaphylactic high-affinity 1gE antibodies to inhaled allergens (8). However, we have limited
knowledge of the mechanisms, the factors, and cell types involved in the development of
these IgE-promoting Tfh cells.

The group 2 innate lymphoid cells (ILC2s) serve as a robust source of type 2 cytokines,
particularly in the settings of innate immunity (9). ILC2s are found at epithelial barrier
surfaces, such as lungs and intestine, where they play roles in mucosal inflammation, tissue
homeostasis, and repair (10, 11). More recent studies suggest that ILC2s may promote
and/or regulate adaptive immunity (12, 13). Studies also suggest that ILC2s are important in
the development of human diseases (11). Indeed, dysregulated ILC2s have been implicated
in allergic rhinitis, asthma, and chronic rhinosinusitis with nasal polyps (11). However, it
remains to be determined whether ILC2s contribute to the regulation of humoral immunity
and production of IgE antibodies.

This study investigated the immune responses that contribute to Tfh development and peanut
allergen sensitization. Peanut proteins are readily detected in household dust at levels
comparable to that of inhaled allergens like the house dust mite (14, 15). A dose-response
relationship has been observed between environmental peanut exposure and the risk of
peanut allergy (15, 16). Based on these pieces of epidemiologic evidence, we previously
established a mouse model for peanut allergies by exposing naive wild-type (WT) mice to
peanut flour through the airways without any exogenous adjuvants (7). In this study, we
found that IL-13 is necessary for the production of allergen-specific IgE antibodies.
Furthermore, lung ILC2s that respond to IL-1 are likely to be the major and early source of
IL-13 that promotes Tth cell development and the sensitization process to peanuts.

MATERIALS AND METHODS

Mice

BALB/c, C57BL/6 (B6), B6.129S7-//1r1™™1ImXy (//1r17!~), B6.C3(CQg)-Roradl) (Rora®99),
B6.SJL-Ptorc?Pepc?iBoyd (CD45.1), and C.129S7(B6)- Rag1mIMom|y (Rag1~/~) mice were
purchased from Jackson Laboratory (Bar Harbor, ME). //139%/e9fP mice (1L-13-deficient
mice) (17, BALBI/c background) and Rora™"1/7r-Cre mice (13, B6 background) were
maintained in specific pathogen-free conditions at Mayo Clinic (Rochester, MN). ILC2-
deficient mice were generated by reconstituting lethally irradiated CD45.1 mice with 2-3
million bone marrow (BM) cells isolated from WT or Rora’%% littermates (18). Animals
used in this study were female and ranged from 7 to 12 weeks of age. All protocols and
procedures for the handling of the mice were reviewed and approved by the Mayo
Institutional Animal Care and Use Committee, Mayo Clinic.

J Immunol. Author manuscript; available in PMC 2020 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Krempski et al.

Allergens

Page 3

Peanut flour was purchased from the Golden Peanut Company (Alpharetta, Ga), endotoxin
was undetectable (<0.5 EU/mg flour) as previously described (7). Crude peanut extract (7)
and Alfernaria alternata extract (19) were purchased from Greer Laboratories (Lenoir, NC).
Recombinant IL-1a was purchased from R&D Systems (Minneapolis, MN), and
recombinant IL-13 was purchased from Biolegend (San Diego, Ca).

Mouse airway exposure

Naive mice were lightly anesthetized using isoflurane, and exposed intranasally (i.n.) to 100
ug peanut flour in 50 pl sterile PBS or PBS alone, as previously described (7). For plasma
antibody analysis, mice were exposed twice, 7 days apart, on days 0 and 7. Four weeks after
the exposure, mice were lightly anesthetized with isoflurane for retro-orbital blood
collection to analyze peanut-specific antibody levels. Shorter-term analyses of lungs or
mediastinal lymph nodes (mLN) from peanut flour- or PBS-exposed mice were treated as
described in the figure legends.

To determine the kinetics of plasma antibody after peanut flour or Alternaria exposure, naive
mice were exposed i.n. with 100 pg peanut flour plus 10 pg of endotoxin-free OVA, 100 ug
Alternaria extract plus 10 ug of endotoxin-free OVA 19), 10 ug of OVA alone, or PBS once a
week for 6 weeks. All exposure conditions were in a final volume of 50 pl PBS. Mice were
bled retro-orbitally every 2 weeks under isoflurane anesthesia conditions for analysis of
OVA-specific immunoglobulin levels.

For airway exposure to IL-13 plus OVA, naive mice were exposed once with 100 ng IL-13
(Biolegend, San Diego, CA) plus 1 mg OVA in 50 pl PBS, 1 mg OVA alone, 100 pg peanut
flour, or PBS. Four days later, mice were euthanized, and mLN were collected.

For airway exposure to IL-1a (R&D Systems, Minneapolis, MN), mice were exposed once
i.n. with 10 ng IL-1a in 50 ul PBS, or PBS alone. Mice were euthanized 4.5 hours after the
exposure, and lungs were collected. Alternatively, mice were exposed once i.n. with 50 ug or
100 pg Alternaria extract or 100 ug peanut flour in 50 ul PBS, and they were euthanized 3
hours or 6 hours later to collect lung specimens.

In vivo ILC2 depletion

To deplete ILC2s from mice, female RagZ~~ mice were administered intraperitoneally (i.p.)
with either 250 pg anti-mouse Thy1.2 (30H12) or rat 1gG2b isotype control (BioXCell, West
Lebanon, NH) and simultaneously received i.n. dose at either 1/4 or 1/3 the i.p. dose 4 days
or 2 days prior to exposure to peanut flour. Three hours after the exposure, mice were
euthanized and lungs were collected.

Cytokine production in vitro

Day 11 mLN cells from WT or IL-13-deficient mice were cultured (400,000 cells/well) in
complete RPMI medium (200 pl/well) with 100 pug/ml crude peanut extract for 4 days.
Concentrations of IL-4 and I1L-21 were measured using commercial ELISA kits (R&D
Systems, Minneapolis, MN) according to the manufacturer’s instructions.
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Peanut- and OVA-specific IgE, 1gG1, and IgG2a antibody levels in plasma specimens were

analyzed by ELISA as previously described (7, 19). The levels of peanut- and OVA-specific
1gG2b were analyzed similarly to peanut-specific 1gG2a using anti-mouse 1gG2b detection

antibody (Invitrogen, Carlsbad, Ca).

For cytokine ELISA, lungs were processed as described previously (7, 20). Concentrations
of IL-5 and IL-13 were determined from lung homogenates using commercial ELISA Kits
(R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions.

FACS analysis

T- and B-cell populations from mLNs were analyzed by fluorescence-activated cell sorting
(FACS) analysis, as described with minor modifications (19). CD45.2 antibody (Biolegend,
San Diego Ca), and viability stain (Tonbo, San Diego Ca) were added to the stain to increase
the accuracy of stained populations. DC populations from mLNs were analyzed by using
previously described staining procedure (21) with antibodies against CD45.2, MHCII,
CD11c, CD40, CXCR5, and CD11b (Biolegend, San Diego Ca). ILC2 populations were
analyzed as described previously (20) with the additional stains to enhance specificity.
Antibodies used were Lineage Antibody Cocktail (BD Biosciences, Franklin Lakes, NJ) and
antibodies against CD45.2, CD4, CD8, CD19, CD11c, DX5, CD16/32, KLRG1,
IL-1RL1(ST2), CD44 (Biolegend, San Diego, Ca), CD25 (BD Biosciences, Franklin Lakes,
NJ), and ST2 (MD Biosciences (Oakdale MN). FACS analysis was performed on either a
Canto X cytometer or a Fortessa X-20 cytometers (BD Biosciences, San Jose, Calif). Data
were analyzed with FlowJo software (Tree Star, Ashland, Ore).

Statistical analysis

RESULTS

Data are presented as mean £ SEMs for the number of mice or experiments indicated.
Statistical significance of differences between the various treatment groups was assessed by
using a Student’s t-test (for two group comparison) or ANOVA with post-hoc Tukey test (for
multiple group comparison). A p-value of less than 0.05 was considered statistically
significant.

IL-13 is required for the production of peanut-specific IgE

To mimic environmental exposure to peanut allergens in house dust (14-16), we previously
established a mouse model of peanut allergy in which naive wild-type (WT) BALB/c or
C57BL/6 mice are exposed intranasally (i.n.) to peanut flour (without exogenous adjuvants)
weekly for 4 weeks (7). Exposed mice produced peanut-specific IgE antibodies, and
importantly both production of peanut-specific IgE antibodies and acute anaphylaxis were
dependent on Tfh cells rather than conventional Th2 cells (7). We extended these previous
studies and investigated the mechanisms that initiate the development of Tfh cells and IgE-
antibody production. Naive WT BALB/c mice were exposed i.n. to peanut flour only twice,
on days 0 and 7, and antibody plasma levels were examined on day 34 (Fig. 1A). These mice
produced peanut-specific IgE antibodies, as shown by a titration curve of individual plasma
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samples (Fig. 1B, black circles). The animals also produced IgG1, 1gG2a, and 1gG2b
isotypes of peanut-specific antibodies.

After antigenic stimulation, signals from IL-4 or IL-13 from conventional Th2-type CD4* T
cells are considered necessary for the IgE class switch in B cells (22). IL-13 also affects the
production of other Ig subtypes (23, 24). Therefore, to examine whether IL-13 contributes to
the development of peanut-specific IgE antibodies, we exposed naive IL-13-deficient
(1/139P/edfey BALB/c mice i.n. to peanut flour by using the protocol described in Fig. 1A.
IL-13-deficient mice showed an approximately 50-fold decrease in the plasma levels of
peanut-specific IgE antibodies compared to WT mice (Fig. 1B, red circles). Similar
reductions in antibody levels were observed in 1gG2a and 1gG2b isotypes, and slight
decrease was observed in the 1gG1 isotype.

We next examined whether the requirement for IL-13 is reproduced in the model when mice
are exposed to allergens multiple times for a prolonged period to mimic exposure in humans.
We also addressed whether IL-13 deficiency might result in a global defect in antibody
production. Weekly for up to 6 weeks, WT mice or IL-13-deficient mice were exposed i.n. to
ovalbumin (OVA) with either an extract of the common fungal allergen, Alternaria (4), or
peanut flour (Fig. 1C). As reported previously (19), we used this strategy to spike these
allergens with OVA and analyze humoral immune responses to the OVA antigen in order to
compare the immunologic responses to Alternaria extract and peanut flour by minimizing
the variability in the antigenicity of these allergens and to overcome the technical difficulty
in detecting Alternaria-specific IgE antibodies in mouse plasma. Consistent with the shorter
exposure model (Fig. 1B), the IL-13-deficient mice exposed to peanut flour had significantly
decreased plasma levels of OVA-specific IgE, 1gG2a, and 1gG2b antibodies compared to WT
mice (p<0.05); the levels of OVA-specific IgG1 antibodies were roughly comparable
between the two strains (Fig. 1D). In contrast, mice exposed to A/ternaria extract showed no
apparent differences for any isotypes between WT and IL-13-deficient mice. These findings
suggest that IL-13-deficient mice are not intrinsically impaired for humoral immunity and
that the dependency of IgE antibody production on IL-13 likely reflects the biochemical
properties of allergens.

Tfh cells and germinal center B cells are reduced in IL-13-deficient mice

We and others found previously found that the production of IgE antibodies in response to
peanut exposure is dependent on Tfh cells, but not on conventional Th2 cells (7, 8). To
elucidate the roles for IL-13 in the development of Tfh cells, WT or IL-13-deficient mice
were exposed i.n. to peanut flour on days 0 and 7, and the cellular composition of the lung
dLNs, namely mLNs, was examined on day 11 (Fig. 2A). IL-13-deficient mice exposed to
peanut flour demonstrated a marked reduction in overall cellularity compared to exposed
WT mice (Fig. 2B). FACS analyses showed ~70% reduction in the total numbers of
CD3*CD4* T cells and B220* B cells in IL-13-deficient mice relative to WT mice. In
contrast, when exposed to peanut flour, the IL-13-deficient mice developed distinct
populations of mature CXCR5*PD-1* Tth cells (Fig. 2C) and FAS*PNA* GC B cells (Fig.
2D) that were roughly comparable to those in WT mice. Indeed, when quantified, no
differences were observed in the frequency of Tfh cells and GC B cells between 1L-13-
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deficient and WT mice. Nonetheless, the total numbers of Tfh cells and GC B cells in mLNs
were decreased by 60-70% in IL-13-deficient mice due to the decreased total cellularity of
the mLNs in these mice.

To examine whether the functions of Tfh cells are affected in the absence of 1L-13, we
analyzed their capacity to produce B cell-stimulating cytokines, including IL-4 and IL-21
(25). Mice were exposed i.n. to peanut flour on days 0 and 7, and day 11 mLNs were
cultured with crude peanut extract /n vitro (Fig. 2E). To compensate for the decreased total
cellularity of mLNs in IL-13-deficient mice, we normalized the cell numbers to 2.0x108
cells/ml. The mLN cells from WT mice produced IL-4 and IL-21 in an antigen-specific
manner (Fig. 2F). The capacity to produce I1L-4 and IL-21 was not compromised in mLN
cells from IL-13-deficient mice. Rather, IL-13-deficient mice produced significantly more
IL-4 compared to WT mice (Fig. 2F, p<0.01). These findings suggest that IL-13 likely
affects cellularity of the Tfh and GC B cell populations but is probably not involved in the
differentiation or function of Tfh cells. This interpretation is also consistent with the fact that
IL-13-deficiency does not affect the levels of peanut-specific IgG1 antibodies (Fig. 1), which
is also dependent on Tfh cells (7).

IL-13 is indispensable for generating CD11c*MHCIIN dendritic cells

IL-13 is known to induce MHCII expression on macrophages, and IL-13 can affect the
dynamics of dendritic cells (DCs) in mice exposed i.n. to a cysteine protease papain (10, 12).
Given the decreased numbers of Tfh cells and GC B cells in IL-13-deficient mice, we
hypothesized that I1L-13 affects the dynamics of DCs. To test this, WT and IL-13-deficient
mice were acutely exposed i.n. to peanut flour on days 0 and 1, and mLNs were examined
on day 4 (Fig. 3A). In WT mice, the overall cellularity of mLNs increased in mice that were
exposed to peanut flour compared to mice exposed to PBS (Fig. 3B, p<0.01). In contrast, in
IL-13-deficient mice, no increase in mLN cellularity was observed, suggesting a vital role
for early IL-13 in initiating innate immunity in response to peanut flour exposure.

CD11c*MHCIIN DCs have been associated with a migratory DC subtype that promotes Tfh
cell differentiation (21). FACS analysis showed that CD11c*MHCIIM DCs increased in
mLNs of WT mice exposed to peanut flour (Fig. 3C); both the frequency and number of
CD11c*MHCIIN DCs increased significantly in WT mice exposed to peanut flour compared
to mice exposed to PBS (Fig. 3D, p<0.05). In contrast, no increase in CD11c*MHCIIN DCs
was observed in IL-13-deficient mice (Fig. 3C and 3D). Furthermore, expression of co-
stimulatory molecules, including CD40 and CD80, was also reduced in 1L-13-deficient mice
compared to WT mice that had been exposed to peanut flour (Fig. 3C). Additional FACS
analysis of mLN from WT mice exposed to peanut flour reveal that the CD11c*MHCIIN cell
population also express CD11b* and that ~50% of them express GC-homing receptor
CXCRS5 (Supplemental Fig. 1). We also compared the impact of I1L-13 deficiency in mice
exposed to peanut flour and Alternaria extract. When exposed to peanut flour, the frequency
and total number of CD11c*MHCIIN DCs significantly decreased in 1L-13-deficient mice as
compared to WT mice (Supplemental Fig. 2, p<0.05 and p<0.01). In contrast, no decrease in
CD11c*MHCIIN DCs was observed in IL-13-deficient mice when they were exposed to
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Alternaria extract, suggesting that the DC response induced by peanut flour is more strongly
dependent on IL-13 than that induced by Al/ternaria extract.

To determine if IL-13 is sufficient to induce CD11c*MHCIIN DCs, naive WT mice were
exposed i.n. to OVA alone, a combination of OVA plus IL-13 or peanut flour on days 0 and 1
(Fig. 3E). On day 4, as expected, mice exposed to peanut flour showed an increase in CD11c
*MHCIIN DCs that highly express CD40 and CD86 (Fig. 3F and 3G, Supplemental Fig. 3).
Mice exposed to OVA plus IL-13 also showed a significant increase in CD11c*MHCIIhi
DCs as compared to those mice exposed to OVA alone or PBS (p<0.01), suggesting that
IL-13 in the presence of antigen is sufficient to induce the DC population. Altogether, these
findings suggest that upon airway exposure to peanut flour, 1L-13 is essential for
mobilization of CD11c*MHCIIN DCs to mLNs, which likely facilitate subsequent
development of Tth cells and GC B cells.

Lung ILC2s are the major source of IL-13 in response to peanut flour exposure

The prominent immunologic outcomes of IL-13-deficient mice motivated us to identify the
cellular source of 1L-13. To this end, naive BALB/c mice were exposed i.n. to peanut flour
once (Fig. 4A). Lung levels of IL-13 significantly increased in mice exposed to peanut flour
compared to those exposed to PBS 3 hours post-exposure (Fig. 4B). At 6 hours post-
exposure, the levels of IL-13 returned toward those of naive mice. When naive BALB/c mice
were exposed to Alfernaria extract, high concentrations of both IL-5 and IL-13 proteins were
detected in lung homogenates at 3 hours, which remained detectable 6 hours post-exposure
(Supplemental Fig. 4).

Because the increase in IL-13 in naive BALB/c mice was rapid and transient when mice
were exposed to peanut flour, we suspected the involvement of lung ILC2s, which generally
release type 2 cytokines quickly after airborne exposure to allergens or environmental insults
(26). Although several cellular markers can be used to identify lung ILC2s, they are
typically characterized by the lack of lineage markers (lineage™ or lin™) as well as high
expression of CD25 and CD44 (27). 1L-13 reporter mice (//1597P/e9fP) were exposed to
peanut flour twice on days 0 and 1, and the lungs were analyzed 24 hours after the last
exposure (Fig. 4C). We detected a significant increase in IL-13eGFP, primarily within the
lineage™ populations that highly expressed both CD25 and CD44, consistent with lung
ILC2s (Fig. 4D and 4E, p<0.01 and p<0.05). No other cell populations, including any
lineage-positive populations, appeared to express IL-13eGFP above background.

To verify the contribution of ILC2s in IL-13 production, we depleted the ILC2 population
from RagZ~'~ mice (deficient in mature T cells) by treating them with anti-Thy1.2 antibody
(Fig. 4F) as previously published (28). When exposed i.n. to peanut flour, Rag2~/~ mice
produced comparable levels of IL-13 (Fig. 4G) as WT mice (Fig. 4B). Furthermore,
depletion of ILC2s by anti-Thy1.2 antibody resulted in a significant decrease in the lung
levels of 1L-13 (Fig. 4G, p<0.01), suggesting that ILC2s provide an acute and major source
of IL-13 in mice exposed to peanuts.
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IL-13 release by ILC2s is dependent on IL-1R1 signaling

We previously found that airway sensitization to peanuts and production of IgE antibodies
are dependent on signaling from the IL-1-family cytokines, in particular IL-1a/B (7).
Therefore, we investigated whether IL-1a can induce IL-13 production from ILC2s. A
significant increase in the lung levels of IL-5 and 1L-13 were observed 4.5 hours after i.n.
administration of IL-1a to naive BALB/c mice (Fig. 5A and 5B). Furthermore, the lung
levels of IL-13 after the peanut exposure were partially, but significantly, decreased in
/11r17"~ mice (Fig. 5D, p<0.05), suggesting that IL-1 is involved in I1L-13 production by
ILC2s.

A recent study suggests that two populations of ILC2s are present in adult mouse lungs (29).
IL-1a signal through a heterodimer composed of a common receptor, IL-1RAcP, and
cytokine-specific receptors including IL-1R1 (for IL-1a and B) (30). KLRG1 expression on
lineage™ cells is a common gating strategy to identify mature ILC2s in mucosal tissues (31).
Gating on the Lin"KLRG1* population, two major cell populations of ILC2s were revealed
based their expression levels of CD25 (Fig. 5E). The Lin~ KLRG1* CD44*CD25/owW
population contained ST2*1L-1R171LC2s and ST27IL-1R1*ILC2s while the Lin™ KLRG1*
CD44*CD25"9" population mainly consisted of ST2*IL-1R1™ ILC2s.

ILC2s are indispensable for the production of peanut-specific IgE

Given the IL-13 production by ILC2s in naive mice exposed to peanut flour, we finally
examined the contribution of ILC2s to generating peanut-specific IgE antibodies by using
two models for ILC2-deficient mice. First, naive C57BL/6 mice were lethally irradiated and
reconstituted with bone marrow (BM) cells from WT or Ror&%/9 mice for 6 weeks as
previously described (both C57BL/6 mice) (12, 32). Lung ILC2s were nearly absent in the
lungs of mice reconstituted with Ror&%/s9 BM, while CD4* T cells in spleen were preserved
(Fig. 6A and 6B). The mice that had received WT or Ror&%/9 BM were exposed i.n. to
peanut flour twice, 7 days apart, and examined 4 weeks later similarly to Fig. 1A (Fig. 6C).
While the mice reconstituted with WT BM produced a robust peanut-specific IgE, the IgE
antibody levels were significantly reduced approximately 15-fold in mice that received
Rors%s9 BM (Fig. 6D, p<0.05). The plasma levels of 1gG2a and 1gG2b antibodies
decreased over 20-fold and approximately 15-fold, respectively, in mice deficient in ILC2s.

Second, we verified the observation by using a genetic model. Previously, conditional
deletion of Roraby //7rdriven Cre (Rora™f1/7r-Cre) generated mice that are specifically
deficient in 1LC2s (13). Rora™"1/7r-Cre mice showed decreased frequency of CD11c
*MHCIIM DCs in mLNs as compared to Rora™ littermate control mice (no Cre) when they
were exposed to peanut flour (Supplemental Fig. 5). Importantly, the plasma levels of
peanut-specific IgE antibody were significantly reduced in Rora™?117r-Cre mice as
compared to control mice (Figure 7, p<0.01). Furthermore, the plasma levels of peanut-
specific IgG1 and 1gG2b antibodies also decreased in Rora™117r-Cre mice. Altogether,
these findings suggest that ILC2s are indispensable for IgE antibody production to peanut
allergens.
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DISCUSSION

Our knowledge of the immunological processes responsible for IgE-type sensitization to
peanut allergens is limited. Early work demonstrated that deletion of Th2 cell lineage-
defining transcription factors, such as STAT6 or the prototypic Th2 cytokine IL-4, reduces
the levels of total IgE antibodies (33, 34), leading to the notion that Th2 cells control the IgE
antibody response. Nonetheless, more recent studies have demonstrated that Tfh cells, not
conventional Th2 cells, are required for the production of allergen-specific IgE antibodies
(4-6). However, the immunologic mechanisms involved in the development of these Tfh
cells have been an enigma. We previously reported a model where naive BALB/c mice
exposed to peanut flour through the airways without any adjuvants became sensitized and
developed acute and systemic anaphylaxis when challenged subsequently to peanut extract
(7). In the current study, we expanded the model and clarified the sensitization process. One
of the major findings included a novel role for IL-13-producing lung ILC2s that link innate
immunity, Tfh cell and GC B cell expansion in dLNs, and IgE-type humoral immune
response to inhaled peanut allergens. Furthermore, 1L-13 was necessary and sufficient to
mobilize CD11c*MHCIINDCs to the mLNs, which express GC-homing molecule CXCR5
and likely promote the development of Tfh cells (21).

Previous studies on the roles for IL-13 in IgE antibody production have been controversial.
While IL-13-deficient mice had lower basal levels of serum IgE (35, 36), no differences
were observed in serum levels of total IgE between 1L-13-deficient mice and WT mice when
they were infected with a helminth Nippostrongylus brasiliensis (35). Similarly, IL-13-
deficient mice normally produced ovalbumin (OVA)-specific IgE antibody when they were
immunized with intraperitoneal injection of OVA plus alum (37). In this study, we found that
the need for IL-13 is likely to be dependent on the types of allergens because the IgE
antibody production in response to the fungus Alternaria was not affected by IL-13-
deficiency while that in response to peanut was nearly abolished (Fig. 1). Although
investigation into the mechanisms to explain the difference is not a major focus of this study,
we speculate that the pro-inflammatory environment that are created by exposure to
Alternaria (38) likely activates lung DCs by several innate immune pathways, such as
cytokines and toll-like receptors, potentially masking the contribution of IL-13. Indeed,
Alternaria extract induced more robust and prolonged innate type 2 responses as compared
to peanut flour (Supplemental Fig. 4). Furthermore, exposure to Alternaria extract mobilized
CD11c*MHCIINDCs to the mLNs independently of IL-13 (Supplemental Fig. 2).

While the roles for ILC2s in innate immunity and tissue homeostasis have been well
established (10), their roles in promoting or regulating adaptive immunity have only been
recognized recently. For example, ILC2s and CD4* Th2 cells may interact directly through
cellular contact through MHCII and co-stimulatory molecules (27, 39, 40). Alternatively,
ILC2s may indirectly promote adaptive immunity by activating DCs. For example, in mice
exposed to protease papain, IL-13 derived from ILC2s induced DC migration to the lung
dLNs, promoting differentiation of conventional Th2 cells and airway inflammation (12).
Our observations add to this knowledge by linking ILC2s and humoral immunity. Indeed,
ILC2-derived IL-13 significantly increased the pool of Tth cells and GC B cells in dLNs,
and facilitated the production of peanut-specific IgE antibodies. Conversely, depletion of
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ILC2s by using a BM transfer approach or a genetic approach significantly reduced the
plasma levels of peanut-specific IgE.

The question remains as to how ILC2s are activated by exposure to peanut flour. Generally,
epithelium-derived cytokines, such as IL-25, 1L-33, and TSLP, activate ILC2s and initiate
their production of type 2 cytokines (26). Nonetheless, no or minimal production of these
epithelium-derived cytokines was observed in mice exposed to peanut flour (7). In the
current study, we identified a subset of lung ILC2s that express IL-1 receptor IL-1R1 in the
Lin"KLRG1*CD44*CD25!°" |LC2 population (Fig. 5). Furthermore, IL-1a alone was
sufficient to induce 1L-13 production, and IL-13 release in mice exposed to peanut was
dependent on IL-1R1. Altogether, these observations are consistent with our previous
findings where development of peanut-specific Tfh cells were dependent on IL-1R1 (7).
Recently, two populations of ILC2s were identified in adult mouse lungs, including a novel
IL-18Ra*ST2~ population and a conventional IL-18Ra~"ST2* population (29). Therefore,
depending on their subsets, the biological functions of ILC2s may include regulation of
humoral immunity in mucosal organs in addition to their known functions in innate
immunity and tissue homeostasis. Further studies are necessary to determine whether
ST2*ILC2s, IL-1R1*ILC2s (or IL-18Ra.*ILC2s) or hoth are necessary to promote IgE-type
allergic sensitization to allergens. The cellular source for IL-1 that activate ILC2s also needs
to be determined. Potential candidates include alveolar macrophages, which are a source of
IL-1a in response to inhaled fine particles (41).

How can the knowledge derived from this study be translated to humans? Several mouse
models for peanut allergies have been reported previously, which include models with a
disinhibited mutation of the 1L-4 receptor (42) and models using a combination of oral
peanut exposure combined with mucosal adjuvants, such as cholera toxin (43-45). Although
these models provide important insight, the immunologic mechanisms involved in the
initiation and development of peanut allergies are difficult to assess due to genetic
manipulation and the use of adjuvants. Additionally, the “Learning Early About Peanut”
(LEAP) allergy study in humans has shown that oral exposure to peanut proteins is
protective against developing a peanut allergy, implicating alternative routes for
sensitization, such as the skin and airway (46). Peanut allergens have even been detected in
household dust samples even if peanuts are not consumed by the occupants (14, 15).
Although the route of allergen sensitization has not been fully established in the field, we
hope that our model, which mimics environmental exposure to peanut allergen
microparticles, is useful for a mechanistic understanding of the development of peanut
allergies in humans.

In summary, we report that 1L-13 plays a critical role in the development of Tfh cells and
GC B cells in mice exposed to peanut flour. Previously, IL-13 or 1L-13-specific receptor
IL-13Ral was necessary to maintain steady-state levels of serum IgE, suggesting a role of
IL-13 in linking innate immunity and IgE antibody production (35, 47). A recent report also
implicated the role of a unique subset of Tfh cells that express IL-13, which leads to the
production of high-affinity IgE antibodies (8). Together with the findings in this study, IL-13
that is produced by ILC2s, Tth cells, or both may play a key role in allergen sensitization
and IgE antibody production. While the role for IL-4 to mediate IgE class switch has been
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production of allergen-specific IgE antibodies. Several important questions remain. Are
ILC2s required once IgE B cell memory has been established? What is the key target(s) of
IL-13 during allergic sensitization, including DCs, Tfh cells, and GC B cells? Continued

studies in this field will provide important insight into the immunological mechanisms

involved in the initiation and development of allergies to peanuts and other allergens and

help to develop novel strategies to prevent these diseases in humans.
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Key points
. IL-13 is indispensable for the production of IgE antibodies to peanuts
. Subsets of lung ILC2s produce 1L-13 upon airborne exposure to peanut flour
. Mice deficient in ILC2s produce lower titers of peanut-specific IgE antibodies
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Figure 1.

IL-13 is necessary for the production of peanut-specific IgE, 1gG2a, and 1gG2b antibodies.
A. Wild-type (WT) and //739tP/egfP (]1_-13-deficient) BALB/c mice were intranasally (i.n.)
exposed to peanut flour on days 0 and 7. Blood was assessed for peanut-specific antibodies
on day 34. B. Day 34 blood antibody titers for peanut-specific IgE, 1gG1, 19G2a, and 1gG2b
from 1L-13-deficient or WT mice described in Fig. 1A. C. WT and IL-13-deficient mice
were exposed i.n. to peanut flour + OVA, Alternaria extract + OVA, or PBS once a week for
6 weeks. Blood samples were taken every 2 weeks and assessed for peanut-specific
antibodies. D. Kinetics of plasma antibody titers for peanut-specific IgE, 1gG1, 1gG2a, and
1gG2b from IL-13-deficient or WT mice described in Fig. 1C. Data represent two
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experiments using three mice per group. Error bars represent mean £ SEM. */<0.05 and
**P<0.01 compared to WT mice treated similarly.
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Figure 2.

Functional Tfh and germinal center (GC) B cells develop at significantly lower numbers in
IL-13-deficient mice. A. WT and IL-13-deficient BALB/c mice were exposed i.n. to peanut
flour or PBS twice (on days 0 and 7) and mediastinal lymph nodes (mLN) were analyzed on
day 11. B. Day 11 mLN cell counts of total mLNs, CD3*CD4* T cells, and B220* B cells.
C. Sample flow plots and analysis of mature Tfh cells (CD3*CD4*CXCR5*PD-1"). Cells
were gated on the CD457CD3*CD4* cell population. D. Sample flow plots and analysis of
GC B cells (B220* PNA*FAS™). Cells were gated on the CD45*B220* cell population. E.
WT and IL-13-deficient BALB/c mice were exposed i.n. to peanut flour or PBS (on days 0
and 7), and mLNs were collected on day 11. The cells were normalized at 2x10° cells/ml,
cultured with PBS or crude peanut extract, and assessed for Tfh cytokines. F. IL-4 and IL-21
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analysis from samples described in Fig. 2E. Error bars represent mean £ SEM. */<0.05 and
**P<0.01 between the groups indicated by horizontal lines. Each circle represents individual
mouse.
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IL-13 deficiency results in reduced CD11c*MHCIIN cells in mLNs after peanut flour
exposure. A. WT and IL-13-deficient BALB/c mice were exposed i.n. to peanut flour or PBS
on days 0 and 1. On day 4, mLN were harvested and analyzed by flow cytometry. B. Data
represent total numbers of mLN cells in each treatment group. C. Representative gating
strategy for each experimental group, preceded by gating on the CD45™, singlet, living, high
FSC-A/SSC-A cell population. D. Data represents frequency and cell counts for the CD11c
*MHCIIN population. E. WT BALB/c mice were exposed i.n. to IL-13+OVA, OVA alone,
peanut flour, or PBS for on days 0 and 1. On day 4, mLNs were harvested and analyzed by
flow cytometry. F. Representative gating strategy for each experimental group, preceded by
gating for CD45™, singlet, living cells G. Data represent frequency and cell counts of the
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CD11c*MHCIIN population. Data are representative of two experiments of 2—4 mice each.
*P<0.05 between the groups indicated by horizontal lines. Each circle represents individual
mouse.
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Figure 4.
ILC2s are the primary source of IL-13 response immediately after airway PN exposure. A.

WT BALB/c mice were exposed once to peanut flour or PBS, and lungs were harvested 3 or
6 hours later. B. IL-13 levels from lung lysate were assessed by ELISA. **P<0.01 compared
to the mice exposed to PBS. C. //1397/edfP mice were exposed i.n. to peanut flour or PBS
for 3 consecutive days; in these experiments, //239%/e9P mice were used to report I1L-13
expression. Lungs were harvested after 24 hours and analyzed by flow cytometry. D.
Representative gating strategy for each treatment group, preceded by gating for CD45",
singlet, living cells. E. Frequency and cell number of IL13eGFP* ILC2s. Data are
representative of two experiments for two PBS-exposed and four peanut flour-exposed
11139P/9fP mice. *P<0.05 and **P<0.01 compared to the mice exposed to PBS. F. To deplete
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ILC2s, RagZ™"~ BALB/c mice were treated i.p. and i.n. with anti-Thy1.2-depleting antibody
or isotype-control antibody on days —4 and —2. Mice were then exposed once i.n. to peanut
flour or PBS. Three hours later, lungs were harvested and processed for ELISA analysis. G.
IL-13 levels from lung lysates were assessed by ELISA. Data are representative of two
experiments of 2—6 mice each. **/<0.01 between the groups indicated by horizontal lines.
Error bars represent mean = SEM. Each circle represents individual mouse.
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Figure 5.
IL-13 release after peanut flour exposure is dependent on IL-1R1 signaling. A. Naive

BALB/c mice were exposed once i.n. to IL-1a or PBS, and lungs were harvested and
analyzed 4.5 hours later. B. IL-5 and 1L-13 levels measured by ELISA from lungs described
in A. **P<0.01 between the groups indicated by horizontal lines. C. WT (C57B6/J) or
112r17"~ mice were exposed once to peanut flour or PBS, and lungs were harvested 3 hours
later. D. IL-13 levels from lung lysates were assessed by ELISA from mice described in C.
*P<0.05 between the groups indicated by horizontal lines. E. Lungs from naive mice were
harvested and analyzed for lineage, KLRG1, CD44, and CD25 by flow cytometry. Gates
were based on the CD45™, singlet, living cell population.
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Figure 6.

ILC2s are necessary for the production of peanut-specific-specific IgE, 1gG2a and 1gG2b
antibodies. A and B. Verification of ILC2-deficiency in the bone marrow transfer model.
ILC2-deficient mice were generated by reconstituting lethally irradiated CD45.1 congenic
C57BL/6 mice with 2-3 million bone marrow cells isolated from WT or Rora*%*9 C57BL/6
littermates. The spleen (A) and lungs (B) of the mice were harvested 6 weeks later and
analyzed by FACS. C. Naive congenic C57BL/6 mice that had received WT and Rora*%*9
bone marrow were i.n. exposed to peanut flour or PBS twice, one week apart. Four weeks
later, plasma was assessed for peanut-specific 1gs. D. Day 34 blood antibody titers for
peanut-specific IgE, 1gG1, 1gG2a, and 1gG2b from mice described in Fig. 6C. Error bars
represent mean + SEM. Data are representative of two experiments using 3-7 mice each.
*P<0.05 and **A<0.01 compared to mice received Rora*?*9 bone marrow cells and exposed
to peanut flour.
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Mice deficient in ILC2s produce less peanut-specific IgE antibodies. A. Naive Rora™/7r-
Cre mice or Rora™" littermate control mice were i.n. exposed to peanut flour or PBS twice,
one week apart. Four weeks later, plasma was assessed for peanut-specific Igs. B. Day 34
blood antibody titers for peanut-specific IgE, 1gG1, 1gG2a, and 1gG2b from mice described
in Fig. 7A. Error bars represent mean £ SEM. Data are presented as a pool from two
independent experiments, a total of 6-9 mice in each group. */<0.05 and **/~<0.01

compared to Rora™"1/7r-Cre mice exposed to peanut flour.
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