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ABSTRACT:

Background: IgE production against innocuous food antigensreanlt in anaphylaxis, a severe
life-threatening consequence of allergic reactidie maintenance of IgE immunity is primarily
facilitated by IgG memory B cells (MBCs), as IgBBCs and IgE plasma cells are extremely
scarce and short-lived, respectiveDbjective: To investigate the critical requirements for an
IgE recall response in peanut (PN) allerghethods: We used a novel human peripheral blood
mononuclear cell (PBMC) culture platform, a moussdei of PN allergy, and various
experimental readouts to assess the IgE recalbnsgpin the presence and absence of Ib-4R
blockade Results: In human PBMCs, we demonstrate that blockade @F/IL-13 signaling
aborted IgE production upon activation of a repesbonse and skewed the cytokine response
away from a dominant type 2 signature. Th2A cdéllentified by single-cell RNA-sequencing,
expanded with PN stimulation and maintained thathpgenic phenotype in spite of IL-4R
blockade. In allergic mice, anti-IL-4Rprovided long-lasting suppression of the IgE recal
response beyond antibody treatment and fully pteteagainst anaphylaxi€onclusion: The
findings reported here advance our understandiryents mediating the regeneration of IgE in

food allergy.

Clinical Implication: This work positions IL-4/IL-13 as a critical sidimg pathway with

disease-transformative potential.
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CAPSULE SUMMARY:
In peanut-allergic human PBMCs and in peanut-altergce, we demonstrate that IL-dR
blockade inhibits IgE recall responses, prevengphpaxis, skews away from a Th2-dominant

cytokine signature, and may facilitate long-lastsugpression of IgE production.

KEY WORDS:

IgE, food allergy, anaphylaxis, IL-4 receptor, meyn@sponse, Th2 immunity

ABBREVIATIONS:

Alum (aluminum hydroxide), CPE (crude peanut exjtd€ (isotype control), MBC (memory B
cell), NA (non-allergic), NS (no stimulus), OVA (albumin), PBMC (peripheral blood
mononuclear cell), PA (peanut-allergic), PN (pegarax. (subcutaneous), SCRNA-seq (single-
cell RNA-sequencing), TFh (T follicular helper), T@&pe-strip), UMAP (uniform manifold

approximation and projection).
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MAIN TEXT:

I ntroduction:

Allergens trigger the production of IgE, the kefeetor molecule in allergic reactions and,
therefore, a critical therapeutic target. In costtta Th1 immunity wherein infection or
vaccination generates antigen-specific 1gG titees typically persist for decadesillergen-
specific IgE levels drastically decline after exded periods without re-exposure. For example,
in seasonal allergic rhinitis, serum allergen-siietgyE levels are cyclical, concordant to on- and
off-season allergen peakd A similar phenomenon has been observed in hunitersgia to the
common fish parasit@nisakis spp after strict avoidance of fish consumptiondbleast 10
months? This is challenging to observe in human food glfevhere persistently increased
peanut (PN)-specific IgE levels are likely the aamqsence of high rates of accidental exposures
or even higher rates of subclinical exposUresthis regard, in a mouse model of PN allergy,
PN-specific IgE titers became undetectable six m®pbst-sensitizatiohlrrespective of

declining or absent allergen-specific IgE titehg tapacity of allergic mice and humans to
regenerate IgE following re-exposure can remairafliietime, presumably via reactivation of

memory B cells (MBCs) and the subsequent re-emergehlgE-secreting plasma cells (PCs).

Recent evidence in mice and humans has demonsthatel)E MBCs are extremely rare®

The predisposition of IgEB cells to terminally differentiate into IgE-seting plasma cells
(PCs), rather than quiescent MBCs, is thought ta bensequence of chronic membranous IgE
signaling'®** Moreover, IgE PCs are shorter-lived than IgG counterparts, tasslting in
declining serum IgE titers over time. IgE-expreastan be achieved through distinct pathways

of class switch recombination, including directsslswitching from IgM and sequential class-
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switch from IgM to one or more intermediate isotyffeAnalyses of human immunoglobulin
heavy chain (IgH) repertoires identified Ig@. cells as the dominant intermediate of 1dE
cells® In vivo experimentation corroborated a preferential swikcbugh IgG and, therefore,
positioned IgG MBCs as the chief reservoir of IgJE memory respsfs&*’IgG" MBCs class
switching to IgE occurs under the influence of tgpeytokines; however, the critical

requirements that facilitate the regeneration & I§Cs remain to be fully elucidated.

IL-4 and IL-13, hallmark type 2 cytokines, are ihxexl in Th2 polarization, B cell proliferation,
and IgE class switching. Both cytokines exert th@togical activity through a shared
heterodimeric receptor composed of ILed&d IL-13Ru1, with IL-4 having a second signaling
receptor composed of IL-4Randyc.'® Whereas mouse models of Th2 immunity to helminth
infection support a critical requirement of IL-4saling for primary and secondary IgE
productiort® % the function of IL-4/IL-13 signaling in class sahiing in human lymphocytes, as
well as in the context of allergic.€. non-helminth) Th2 immunity, remains incompletely

understood.

Here, we used a novel model system, comprehensiteip analysis, and single-cell
transcriptomic analysis to interrogate the actovaf Th2 cellular and humoral immune
memory in humans and mice with food allergy. Wstfiteveloped a novét vitro human
platform with peripheral blood mononuclear cellBIRCs) which, for the first time, enabled
joint T and B cell readouts. Our characterizatiboytokine, cellular, and single-cell
transcriptomic profiles in the human recall resgottsPN unveiled unique populations of Th2A

cells,MAL" CD4 T cells, andGHE" MBCs that were differentially regulated by IL-4 saing.
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113 We also show that these findings are clinicallgvahtin vivo because treatment of PN-allergic
114  mice with anti-IL-4Rx fully aborted the formation of PN-specific IgE aoetvented

115 anaphylaxis. These effects were sustained evembddye4Ra blockade, highlighting the

116 potential to reprogram the pathogenic allergic oesp. Collectively, these data elucidate key
117 events in human and mouse Th2 recall responseshwhplicates anti-IL-4R as a persuasive
118 therapeutic approach for PN allergy.

119

120 Methods:

121  Study Population

122 A cohort of 12 PN-allergic and 5 non-allergic bladahors were recruited from McMaster
123  University and McMaster Children’s Hospital (Harailt ON). Allergy to PN was determined by
124  PN-specific IgE ImmunoC&pperformed at LRC Hamilton (McMaster Children’s tgital),

125 Dby saline and histamine-controlled skin prick tesid clinical history of reactivity. PN-allergic
126 individuals were considered for inclusion with Ppesific serum IgE levels >0.35 kU/L and
127  skin prick test3 mm greater than saline control. All allergy tegtwas performed within 6
128 months before blood was drawn for experimentatiowlusion criteria for all recruited donors
129 included: allergen immunotherapy, previous or aurmmalizumab (Xolaft), dupilumab

130  (Dupixenf), or other systemic immunomodulatory treatments, o

131 autoimmune/immunodeficiency diseases. Patient despbics and allergic indicators are

132 summarized in Table S1. All donors were recruitéith written consent and ethical approval
133 from Hamilton Integrated Research Ethics Board EBR

134

135 Mice
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Female C57BL/6 mice (5-8 weeks old) were purchdsed Charles River Laboratories. 4get
mice and KN2 mice were a generous gift from Drhlkang (McGill University). Homozygous
4get (14™N2 and KN2 (14™(CP2MYS) mice on C57BL/6 backgrounds were crossbred to
generate 4get/KN2 mice, described previod&Kll experimentation was in compliance with

McMaster University Research Ethics Board.

Food Allergy Models

Mice were epicutaneously sensitized to- and chg#drwith either crude peanut extract (CPE,
Greer) or ovalbumin (OVA, Sigma), as previouslyatised®?>?*Briefly, 200 pg of CPE or
OVA was applied on the shaved and tape-strippedl lf@&€ks of mice for 10 days. Two weeks
after the final sensitization, 100 pg of CPE or OWas injected subcutaneously (low back) 3
times in 1 week. For anti-IL-4ikclearance experiments, 3 additional subcutanegestions of
CPE occurred six weeks after anti-IL-@Reatment. Two weeks after subcutaneous injections
mice were challenged through intraperitoneal inggcof 5 mg CPE. Core body temperature and
hematocrit were recorded, as previously describ@linical signs were graded on a scale of 0-
5: 0 = No clinical signs, 1 = In-ear scratching; Pecreased activity, 3 = Motionless, 4 = No
response to whisker stimuli, 5 = Seizure, moributehth’’ Retro-orbital bleeds were performed

to collect serum for analysis of PN-specific antiies by ELISA.

For intraperitoneal sensitization, 250 pL Alhydrog# (alum, InvivoGen) with 250 ug CPE
was delivered intraperitoneally twice, one weekragster two weeks of rest, mice were bled

and challenged, as described above.
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Antibody Production and Administration

A hybridoma secreting monoclonal rat IgG2a anti-selL-4Rx (M1), generated by Immunex
Corporation (Amgen), was generously provided bymed Finkelman (University of

Cincinnati, Cincinnati, OH). Hybridomas were expaddn tissue culture flasks with serum-
containing media and then transferred to a spifiagk in serum-free media for up to 10 days.
Antibodies were purified from culture supernataithviProtein G Sepharose (GE Healthcare).
One mg anti-IL-4k& or an isotype control (rat IgG2a anti-trinitropb&rBio X Cell) was

injected intraperitoneally the day before subcutaisere-exposure, or 6 weeks, 2 weeks, or 1 day
before sensitization. IgG-mediated anaphylaxis masked with rat IgG2b anti-mouse CD16/32
(Bio X Cell), as previously publisheéd CD4 and NK1.1 depletions were carried out with rat
anti-mouse CD4 (GK1.5; Bio X Cell) and rat anti-rselNK1.1 (PK136; Bio X Cell) antibodies,
respectively. Two intraperitoneal injections of 2@9anti-CD4 or anti-NK1.1 were administered

before subcutaneous re-exposure and once duriegp@sures.

Tissue Processing

Mice were euthanized under inhalational anesthmticervical dislocation and, immediately
after, inguinal lymph nodes and/or spleens werkectdd. Lymph nodes were crushed between
frosted slides into a single-cell suspension wiBS3%$. Spleens were crushed through a 40 pm
filter using a 3 mL syringe plunger with HBSS. Calispensions were passed through a 40 pm

filter. Red blood cells in splenocyte suspensiorsawemoved with ACK lysis buffer.

Spolenocyte Culture
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181 Three days after systemic allergen exposure, sphene collected and processed under sterile
182 conditions for culture. Cells were resuspendecbmgete RPMI (10% FBS, 1% penicillin-

183  streptomycin, 1% L-glutamine, and 55 pM 2-mercaitarol) and plated in triplicate at 8¥10
184 cells/mL. Cells were left unstimulated or were stiated with 250 pg/mL CPE. Cell-free

185 supernatants were collected on day 5 and stor&D&E until use.

186

187 PBMC Isolation and Sorage

188 Up to 80 mL of peripheral blood was collected ih&parinized tubes (BD). PBMCs were

189 isolated via Ficoll-Paque (GE Healthcare) densigdgent centrifugation, filtered, and

190 resuspended in either enriched RPMI medium fouegltor in 10% dimethyl sulfoxide

191 (DMSO)-supplemented fetal bovine serum (FBS) térbeen at -80°C overnight in appropriate
192 freezing containers and subsequently in liquidogién for long-term storage. PBMCs used in
193 this study were frozen for 0-6 months before usage.

194

195 PBMC Culture

196 Before culture, PBMC viability was assessed usimgmated viable cell counting (ADAM MC,
197 Digital Bio). All fresh PBMCs were >95% viabilityna freeze-thawed PBMCs were >90%

198 viability. Cells were resuspended in enriched RRBHO (Gibco) supplemented with 10% heat-
199 inactivated human AB serum (Corning), 10 mM HEP&S$,mM non-essential amino acids, 1
200 mM sodium pyruvate, 55 uM 2-mercaptoethanol, 1%utegnine, and 1% penicillin-

201 streptomycin. Cells were plated in at least dupdice a density of 1.5x2@er mL in 24-well

202 plates for up to 12 days. On days 4 and 8, 1 mtetifree supernatant was collected, stored at -

203 80°C, and replaced with 1 mL enriched medium. Agesitive control for IgE production, cells
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204  were stimulated with 68.7 ng/mL (8000 IU) rhiL-dig&a-Aldrich) and 5 pg/mL anti-CD40
205 (BioXCell) at the start of culture. As a negatiwntrol, cells were incubated in medium alone.
206 Allergen-stimulated cells were cultured with 2.3mg CPE. Cells incubated with neutralizing
207 antibodies against IL-4rand keyhole limpet antigen (KLH, IgG2a isotype ttohfor IL-

208 4Ra antibody) received 5ag/mL of antibody in the presence or absence of CPE.

209

210 ELISA and ELISpots

211 PN-specific mouse IgG1, IgE, and total human IgEIASs were performed as previously
212 described:?® For the detection of human PN-specific IgE antibsdMaxiSorp plates (Thermo
213 Scientific) were coated overnight at 4°C withig/mL CPE in carbonate-bicarbonate buffer.
214  Wells were blocked with 5% skim milk powder in PBS 2 hours followed by 3 washes

215 with 0.05% Tween-20. Samples were plated and irtegbavernight at 4°C. Supernatant

216 samples were lyophilized (Modulyo Freeze Dryer,riie Scientific) overnight and were

217 reconstituted (10x concentrated) in 5% skim milkeAwashing, biotin-conjugated goat anti-
218 human IgE, cross-adsorbed (polyclonal; Invitrogea$ added at 0.35g/mL. Following a 2-
219 hour incubation, wells were washed and streptavtiRP (BD) was added for 1 hour. ELISAs
220 were developed with 3,3’,5,5’-Tetramethylbenzid{Sggma) and optical densities were acquired
221  with a Multiskad™FC (Thermo Scientific). Rat IgG2a ELISA (Invitrogeand total IgE

222 ELISpots (Mabtech) were performed with commercialgilable kits, as per manufacturer’s
223 recommendations.

224

225 Cytokine Analysis
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226 Cytokines in PBMC culture supernatant were assagety MILLIPLEX Immunology

227 Multiplex Assays (HCYTOMAG-60K, Millipore Sigma) ananalyzed using MAGPIX XMAP
228 Technology (Luminex). Supernatants from day 4 difuce were assayed for either IL-4, IL-5
229 and IL-13 or a discovery panel including: sCD40GH Eotaxin/CCL11, FGF-2, Fit-3

230 ligand, Fractalkine, G-CSF, GM-CSF, GRO, IkeR; IFNy, IL-1a, IL-1B, IL-1Ra, IL-2, IL-3,
231 IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL17A, IP-10,
232 MCP-1, MCP-3, MDC (CCL22), MIPd, MIP-18, TGF-u, TNF-o, TNF8, VEGF. Cytokines
233 detected above background and falling within thiectable range (3.2-10000 pg/mL) were
234 included in statistical analyses.

235

236 Cytokines in mouse splenocyte culture supernatang wssayed using MILLIPLEX

237 Immunology Multiplex Assays (MCYTOMAG-70K, Millipa Sigma) and analyzed using
238 MAGPIX XMAP Technology (Luminex). Supernatants fralay 5 of culture were assayed for
239 IL-4, I1L-13, and IFN. Cytokines detected above background and fallitginvthe detectable
240 range (3.2-10000 pg/mL) were included in statistcelyses.

241

242  Tetramer Saining and Enrichment

243  PE-conjugated peptide:MHCII tetramers were prepagepreviously describ&t and were

244 generously provided to us by Dr. Marc Jenkins (@rsity of Minnesota). Inguinal lymph node
245 single-cell suspensions were pooled from 4-5 migkiacubated (1 hour, room temperature) in
246 100puL FACS buffer (0.5% BSA and 2% 0.5mM EDTA in PBSjiwl pL each of two

247 peptide:MHCII tetramers containing the immunodomin@aVA epitopes: OVA2C (OV4ps.339

248 and OVA3C (OVA27.339.%° Cells were washed with 10 mL FACS buffer to remambound
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tetramer. Pellets were resuspended and incubabeahi(Bites, on ice) with 5QL anti-PE
microbeads (Miltenyi Biotec). Five mL FACS buffeasradded to cells and the cell suspension
was run through an LS Column (Miltenyi Biotec) omagnetic stand. Tetramer-unbound cells
(flow-through fraction) were collected. Columns eeemoved from the magnetic stand and 5
mL FACS buffer was plunged through the column tibecd tetramer-bound cells (enriched
fraction). Flow-through and enriched fractions wiren counted, pelleted, and stained with

fluorochrome-conjugated antibodies for flow cytorget

Flow Cytometry and Bulk Sorting

Cells (cultured human PBMCs or mouse inguinal lympbes) were plated in 96-well plates
(<5x10 cells/well) in FACS buffer prior to extracellulataining. Cells were incubated with an
antibody cocktail and Fixable Viability Dye eFlu8€ (eBioscience) for 30 minutes on ice.
Fluorochrome-conjugated antibodies used in hunam dlytometric analyses include: CD3-
FITC (HIT3a), CD4-BV510 (OKT4), CD19-BV421 (SJ25Cand CD45-AF700 (H130). For
apoptosis analysis, cells were stained with Ann&IE in Annexin V binding buffer
(BioLegend). For mouse flow cytometric analyses,ftillowing fluorochrome-conjugated
antibodies were used: B220-BV711 (RA3-6B2), F4/807B1 (BM8), CD3-BV510 (17A2),
CDB8a-AF700 (53-6.7), CD4-PerCP-Cy5.5 (RM4-4), CD@&\605 (MEL-14), CD44-BV650
(IM7), CXCR5-BV421 (L138D7), PD-1-PE/Cy7 (RMP1-3Glyman CD2-APC (RPA-2.10,
BD). All antibodies were purchased from BioLegeundless otherwise specified. Data were
acquired with an LSRFortessa (BD). Bulk cell saytwas performed on a MoFlo XDP Cell
Sorter (Beckman Coulter) prior to single-cell sogti All data were analyzed with FlowJo v.10

software (TreeStar).
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Sngle-Cell RNA-Sequencing

Single Cell 3' RNA Sequencing libraries were pregaansing Chromium Single Cell V3

Reagent Kit and Controller (10X Genomics). Libraneere sequenced on HiSeq 4000
instruments (lllumina). The sequenced data weregased using Cell Ranger pipeline (v 3.0.1)
by 10X Genomics (https://www.10xgenomics.com). Sequng reads were aligned to the
human transcriptome (GRCh38) followed by filterengd correction of cell barcodes and Unique
Molecular Identifiers (UMIs). Reads associated wétained barcodes were quantified and used

to build expression matrices.

The scRNA-seq R package Seurat (v3.1.1) was usqadeprocessing, quality control and
downstream analyséSGenes not detected in at least 3 cells werediiteut. Low quality cells
expressing very few genes, and potential doubletsuttiplets expressing aberrantly high
number of genes (>5000) were excluded. Dying @sstd cells with a high percentage of
transcripts (>20%) mapping to mitochondrial genesawremoved. Samples from the four
libraries were merged for subsequent clusteringvésuthlization. Data were normalized using
the log normalization method with a scaling facibd0,000. Highly variable genes were
selected using the mean-variance method and datasealed to regress out the effect of nUMIs
and percent mitochondrial genes. Dimensionalityicéidn was performed using principal
component analysis (PCA) and the most significardters were chosen for subsequent
clustering. Graph-based clustering was implemebyechlculating k-nearest neighbors,
followed by modularity optimization to clusters lsglFindClusters function). Non-linear

dimensionality reduction and visualization was perfed using UMAP (Uniform Manifold
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Approximation and Projection). Clusters were anteat@n the basis of canonical markers and
differential gene expression testing was used terdgne a gene set signature for each cluster

using the Wilcoxon Rank Sum test.

Quantitative RT-PCRs

RNA was isolated from cultured PBMCs with RNeasyMit (QIAGEN) and was quantified
with NanoVue Plus (GE Healthcare). cDNA was synitexbwith Maxima First Strand cDNA
Synthesis Kit (Thermo Scientific), as per manufeatis recommendations. Immunoglobulin
epsilon €) heavy chain transcripts were amplified (StepOungMeal-Time PCR System,
Applied Biosystems) using custom TagMan gene espmakits (Applied Biosystems) with
previously developed primer pairs and proffeBata was analyzed RyACT, to represent data

as fold change relative to 18S housekeeping geppli@l Biosystems) and unstimulated (media

only) control.

Satistical Analysis

Data were analyzed with Prism 8 (GraphPad Softw&wejnparisons were drawn using one- or
two-way ANOVA, Student’s-test, or Pearson r. Benjamini-Hochberg (BH) cdrogcfor

multiple testing was used in analysis of cytokimscdvery panel. Nonlinear regression was
interpolated for 1IgG1 dilution plots and Efvalues were calculated when possible. Data were

considered significant whegn< 0.05.

Results:

Induction of an IgE recall response in human PBMCs
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Th2 responses to allergens follow a classical adapesponse, involving expansion of effector
cell populations, a subsequent contraction phaskpaemory persistence. However, a
comprehensive understanding of the cellular anceoutdr interplay for recall responses remains
to be fully elucidated. To this end, we developedravitro platform to interrogatellergen-
dependent T and B cell responses concomitantly Ay Human PBMC cultures are widely
used to assess cytokine production following a#argtimulation, however, we found that these
platforms did not support the generation of IgEpmeses in the absence of a polyclonal stimulus
(e.g. IL-4 + anti-CD40)****To overcome this limitation, we identified thaetbptimal dose of
allergen that facilitates an 1B cell responses is 5-log less than what hastivadily been

used for the assessment of T cell resporfs&sThus, we proceeded under these modified
culture conditions to validate the model with ndlergic (n=5) and PN-allergicn=12) donors

(Table S1).

To evaluate T cell responses, we performed a tggaibteomic analysis that included 38
analytes from 7 PN-allergic donors with the higlsesum PN-specific IgE levels after either
control (non-stimulated; NS) or PN exposure. Tweoty analytes were detected above
background, fell within the detectable range (0240 pg/ml; Fig. S1), and were included in
subsequent analyses. Of these, IL-5, IL-13, ILF@] H-17A exhibited the highest upregulation
in response to PN (Fig. 1B). Significant increasese also observed for GM-CSF, IL-2, N
TNF-a, IP-10, and IL-10 (Fig. 1B). These data demonstiiaat the recall response to PN in this
human platform involves a heterogenous cytokinparese with potent production of Th2

cytokines.
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We next assessed the IgE memory response in culitegatment with recombinant IL-4 and
anti-CD40, which induces IgE in human PBMEsesulted in IgE responses detectable at the
cellular, molecular, and transcriptional levelegpective of allergic-status (Fig. S2A-C). PN
stimulation increased IgE-secreting cells, PN-dpelgE, andlGHE transcripts as compared to
NS cells only in allergic donors, with no changean-allergic donors (Fig. 1C-E). The intensity
of IgE readouts displayed a moderate (IgE-secretitig; f=0.553) to strong (PN-specific IgE;
r’=0.785) correlation with serum PN-specific IgE lisvesed to ascertain allergic status (Fig.
S2D and E). Production 6GHE transcripts did not correlate with serum PN-Ig&EQ:275, Fig.

S2F).

To investigate the identity of B and T cells invedvin PN recall responses at greater depth, we
performed single-cell RNA-sequencing (ScCRNA-seqP&MCs isolated from non-stimulated
(NS; 3272 cells) and PN-stimulated (3787 cellsjurel at day 8 from a representative PN-
allergic donor (P027; Fig. S3A). After quality camit removal of low-quality cells and doublets,
Uniform Manifold Approximation and Projection (UMARas used to reduce the number of
dimensions and visualize cell clustering. Fifteestikte clusters were resolved, assigning
nomenclature derived from recognized gene signailiig. S3 B and C), including populations
of CD4 T cells, B cells, NK cells, monocytes, arasphils (Fig. 1F and G). To assess
heterogeneity between T cells populations, celth Wwigh expression dbATA3, FOXP3, IL7R,
andMAL were subclustered (Fig. 1H, Fig. S4A). These geree selected to better resolve
populations of Th2, Treg, and memory T cells, resigely, with the additional inclusion of
MAL-expressing T cells due to changes in frequencgrekd in total cell clusters (CO in Fig.

1G). A 2.3-fold increase in the proportionMAL-expressing CD4 T cells (C0) was observed
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364  with PN-stimulation (21.8% NS to 50.9% PN; Fig..1i this cluster, 43/94 differentially

365 expressed genes were ribosomal protein coding gsnggesting a high degree of protein

366 synthesis (Table S2). A pathway analysis (G:Pmfi non-ribosomal genes displayed an
367 enrichment in genes relating to lymphocyte difféiaion, T cell activation, and response to IL-
368 4 stimulus (Fig. S4B). Notablyl.4R was almost exclusively detected in AL" cluster, with
369 MAL having been suggested to be induced by IL-4-sigg4Fig. S4CY® Due to the high

370 frequency of these cells at baseline (NS), theyald&ely to be PN-specific, but rather expand
371 as aresult of bystander proliferatiin contrast, cluster 2 (C2) was uniquely identifie PN-
372 stimulated PBMCs (0.8% NS to 10.6% PN; Fig. 1f&entially expressed genes resembled a
373 canonical activated Th2 phenotype, includ®GTA3, IL17RB, KLRBL1, IL2RA, andCTLA4 (Fig.
374 1], Table S3). Additionally, C2 expressed genesding prostaglandin D synthaddRGDYS)

375 and the prostaglandin D2 receptor, CRTRZGDR2), which is consistent with a distinct

376 population of Th2 cells specific to allergic diseagreviously coined as “Th2A” ceff8 C3 cells
377 (Fig. 1H) expressed both regulatory- and Th2-relggenes, includingOXP3, CTLA4, IL2RA,
378 LGALS3, andGATA3, and thus is congruous with a Th2-like Treg phenetifig. 1J, Table

379 S3)H

380

381 Subclustering MBCs, which were identified by exgrea of the memory marke@D27 and

382 AIM2 and low expression ¢6HM, IGHD, andTCL1A* (Fig. S5A and B), identified 3 distinct
383 clusters (Fig. 1K). C0O and C1 contained heterogesiégH expression but did not express
384 IGHG4 andIGHE (highly expressed in C2 celldyig. S5C) IGHE-expressing cells (C2)

385 expanded with PN stimulation (Fig. 1L). As [gEIBCs are extremely rare in circulation, as

386 measured by flow cytometry, and acquisition ofuéssamples that may contain [g@BCs is
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challenging, our detection of these cells at the single-esiél provided a valuable opportunity
to elucidate their transcriptional profillGHE" cells were transcriptionally unique (Fig. 1M and
Table S3), expressing genes associated with catstiion €.g. CD40 andCD83) and IL-4-
signalingd®** (e.g. IL411 andGCSAM), and high expression ®f4R (Fig. S5D). In sum, we have
developed am vitro platform that yields robust Th2 humoral responsis RN stimulation,
positioning this as a novel system by which to gt human allergic recall response.
Application of scRNA-seq tn vitro stimulated PN-allergic PBMCs revealed the transenpc
profile of PN-reactive B and T cell subsets. Celpplations that expanded with PN stimulation

exhibited an upregulation of genes related to Highaling.

Of note, the scRNA-seq analysis also identifiedpuation ofbona fide basophils, a known
contaminant to the PBMC fraction in density gratHeased isolation strategies. Although
basophils encompass just a small percentage (<@betculating leukocytes, basophil-derived
IL-4 may contribute to the recall responeeitro. Differences in basophil frequency between
donors may, therefore, provide an alternative engtlan as to the intensity of IgE readouts. Too
few basophils were detected by scRNA-seq (NS \b=F) to make meaningful conclusions

regarding activation status.

IL-4/1L-13 signaling blockade aborts IgE production and skews the type 2 cytokine responsein
human PBMCs.

Recent work using flow cytometry and single-cetisencing methods have informed about the
frequency and phenotype of human IgE-expressing itetirculation. In food-allergic

individuals, IgE-expressing cells are almost exglly of a plasmablast phenotybevith rare or
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absent detection of IBVIBCs®® This suggests that, similar to observations madeice, IgG
MBCs are the reservoir for IgE recall responsdsumans and that IL-4/IL-13 signaling may be
required to coordinate IgE class-switching. Moreotiee unique transcriptional signature we
described inGHE-expressing MBCs further suggests that the cellsemonsive to IL-4. To
assess the requirement of IL-4/IL-13 signalingumian IgE recall responses, we employed the
above-mentioneth vitro platform with the addition of an IL-4&Rblocking antibody or an

isotype control (IC), in 7 PN-allergic donors wgbrum PN-IgE > 40 KU/L.

Remarkably, anti-IL-4R resulted in a near complete inhibition of IgE temesponses,

including IgE-secreting cells, PN-specific IgE, d@HE transcripts (Fig. 2A-C). Suppression of
IgE responses did not appear to result from ap@ptbsough 1L-4 deprivation (Fig. S6). We
applied the 38-plex cytokine array to investig&ie implications of IL-4R blockade on

cytokine production (Fig. S7A). IL-5, IL-9, MDC, drL-17A were significantly downregulated
with anti-IL-4Ra; conversely, IL-10, IL-&, IL-13, MIP-1a, G-CSF, and IFNsecretion was
upregulated (Fig. 2D). Th2:Th1l and Th2:IL-10 ratmesre significantly reduced with anti-1L-
4Ra (Fig. 2E). Of note, IL-4 was excluded from thesalgses as IL-4R blockade results in
secreted IL-4 accumulatidil Without anti-IL-4Rx addition, no appreciable differences were
detected in IL-4 secretion between NS and PN-sttedl PBMCs (Fig. S7B); however, IL-4R
blockade resulted in a 2.3-fold change increase Areated PN-stimulated PBMCs (IC: 80
pa/ml, anti-IL-4Rx: 184 pg/ml; Fig. S7B). This indicates that IL-4oi®duced in response to PN

stimulation, however rapid consumption of the cytelikely impairs its detection.
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We used scRNA-seq to compare the profiles of o080 uman PN-stimulated PBMCs with or
without anti-IL-4Rx treatment (3427 PN + isotype control (IC) and 2PMN8+ anti-IL-4Rx).

The PN-induced expansion of theAL" population was completely inhibited by IL-4R
blockade (Fig. 2F and G). This was consistent #i#ir high expression d£4R and suggests
that IL-4/IL-13 signaling is critical for their egmsion. In contrast, IL-4/IL-13 signaling was
dispensable for maintaining terminally differer@i@fTh2A cells (C2). With regards to MBCs,
the expansion diGHE" cells was impaired by IL-4&Rblockade, which coincides with
upregulation of IL-4-signaling genes in this clugféig. S8). These data establish the critical

requirement of IL-4/IL-13 signaling in human IgEcadl responses to PN.
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CDA T cellsdrive therecall response in vivo.

Given the critical requirement of IL-4/IL-13 sigival in thein vitro recall response, we used a
mouse model of food allergy to validate and expapdn these findingsn vivo. Here, we
employed a previously described model of epicutasesensitization® This approach enables
temporal control over the IgE response where deasan initially produces allergen specific-
IgG1l-mediated anaphylaxis, which can be blockech vainti-CD16/32 treatment. Following
contraction of the primary immune response, sulmainnon-sensitizing subcutaneos<. re-

exposures activate a memory response and the ciowerf IgG1 responses to IgE.

First, we assessed the cellular sources of IL-4 mecall response to PN in 4get/KN2 mice. In
these mice, GFP and human CD2 (hCD2) expressiartié gene transcription (GFFCD2)
and IL-4 secretion (GFFhCDZ), respectively’ While the source of IL-4 upon Th2
sensitization has been extensively studied, thecsoaf IL-4 in the recall response to food
allergens remains unknown. In the inguinal lympliesy GFPhCDZ and GFP hCD2 cells
peaked at 3 and 7 days post-re-exposure, respigctviel contracted by day 14 (Fig. 3A and B).
Up to, and inclusive of, 7 days post-re-exposui24 G cells accounted for over 92% of the IL-
4-secreting and transcribing populations (Fig. 38 8, shaded regions). Expectedly, almost all
GFP hCDZ CD4 T cells expressed the activation marker, CP9%%, Fig. 3C) and 25% were
T follicular helper (TFh) cells (Fig. 3D). Thus, ihe draining lymph nodes CD4 T cells provide

the overwhelming majority of IL-4, with contributis from both Th2 cells and TFh cells.

The requirement of CD4 T cells in IgE recall resggs has been evaluated in the context of

helminth infections and/or utilizing highly seleati adoptive transfer models, but not in intact
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food allergy models. Thus, we evaluated the coatioim of CD4 T cells in the recall response to
PN using an anti-CD4 antibody to deplete CD4 Tsceltior tos.c. re-exposures. As CD4-
targeted depletions also eliminate CD4-expressiKg Nells, a separate group that received
anti-NK1.1 was included to discriminate the conitibn of conventional CD4 T cells and CD4-
expressing NKT cells. After induction of the recadsponse, PN-IgG1 production was similar
between untreated and anti-NK1.1-treated mice,ghalepletion of CD4 T cells significantly
impaired this response (Fig. 3E). Similarly, depletof CD4 T cells, but not NK1.1cells,
prevented the emergence of PN-IgE (Fig. 3F). Adogtg, anti-CD4-treated mice were
protected from IgE-mediated anaphylaxis (Fig. 3GFhus, in the absence of conventional CD4
T cells, other cellsglg. NKT cells, basophils, etc.) are insufficient at mbng an IgE recall
response. Taken together, these data highlighitiaatirole of CD4 T cells for the IgE recall

responsen vivo and positions these cells as key therapeutictsrge

Th2 polarization is maintained in allergen-specific CD4 T cells

Next, to elucidate the impact of anti-llaeon T cell phenotypan vivo during recall and validate
findings revealed by scRNA-seqvitro, we employed the same epicutaneous sensitization
model in 4get/KN2 mice. For these experiments, miege sensitized to ovalbumin (OVA), an
allergenic protein in egg. Epicutaneous sensibrato OVA yields the same allergic phenotype
as PN sensitizatidhand enables the use of peptide:MHC Il tetramarslétection of OVA-
specific CD4 T cells. Draining (inguinal) lymph rexiwere collected 3 days after the

final s.c. injection, at the peak of IL-4 production from CD4ells. Cells were stained with two

peptide:MHC Il PE-conjugated tetramers loaded wWithimmunodominant OVA peptides:
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OVA2C (OVAszs.339 and OVA3C (OVA27.339.*° Tetramer-positive (OVA cells were enriched

with anti-PE magnetic microbeads, then stained wafitibodies for flow cytometry analysis.

The impact of anti-IL-4R on IL-4 transcript and protein expression was sss@in B220
F4/80CD3'CD8CD4’ cells. An average of 61 and 33 OVED4 T cells were detected in IC-
and anti-IL-4Rx-treated mice, respectively, which was not sigatfity different p = 0.2998;
Fig. 4A). As TFh cells produce IL-4 independenthd type of immune responseq. Thl, Th2,
etc.f°, we separately analyzed TFh cells (CB@DGZL‘PD-TCXCRS*) and activated non-TFh
CDA4 T cells (CD44CD62LCXCR5) (Fig. 4B); previous literature has described&f&F non-
TFh cells to be the Th2 cell populatitti’ In both the OVA TFh and OVA Th2
populations]L4 transcription and IL-4 secretion were unchangetLb§Ra blockade (Fig. 4C-
F). This is in agreement with the observatioritro where human Th2A cells maintained their
phenotype in the presence of anti-lILetBlockade. Overall, these data demonstrate that,
although anti-IL-4R abrogates IgE production and anaphylaxis in dlrezsponse, Th2-
polarized allergen-specific cells maintain theithmgenic phenotype in the absence of key

polarizing signals via IL-4 and IL-13.

IL-4Ra blockade inhibits IgE recall response and anaphylaxis in epicutaneously-sensitized mice.
Last, we evaluated the functional impact of ILedBRockaden vivo by challenging mice after
anti-IL-4Ra (or isotype control) treatment asd. re-exposures. All groups of mice that
underwent epicutaneous sensitization presentedsmititar levels of PN-specific IgG1 and
background levels of PN-specific IgE (Fig. 5A). lBaling s.c. PN re-exposures, PN-IgG1 levels

remained similar and an IgE response was genenatedy was fully abrogated by anti-I1L-4R
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treatment (Fig. 5B). To assess the functional imp&d_-4Ra blockade, mice were challenged
intraperitoneally with PN. Mice receiving anti-ILR& exhibited clinical reactivity upon
challenge, though to a lesser extent than untreateel (Fig. 5C-E). We reasoned that this half-
way response could be a consequence of IgG-mediltezdative anaphylactic pathways, as
anti-IL-4Roa-treated mice develop normal IgG1 responses. Boethd, groups of mice were
treated with anti-CD16/32 before challenge to blm® binding to Fg receptors. Mice co-
treated with anti-IL-4l8 and anti-CD16/32 displayed no clinical reactiwityon challenge, as
evidenced by a maintenance of homeostatic core tavdgerature and hemoconcentration (Fig.
5C-E). To confirm that anaphylaxis was inhibiteéda anti-IL-4Ri-mediated events occurring
prior to challengegg. preventing IgE production) and was not due to tbekade of IL-4R
during challenge, we assessed the impact of ariRd administered the day before challenge.
Although IL-4 has been shown to exacerbate anapisylawe found that blockade of IL-4R
before challenge did not impact clinical reactiVirg. S9). Thus, IL-4R blockade specifically

impacts the recall response to allergens andcassequence, prevents anaphylaxis.

To establish if IL-4R blockade exhibited long-lasting impact on thergileresponse, we
conducted experiments involving tertiary re-expesubllowing anti-IL-4Rx clearance.
Clearance of anti-IL-4R was ascertained by two independent approaches, FEif4 is known
to be critically required for allergic sensitizati®"*® To this end, naive mice were treated with
anti-IL-4Ra 1 day, 2 weeks, or 6 weeks prior to sensitizatWa.reasoned that any residual
antibody would, expectedly, prevent or stunt aitesgnsitization. By 6 weeks post-anti-IL-dR
treatment, clinical reactivity of anti-IL-4Rmice was not different than that of untreated mice

(Fig. S10A and B). Secondly, we measured rat Igf&&#a the serum of antibody-treated mice
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and found that it was undetectable after 6 weeig §L0C). Thus, to establish the lasting
impact of IL-4Rx blockade, allergic mice were treated with antidliRer and received.c. re-
exposures (as per experiments in Fig. 5A-E), foldwy a 6-week wait for antibody clearance
and an additional round sfc. re-exposures (tertiary exposure). A sustained antptete
inhibition of IgE production in mice previously rEging anti-IL-4Rx was observed (Fig. 5F).
Moreover, at this time point, anti-IL-4Rtreated mice exhibited a significantly dampened
production of IL-4, but not IL-13, im vitro stimulated splenocytes (Fig. 5G). The reduction in
IL-4 was paired with a significant increase in Fproduction. Thus, anti-IL-4& appears to
transform IL-4/IL-13 signaling where, over time-4Lproduction is lessened in conjunction with

an increase in the Thl cytokine, =N

Discussion:

Food allergies, such as those to PN, routinely tonestere the age of two and persist for a
lifetime in most patients. The current standardart is strict allergen avoidance; however,
accidental exposures estimated to occur in 14%N\e&lergic people each year pose a continual
risk of life-threatening reactiorsThe lifelong nature of some food allergies is ijlato result
from repeated activation, through clinical or suibical allergen exposures, of lifelong allergen-
specific memory cells which regenerate transieBtdgcreting cells. It is thus necessary to
elucidate critical requirements for memory cellgémerate IgE recall responses against
allergens. This has remained elusive in humansihdue to a lack of platforms that facilitate
thein vitro regeneration of IgE and IgE-secreting cells. Tis &md, we established a novel
human PBMC culture that yields both T and B caldauts following allergen stimulation

exclusively in allergic patients. We surmise thas imodel is the first-of-its-kind to enable rapid
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screening of human biologics with the potentiaintabit recall responses in food allergy and

other allergic diseases.

As IL-4/IL-13 signaling is central to the initiatioof food allerg$® and other Th2-mediated
diseasedg. helminth infection’®, we probed the requirement of this signaling pathwm the
context of a recall response. Application of ardlRa blocking antibody entirely abrogated IgE
transcription and production upon PN stimulatiolhoman PBMCs from PN-allergic donors.
Moreover, Th2 cytokine production was broadly sesped with a remarkable inhibition of IL-9
secretion, which has been demonstrated to beathticequired for secondary antibody
response&’ The advent of single-cell technology has providedinparalleled depth of
understanding into biological processes. Here, pptied SCRNA-seq to generate novel insights
into the transcriptomic profile of different poptitans of PN-reactive CDZ% cells and B cells
during a recall response in the presence or abs#rited/IL-13 blockade. Moreover, despite
the extreme rarity of IJEMBCs in circulation as measured by flow cytometg, were able to
detect these cells at the single-cell level follogvculture with PN to elucidate their
transcriptional profile. In concordance with Wambirel.*°, a unique population of Th2 cells
thought to be pathogenic in allergy, termed Th2hscexpanded upon PN stimulation compared
to the non-stimulated control. We extend on thiskday demonstrating that Th2A cell
proliferation as well as the maintenance of thbemotype during allergen exposure occurs

independent of IL-4/IL-13 signaling.

A number of studies have described a role of 1IL-4/B-secreting cells in the allergic cascade.

For example, basophils have been shown to suppfydhd IL-13 in an IgD-dependent
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mannet® and ILC2-dervied IL-4 constrains the productiomexjulatory T cell¥, both of which
amplify the IgE response. Thus, there appears trenber of IL-4/IL-13-secreting cells that
have seemingly relevant effects on the IgE respdnserecall response, however, the essential
source of IL-4 remained unknown. Using IL-4 duglader mice, we demonstrate that Th2 and
TFh cells provide the vast majority of IL-4 locallfhrough antibody-mediated depletion of
CD4" cells which, unlike adoptive transfer of B andéllg into immunodeficient mice, leaves
CD4 cells g.9. basophils and ILC2s) intact, we demonstrate thad C2ells are critically
required for the differentiation of IgGMBCs to IgE-secreting cells. Moreover, NKT cells,
which also secrete IL-4 and may be critical for deselopment of allergen-induced airway

hyperreactivity?, were not critically required, nor did they amplihe recall response.

We next sought to determine whether blockade af/IL-13 signaling impaired the pathogenic
Th2 responsen vivo by altering IL-4 production and preventing IgEakcesponses. We
administered an IL-4& blocking antibody to PN-allergic mice followingmwaction of the
primary immune response and immediately precediagrtduction of the recall response sia
injections. Production of IL-4 from Th2 and TFhlselkas unchanged during IL-4Fblockade,
although IgE production was abrogated resultingoimplete protection from anaphylaxis upon
allergen challenge. Therefore, it is likely thag immediate effects of anti-IL-4Rare a result of
IL-4Ra blockade on IgG1MBCs preventing IgE class switch recombination aatidue to
interruption of 1L-4/IL-13 signaling on T cells. jmortantly, however, the inhibition of IgE
regeneration was sustained following clearancentfla-4Ra demonstrating that the
immunological changes imparted by anti-ILetRersist beyond the duration of therapy. We

posit that this sustained effect could be duegadtlin part, to the decrease of IL-4 and
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substantial increase in IFNeenin vitro given that IFN has been shown to potently suppress
primary IgE responses, baihvitro andin vivo.>>>*Recently, IL-21 was demonstrated to
negatively regulate IgE responses more so than Ifidn alum adjuvanted mod@&lin our
experiments, IL-21 was undetectablenrvitro stimulated splenocytes, though this does not
negate the potential for IL-21-mediated effaatsivo. Ultimately, the precise mechanism by
which anti-IL-4Rx confers sustained protection from IgE-regenerasaomplex and remains

an active area of investigation.

The human monoclonal antibody targeting ILediR licensed for the treatment of moderate-to-
severe atopic dermatitis, eosinophilic asthma, micrdhinosinusitis with nasal polyposis, and
remains in clinical trials for other atopic disess&nti-IL-4Ra treatment in humans
comprehensively improves disease scorag FEV; for asthma) and decreases total IgE levels
by 35-38% after 12 weeks of treatnf8nt, however, its therapeutic potential in food alierg
remains largely unexplored. Herein, we demonstritatisignaling through IL-4&is critically
required for the regeneration of IgE in both aliemgice and humans. Importantly, this resulted
in protection from anaphylaxis on allergen challengoreover, blockade of IL-4/IL-13
signaling skews the Th2-dominant cytokine resp@mgkimparts lasting protection from the
regeneration of IgE upon allergen re-exposure beybe duration of therapy. These results
spotlight IL-4Rux blockade as a therapy with disease-transformatwential for the treatment of

food allergy.
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786 Figurel. Induction of an IgE recall responseto PN in human PBMCs. (A) Schematic of
787  culture with PN-allergic or non-allergic donor PBBI{B) Volcano plot of cytokines detected
788 with 38-analyte array in PN-stimulated PBMCs froh-&8llergic donors. Benjamini-Hochberg
789 correction was applied to correct for multiple carmpons. Data are plotted as upregulated
790 cytokines (red), downregulated cytokines (bluell anchanged (greyjC) Enumerated IgE-
791 secreting cells detected at end of culture witlesgntative image$éD) PN-specific IgE

792 measured from culture supernatgff) Fold change ofGHE mRNA expression relative to
793 housekeeping gen&8S) and non-stimulated control. Data are representafizenon-allergic
794 donors(C-E) and 7-11 PN-allergic dono(B-E) and are plotted as mean + SEGIE). *P <
795 0.05, *P<0.01.(F) UMAP identifying distinct leukocyte population®m a PN-allergic donor.
796 (G) Frequency of cells in each clust@i) UMAP of subclustered T cell§l.) Stacked bars of
797 subcluster frequency (%) in 1) Heatmap of top 20 differentially expressed genee cell

798 subclusters(K) UMAP of subclustered MBC¢L ) Stacked bars of subcluster frequency (%) in

799 K. (M) Heatmap of top 20 differentially expressed genddBC subclusters.

800

801 Figure2.1L-4/1L-13 signaling blockade aborts IgE recall response and skews cytokine
802 responsein human PBMCs. (A) Enumerated IgE-secreting cells detected at theoéndlture
803 with representative image®) PN-specific IgE measured from culture superna{@)tFold
804 change of GHE mRNA expression relative to housekeeping gd8&)(and non-stimulated
805 control.(D) Volcano plot of cytokines detected with 38-analgtey in IC or anti-IL-4I&-

806 treated PN-stimulated PBMCs from PN-allergic don8enjamini-Hochberg correction was
807 applied to correct for multiple comparisons. Dat @lotted as upregulated cytokines (red),

808 downregulated cytokines (blue), and unchanged Jg(EYy Ratio of type 2 cytokine (IL-5, IL-9,
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IL-13) to type 1 cytokines (IL-2, IFNy, IL-12(p40yr IL-10 concentration. Data are plotted as
mean = SEME) or individual donorgA-C). *P < 0.05, **P<0.01, ***P<0.001.(F) UMAP of

subclustered T cell$¢G) Stacked bars of subcluster frequency (%) in F.

Figure3. CD4 T cellsarecritically required for IgE recall response. (A-B) Frequency ofl4
transcribing cell{A) and IL-4-secreting cell§B) in draining lymph nodes of 4get/KN2 mice
after s.c. re-exposures. Shaded region is perde®bd T cells from GFPhCDZ (A) and GFP
hCD2Z (B) cells. C-D) Representative contour plots of CD44 and CD62bression (C) and T
follicular helper cells (D) from GFPhCDZ cells at 3 days post-re-exposufg-F) Serum PN-
specific IgG1 E) and IgE F) following sensitization(G) Core body temperature at 10-minute
intervals during systemic challeng@i) Hemoconcentration at 40-minutes post-challer{ge.
Scoring of clinical signs during systemic challen@ata are representative of 2 experiments
with 4-5 mice per group, plotted as mean + SEM edian (I). Anti-NK1.1 group is from one

experiment only. P<0.05,**P<0.01, **P<0.001. IC, isotype control.

Figure 4. Th2 phenotype persistswith IL-4Ra blockade. (A) Identification of OVA-specific
CD4 T cells in OVA-allergic mice at 3 days post-sutaneous re-exposui@®) Gating strategy
for detection of IL-4 production in OVA-specific Tifcells and non-TFh cells from pooled
inguinal lymph nodegC, D) Frequency of GFPhCDZ cells(C) and GFP hCDZ cells(D)
from OVA-specific TFh cells(E, F) Frequency of GFPhCD2Z cells(E) and GFP hCDZ cells
(F) from OVA-specific non-TFh cells. Data are repreatiwe of 2 experiments with 4-5 mice
per experimental group and are plotted as meanM SEP<0.01, ***P<0.001. FMO,

fluorescence minus one (flow cytometry control); Tépe strip; IC, isotype control.
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Figureb5. IL-4Ra blockade inhibits I gE recall response and anaphylaxisin epicutaneoudy-
sensitized mice. (A) Serum PN-specific IgG1 and IgE following senstiiza. (B) Serum PN-
specific IgG1 and IgE following PN re-exposuf€) Core body temperature at 10-minute
intervals during systemic challend®) Hemoconcentration at 40-minutes post-challe(ige.
Scoring of clinical signs during systemic challen® Serum PN-specific IgG1 and IgE
following anti-IL-4Ra clearance andc. re-exposureqG) Cytokines measured from splenocyte
culture after systemic challenge. Data are reptatiea of 2-3 experiments with 3-5 mice per
experimental group, plotted as mean = SEM or me(iut P<0.05,**P<0.01, ***P<0.001.

TS, tape strip; IC, isotype control.
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