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Airway exposure initiates peanut allergy through follicular helper T cells in mice
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ABSTRACT

Background: Little is currently known regarding the immunoicg) mechanism(s) that initiate
peanut allergy. Notably, peanut proteins have lotected in house dust, and their levels
correlate with peanut allergy prevalence.

Objective: This study aimed to develop a new mouse modgbdanut allergy and to investigate
the immunological mechanisms involved in peanwrgkn sensitization.

Methods: To mimic environmental exposure, naive mice vexgosed to peanut flour by
inhalation for up to 4 weeks. We then analyzedredayels of IgE antibody and challenged
mice with peanut proteins. Immunological mechanigmelved in sensitization were analyzed
using cytokine reporter mice, an adoptive cellsfanmodel, and gene knockout mice.

Results: When exposed to peanut flour by inhalation, ®#.B/c and C57BL/6 mice

developed peanut allergy, as demonstrated by treepce of peanut-specific IgE antibodies and
manifestation of acute anaphylaxis upon challeAdarge number of follicular helper {ITth)

cells were also detected in draining lymph nodeallefgic mice. These cells produced IL-4 and
IL-21, and more robustly promoted peanut-specdi€ production than Th2 cells. Genetic
depletion of Tth cells decreased IgE antibody Is\ald protected mice from anaphylaxis,
without affecting Th2 cells. Furthermore, peanatflexposure increased lung levels of -1
and IL-13, and mice deficient in the receptor for these kiytes showed a significant decrease in
Tfh cells compared to wild-type mice.

Conclusion: Tfh cells play a key role in peanut allergy, dhd IL-1 pathway is involved in the

Tfh response to peanut allergen exposure.
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Key Messages
* Inhalation of peanut flour induces naive mice tedlep clinical responses consistent with
peanut allergy in humans.
* |L-4-producing Tfh cells develop in draining lymplbdes when mice are exposed to
peanut flour.
» Tfh cells are essential for IgE antibody productamd peanut allergy symptoms.
* IL-1 plays key roles in the Tfh response to peatigrgen exposure.
Capsule Summary

Using mouse models, Doleneeal. demonstrate that inhalation of peanut flour indugeanut

allergy, and both Tth cells and IL-1 are criticat flisease development.

Keywords

Follicular T cells, IL-4, IgE, allergy, peanut, IL-1L-33

Abbreviations

BAL: bronchoalveolar lavage; BSA: bovine serum afim; CTX: cholera toxin; eGFP:
enhanced green fluorescent protein; FACS: fluoress@ctivated cell sorting; GC: germinal
center; HDM: house dust mite; IL: interleukin; IIRAcP: IL-1R-associated protein; i.n.:
intranasally; i.p.: intraperitoneal; i.v.: intravarsly; MCPT-1: mast cell protease-1; mLN:

mediastinal lymph node; LEAP: Learning Early Ab&atanut Allergy; LNs: lymph nodes;

OVA: ovalbumin; PD-1: programmed cell death prot&ji°PN: peanut; PBS: phosphate-buffered

saline; RT: room temperature; SEB: staphylococotdretoxin B; SEM: standard error of the

mean; SNPs: single nucleotide polymorphisms; Spéciéc pathogen-free; Tth: follicular



64 helper T; Th2: type 2 helper T; TLR4: toll-like eggtor 4; TSLP: thymic stromal lymphopoietin;

65 WT: wild-type
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INTRODUCTION
Food allergy is a growing public health concerat impacts approximately 4% of adults
and 8% of children in the U Sand frequencies of food allergies are on thewisgdwidée?. In
particular, the incidence of peanut allergy hasertban tripled in U.S. children, increasing from
0.4% in 1997 to 1.4% in 2088n contrast to milk or egg allergies that are owenly outgrown
in childhood, peanut allergy is often life-ldhdhe majority of fatal food-induced anaphylaxis is
associated with peanut allefggnd avoidance of peanut exposure is difficulitchieve due to
the popularity of peanut in our socigtis a result, peanut allergy can negatively impgetity
of life, as well as the psychosocial status ofgyes and their famili@sTherefore, it is critical to
better understand the immunologic mechanisms imbim development and persistence of
peanut allergy and to identify novel strategieprievent and/or to effectively treat this disease.
Although mice and humans differ in many ways, mauselels provide robust tools to
elucidate the immunological mechanisms of humaeadiss. In particular, both the skin and oral
sensitization models for peanut allergy implicgfget2 helper T (Th2) cells in driving the
allergic response to peafitit An IL-1-family cytokine, IL-33, has further beshown to play an
important role in the development of Th2 resporise¢kese modefs, and long-lived peanut-
specific memory B cells that replenish fgilasma cells likely sustain clinical reactivity in
mice’. Nevertheless, the molecules and cell types tfivat the development of peanut allergy in
humans are not fully understood. Furthermore, antgjof earlier mouse models used mucosal
adjuvants, such as cholera toxin (CThd Staphylococcal enterotoxin B (SEB)* or
required genetic alteration of toll-like receptofTAR4)"* or IL-4 receptol’, making it difficult
to determine the precise immunological mechaniswglved in the initiation of peanut allergy.

Peanut allergen sensitization has previously bleeaght to occur as a consequence of
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the ingestion of dietary peanut products. Howewgggstion of innocuous antigens generally
results in oral toleran¢& and the majority of children with peanut alleegperience their first
allergic reaction upon their first ingestion of pa&°. Additionally, the recent Learning Early
About Peanut Allergy (LEAP) study found that eatlgtary introduction of peanut prevented
development of peanut allergy, whereas a greatgroption of children who avoided dietary
peanut developed peanut allefyyrhese data suggest that patients have beenisedsi
peanut proteins in their environment. Indeed, peprateins are readily detectable in house dust
at levels comparable to those of inhaled allergsmsh as house dust mite (HD¥)2 and a
dose-response relationship between environmensauytexposure and the risk of peanut allergy
has been observEd®® A number of clinical studies have further demaatsd an association
between atopic dermatitis and peanut allergy ifdo#ir®, suggesting that allergic sensitization
to peanut is mediated through impaired skin. Ceasiswvith this, epicutaneous exposure to
crude peanut extract was found to promote Th2-sgmssitization to peanut proteins in nfice
Despite these studies, and the well-establishetbage for the presence of peanut
proteins in house dust, it remains unclear whedhdrhow non-oral exposure initiates peanut
allergy. In order to address this question, we iped a mouse model for inhalation-based
peanut allergen sensitization. To mimic naturaliemmental exposure, we exposed naive mice
to peanut flour by inhalation and found that thasenals develop anti-peanut IgE antibodies and
clinical symptoms resembling peanut allergy in homaNe further determined that follicular
helper T (Tfh) cells that produce elevated levélR et and IL-21 are generated in draining
lymph nodes and that they promote production ohpeapecific IgE. Thus, Tth cells are likely

to be critical for the development of peanut aljeirgour model.
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METHODS
See the Methods section of this article’s Onlin@d&#ory for more details.
Mice

BALB/c, C57BL/6, C.C3¥FIr4"">%4J (TIr4®), C.129-114™9/J (4get), Tg(Cd4-
cre)1Cwi/Bflud Cd4-Cre), B6.129PZFcrb™MOmJ (Terb™), B6CT.129S4Fnfsf4™39/Pgn
(Tnfsf4™), B6;129S1H1rap™™/J (l1rap”), and B6.129STHr1"™™/J (11r"") mice were
obtained from The Jackson Laboratory (Bar Harbdg, MSA).l11rap”™ mice were subsequently
backcrossed onto the BALB/c background for 10 gatimmns.|11rl17 (ST2”) mice andCrlf2”
(Tslpr”™) mice (both BALB/c background) were kindly providiey Dr. Andrew McKenzie
(MRC Laboratory of Molecular Biology, Cambridge, Y&nd Dr. Steven F. Ziegler (Benaroya
Research Institute, Seattle, WA, USA), respectivahd were bred under specific pathogen-free
(SPF) conditions at the Mayo Clinic (Rochester, NISAY** 22 Bcl6™ mice were previously
described®. Animals used in this study were female and rarfged 6-12 weeks of age. Al
protocols and procedures for handling of the mieeeweviewed and approved by the Mayo

Institutional Animal Care and Use Committee, MaymiC.

Allergens

Peanut flour (14.4% protein) was purchased froenGblden Peanut Company
(Alpharetta, GA, USA) as a bulk raw material; erckih was undetectable (<0.5 EU/mg flour)
in the product by Limulus Amebocyte Lysate assaynida, Walkersville, MD, USA). Crude
peanut extract (70.2% protein) afAldernaria alternata extract (20.0% protein) were purchased
from Greer Laboratories (Lenoir, NC, USA). Cornuitand rice flour were purchased from

Bob’s Red Mill Natural Foods (Milwaukie, OR, USA).
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Inhalation peanut allergy model

Naive BALB/c and C57BL/6 mice were exposed intraiiggi.n.) to 100ug peanut flour
in 50 ul sterile phosphate-buffered saline (PBS) or PRB&a&twice/week for up to 4 weeks.
Three days after the last exposure (i.e., on days2rum was collected via retroorbital bleeding
under isoflurane anesthesia to determine leveteahut-specific immunoglobulins. One day
later (i.e., on day 28), mice were challenged sy&tally by intraperitoneal (i.p.) injection of 1.0
or 2.5 mg crude peanut extract in 30Gterile PBS. Immediately before challenge (0 mamd
every 10 minutes afterward for one hour, rectalgerature was monitored by an electronic
thermometer (Oakton Instruments, Vernon Hills,UlSA) equipped with a RET-3 rectal probe
(Physitemp Instruments, Clifton, NJ, USA). Clinisginptoms based on published criteria were
scored as follow: 0, no symptoms; 1, scratching of ear and moutpuffiness around eyes
and mouth, pilar erection, labored breathing; 8|grged period of motionlessness; 4, severely
reduced motility, tremors, severe respiratory disdr 5, death. At 60 minutes, blood was

obtained to measure plasma levels of mast celepsat-1 (MCPT-1).

ELISA for peanut-specific antibodies, MCPT-1, and cytokines

Serum levels of peanut-specific IgE antibodiesenaeasured by enzyme-linked
immunosorbent assay (ELISA). Plasma levels of MARAere determined using a commercial
mouse MCPT-1 ELISA Kit (eBioscience, San Diego, CISA) according to the manufacturer
instructions. The concentrations of IL-4, IL-5, 113, IL-21, TSLP, IL-Ir, and IL-1B in

supernatants fronm vitro T cell cultures, BAL fluids, or lung homogenatesrevdetermined



157

158

159

160

161

162

163

164

165

166

167

168

169

using commercial ELISA kits (R&D Systems, MinneapoMN, USA) according to

manufacturer instructions.

FACS analyses

T and B cell populations in mLNs were measuredrgfeanut flour exposure by FACS
analysis, as describ@dFlow cytometric analysis was performed on a FAGIS®@r or Canto X
cytometer (BD Biosciences, San Jose, CA), andwata analyzed with FlowJo software (Tree

Star, Ashland, Oregon).

Satistical analysis
The statistical significance for differences betwé®e various treatment groups
was calculated using a Studertttest, withP<0.05 considered statistically significant. All

numerical data are presented as the mean + staadardf the mean (SEM).
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RESULTS
Airway exposure to peanut flour induces peanut allergy in mice

To mimic exposure to peanut proteins in environmaembuse dust, naive BALB/c mice
were exposed to peanut flour via i.n. administrativice per week (Fig 14). Endotoxin was
undetectable in the flour (<0.5 EU/mg flour), aralaxogenous adjuvants were used throughout
this study. Mice exposed i.n. to peanut flour (@@dose) developed peanut-specific IgE
antibodies in their sera, as evidenced by a tinaturve on individual samples (FigB),and
plots from individual mice (Fig 1C). These animals also developed 1gG1 and IgG2ggasstof
peanut-specific antibodies. Time-course studiethéurdemonstrate that anti-peanut antibodies
are detectable in sera as early as 1-2 weeksiitiation of peanut flour exposure (FigD).

Peanut-sensitized mice were then challenged sysaflgnby i.p. injection of crude
peanut extract, and we found that they developodirsymptoms consistent with acute
anaphylaxis. Specifically, core body temperaturganeto drop 10 minutes after challenge and
reached a nadir at 60 minutes (FideL, Mice also developed other clinical symptoms of
anaphylaxis, including scratching of ears, puffsiasound eyes and mouth, labored breathing,
and reduced activity, which peaked 40 minutes aftallenge. Notably, clinical symptoms were
more severe in mice challenged with a higher déseunle peanut extract (Fig E). We further
observed a significant increase in serum leveMOPT-1 in mice challenged with peanut
extract (Fig 1F). Collectively, these findings demonstrate thatilation of peanut flour induces
symptoms consistent with peanut allergy in micsylténg in an acute anaphylactic response
when these animals are challenged systemically pgénut proteins.

To assess the reproducibility of these observatomsng different strains of mice, we

exposed naive C57BL/6 mice i.n. to peanut floung$he same protocol as described above and
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193 in Fig 1,A. These animals also developed peanut-specificlggkl, and IgG2a antibodies

194 (Supplemental Fig E®R), at levels roughly comparable to BALB/c mice. ther, C57BL/6

195 mice challenged by i.p. injection of crude peandtart, underwent an acute anaphylactic

196 response, including a decrease in core body termyserand manifestation of clinical symptoms
197 (Fig E1,B). We note, however, that some strain differenceevobserved, as C57BL/6 mice
198 developed a more modest anaphylaxis than BALB/&ffiie., a 3.5°C vs. 7.0°C decrease in
199 core body temperature, respectively). Although éoxia was undetectable in peanut flour, we
200 examined the potential involvement of contaminagngotoxin using a genetic model. We

201 found thatTlr4® BALB/c mice, which are deficient in TLR4 signalindevelop serum levels of
202 peanut-specific IgE antibodies comparable to tlodseld-type (WT) mice (Supplemental Fig
203 E2), suggesting that TLR4, and consequently endotaxe unlikely to be involved in this

204 response.

205

206 Peanut flour inhalation induces I L-4-competent follicular helper T (Tfh) cells

207 Using this mouse model, we next sought to invesitfae immunological mechanism(s)
208 involved in the initiation of peanut allergy. Besaupeanut-specific IgE was detectable in sera as
209 early as 2 weeks after exposure, we focused ounlae#vents occurring in the first 2 weeks. IL-
210 4 is indispensable for IgE class switch of B cedlsg among the CD4T cell subsets, both

211 prototypic Th2 cells, as well as Tth cells, areatalp of producing this cytokif®”® Th2 cells
212 have long been known to function in allergic inmuesponses, and Tfh cells have been

213  shown to promote B cell differentiation into mem@and plasma cefl 2”

214 Therefore, to identify IL-4—producing cells in s#éized mice, we exposed naive 4get IL-

215 4 reporter mic® i.n. to peanut flour on days 0 and 7 and analyzeN cells on day 11 by
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FACS analysis (Fig 20). We found that IL-4eGFED4" T cells were present in mLNs from
mice exposed to peanut flour (FigB), The IL-33 receptor ST2 and the chemokine regepto
CXCRS are considered reliable markers for difféegatl Th2 cell¥ and Tth cell§’,

respectively. Approximately 35% of CDt-4eGFP cells were CXCR5and ST2 suggesting
that a large proportion of them consist of différaied Tth cells. A smaller proportion of Th2
cells (i.e. CXCR®BTZ") were also identified. In contrast, minimal exsies of ST2 or CXCR5
was observed in CDA-4eGFF cells in PBS-exposed mice; STéells and CXCRbcells were
6.0+1.3 and 7.4+1.0 % of CDW.-4eGFP cells, respectively (mean + SEM, n=5).
Quantification of cell populations revealed thaamat flour exposure induces a 6-fold increase
in the total number of lymphocytes and a 20-folcrémse in IL-4eGFRED4+ T cells in mLNs,
as compared to levels found PBS-exposed mice (FXy. 2Ve further see that IL*4Tfh cells
outnumber IL-4 Th2 cells by 5.5-fold (Fig 2), P<0.01). These data suggest that inhalation of
peanut flour induces Tfh cells, and a smaller nunatb&h2 cells, which are both capable of

producing IL-4 in draining LNs.

Tfh cells mediate a robust peanut-specific IgE antibody response

We next compared the immunological functions afmé exposure-induced Tfh and Th2
cells using botlin vitro andin vivo approaches. First, we isolated the COB4'STZ' CXCR5
(Th2) and CD3CD4'STZCXCR5' (Tfh) cell populations by FACS sorting, and culidithem
with B cells isolated from the same mLNs in thesprece of crude peanut extract for 7 days (Fig
3, A, Supplemental Fig E3 for the gating strategy). llewnegative CDID4'STZCXCR5
cells were used as a control. Whereas both TfhTé2dcells exhibit robust and comparable

production of IL-4, Th2 cells produce significantyrger amounts of IL-5 and IL-13, as
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compared to Tth cells (Fig 8, P<0.01 or 0.05). In contrast, Tth cells produce gigantly
more IL-21 than Th2 cell$?0.01). Double-negative cells produce small amoaohtkese
cytokines than either population.

We then compared the capacity of Tth and Th2 ¢el®upport IgE antibody productiom
vivo, using an adoptive transfer approach. Tfh and cetl2 were isolated by FACS sorting from
C57BL/6 mice that had been previously exposed émpeflour, and an equal number of each
population (i.e., 1.25xP@ells) was i.v. transferred to naive T cell-defitiTcr g mice
(C57BL/6 background), which have an intact B cortipant? (Fig 3.C). In the absence of T
cell transfer;Tcrb”™ mice do not produce detectable levels of peanetifip IgE antibodies, even
when they are subsequently exposed to peanut(®ogi3,D). In contrast, after transfer of Tfh
cells, Terb” mice produce a high titer of peanut-specific Igfiledies. Transfer of Th2 cells
also induces IgE antibody production, althoughtitee is approximately one-fortieth of that
induced by Tfh cells. Transfer of Tfh cells furtheduces production of IgG1 antibodies at
levels 8x higher than is induced by Th2 cells. [dgpaaent differences were observed in levels of
the 1gG2 isotype. When challenged by i.p. injectbierude peanut extract, mice that received
either Tth cells or Th2 cells developed clinicairgtoms of acute system anaphylaxis
(Supplemental Fig E4). From these observations;amelude that Tth cells produce IL-4 and
IL-21 and are superior to Th2 cells in supportingduction of peanut-specific IgE and

potentially IgG1 antibodies vivo.

Tth cells are indispensable for peanut allergy
To investigate the role of Tfth cells in peanueaddly, we utilized a genetic approach. The

transcriptional repressor BCL6 is considered teheemaster regulator for the Tth cell line&ge
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262 3. We therefore used a flox@&tl6 mouse model, in whicBcl6 is conditionally depleted in
263 CD4" T cells via action of the Cre recombinase expifsen theCd4 promoter Bcl6"" Cd4-
264 Cre micef*® When these animals are exposed to peanut flonig tise same protocol as
265 describe above (Fig 2), Tth cell populations (STEZXCR5' or PD-TCXCR5') are nearly
266 eliminated, whereas the Th2 cell population is few@éd (Fig 4A). In contrast, control mice
267 lacking CD4-Cre (i.eBcl6™) develop both STEXCRS5 Th2 cells and STEXCRS5' Tth cells
268 (Fig 4,A), and PD-ICXCR5' mature Tth cell¥ are also clearly detectable in these mice.
269 Quantitative analyses further demonstrate that tatmbers of CDAT cells and Th2 cells are
270  similar inBcl6"" Cd4-Cre and controBcl6"" mice, whereas the number of STXCR5 and
271 PDI'CXCRS5' Tfh cells are reduced by 70% and 80%, respectiweBcl6"" Cd4-Cre mice as
272 compared to controls (Fig B).

273 GCs are essential for production of high-affinitigss-switched antibodi&s We found
274  that the frequencies of B228 cells within mLNs were similar iBcl6"" mice andBcl6"" Cd4-
275 Cre mice (Fig 4C, D). However, a marked decrease in both the frequandytotal number of
276 FAS'PNA" GC B cells was observed Btl6"" Cd4-Cre mice, as compared to control animals.
277 Thus, deletion oBcl6 in CD4" T cells results in striking decrease in both Téiscand GC B
278 cells, but Th2 cell numbers appear to be unaffected

279 To further investigate the role of Tth cells irapet allergy developmercl6”" Cd4-Cre
280 mice and littermate control8¢6"") were exposed i.n. to peanut flour for 4 weeks.haee

281 previously performed a comprehensive analysis & d@lls inBcl6"" Cd4-Cre mice, and found
282 that Th2 cell function is not impaired in these en{€igures 6 and 7 of referefide As expected,
283  Bcl6"" Cd4-Cre mice treated with PBS alone did not develdpagtibodies to peanut (Fig B),

6f|/f|

284 whereas peanut flour-exposed control mice develop serum IgE antibodies to peanu
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proteins, as well as IgG1 and IgG2a isotypes. hiregt, peanut-specific IgE antibodies were
nearly undetectable Bcl6"" Cd4-Cre mice exposed to peanut flo@<(.01). Similarly, a
significant decrease in the levels of peanut-spelgfs1 and IgG2 antibodies was observed in
Bcl6"" Cd4-Cre mice P<0.01), as compared 8cl6"" controls. Consequently, when challenged
with peanut extracBcl6"" Cd4-Cre mice were completely protected from acute ayiapis,
whereaBcl6™ mice develop a robust response, including a draia body temperature and
manifestation of clinical symptoms (FigH,P<0.01).

The tumor necrosis factor (TNF) family ligand, OXdigand (OX40L), and its receptor,
OX40, are thought to play a key role in developnnth2 cell$®. Further, a role for OX40L in
peanut allergy was found in mice that were seresitizy oral administration of peanut proteins
in conjunction with the mucosal adjuvant, CfXConversely, in our model, we found that mice
deficient in OX40L (i.eTnfsf4” mice) develop serum levels of peanut-specificagl 1gG1
antibodies comparable to those of control aninfaigplemental Fig E5). Collectively, our data
suggest that Tfh cells play a critical role in tevelopment of peanut allergy in response to i.n.

peanut flour exposure in mice, although OX40L aeraquired for this process.

IL-1-family cytokines are rapidly induced in the airway by peanut flour exposure

Although the immunological mechanisms for developtwd Th2-type immune
responses have been well-studfe®f, little is currently known regarding how Tfh cetlevelop
during allergic immune responses. Evidence suggeatseveral cytokines produced in the
mucosal epithelium, including TSLP and an IL-1-fnaiytokine, 1L-33, promote differentiation

and proliferation of conventional Th2 céfis®® Other IL-1-family cytokines, such as Iladand

IL-B, are considered prototypic innate cytokines witkese immunological activitié% We
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therefore sought to determine whether any of teggekines are involved in the Tth cell
response. To this end, we performed a time-couralysis of the levels of these cytokines in
BAL fluid and lung tissues in mice exposed to pediowr, using extract from an asthma-related
airborne allergen, the fungus, alternata®’, as a positive control.

After a single exposure to peanut flour, Ia-and IL-13 were present in BAL fluids from
naive BALB/c mice, with levels peaking at 6 houosipexposure and declining thereafter (Fig 5,
A); conversely, neither IL-33 nor TSLP was dete@aliVhen these mice were exposed to
Alternaria extract, a rapid increase in IL-33 was detecte8An fluids within 1 hour; however,
the levels of IL-Ix or IL-13 were lower, as compared to those induced by pdhmut Further,
IL-5 was detectable only iAlternaria-exposed mice. In lung tissues, levels of t-1L-1[3, IL-

33, and TSLP increased after challenge in mice gagbto either peanut flour Atternaria;
expression peaks at 6 hours post-exposure anddsdly 24 hours. However, cytokine levels
induced byAlternaria were generally higher than those induced by pe@ngts, B).

We next examined whether the ability of peanutrfilminduce IL-Ix is unique among
food products. We observed a significant increadang levels of IL-&x at both 6 and 24 hours
in naive BALB/c mice exposed to peanut flour (Figh In contrast, elevated ILedwas not
detected in mice exposed to corn or rice flour.ifiry, crude peanut extract did not induce IL-
1a, although it contains more peanut proteins thamyteour (70.2% vs. 14.4% protein
content, respectively). Consistent with this obagon, peanut flour promoted stronger IgE
antibody production to the model antigen ovalbu(@WA) than did crude peanut extract
(Supplemental Fig E6). Overall, these data dematesthat although numerous innate cytokines
are elevated in lungs after inhalation exposungetnut flour oAlternaria extract, induction of

IL-1a/IL-1 in BAL fluid is unique to peanut flour, whereas3B/IL-5 is specific toAlternaria.
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331

332 IL-1-family cytokines are involved in production of peanut-specific IgE

333 To determine the roles of IL-1 and IL-33 in peaallérgy development, we utilized a
334 series of mice that are deficient in their receptorcludingll1rl’ (i.e. IL-1a and IL-18

335 receptor deficient)ST2” (i.e. IL-33 receptor deficient), arfiipr” mice (TSLP receptor

336 deficient). WT or receptor deficient mice were tleposed to peanut flour for 4 weeks. As
337 compared to WT animali1r1’ mice showed a 45% reduction in serum levels ofipea

338 specific IgE antibodies0.01, Fig 6A), whereasST2"” mice displayed a slight (i.e. 27%), but
339 significant, decrease in anti-peanut IgE (P<0.0& 6-B). Conversely, there was no difference
340 in anti-peanut IgE levels ifislpr” vs. WT control mice (Fig &). Likewise,l11r1” andST2™"

341 mice showed a 51% and 64% decrease, respectimedgrim levels of anti-peanut IgG1

342 antibodies, vs. WT, whereas a paradoxical increatgG1 antibodies was observedTisipr”

343 mice P<0.01).

344 Based on these observations, we hypothesizedltiiatamily cytokines, such as ILé€l,
345 IL-1[3, and IL-33, but not TSLP, play key roles in peaallgrgy development. Further, because
346 IL-1R1- and ST2-deficient mice exhibit partial plgypes, we suspected these molecules might
347 function complementally to promote peanut alledggyl-family cytokine receptors are

348 heterodimers, consisting of a specific receptay.(¢L-1R1 and ST2) and a co-receptor, such as
349 IL-1R-associated protein (IL-1RAcP), which togetf@m a high-affinity receptor compl&x

350 Because IL-1RACP is shared by IL-1R1 and ST2, vezslated that this co-receptor might be
351 critical for peanut allergy formation. Indeed, miteficient for IL-1RAcP (i.ell1lrap™) showed
352 approximate reductions in anti-peanut IgE and Ig@tlbodies of 82% and 93%, respectively

353  (Fig 6,D).
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IL-1isinvolved in the Tth cell response in mice exposed to peanut

To determine whether IL-1RACP is involved in deyeteent and/or expansion of Tfh
cells, we exposellrap’ mice i.n. to peanut flour and examined CDB4' T cell populations
in mLNs (Fig 7,A, Supplemental Fig E7). WT BALB/c control mice geriethRCD3CD4'ST2'
Th2 cells, as well as CD@D4'CXCR5 and PD-ICXCRS5' Tth cells (Fig 7 B). However, in
ll1rap”™ mice, the proportion of Tfh cells was decreasetenas Th2 cells were unaffected (Fig
7,B). By cell number, the total number of CDR cell decreased by 50% liirap™ mice as did
Th2 cells (Fig 7C). Strikingly, inll1irap™ mice, the numbers of CDBD4'STZCXCRS5' and
PDI'CXCRS5' Tfh cells were reduced more by 80% and 95%, reisedy, as compared to WT
(P<0.05 andP<0.01). We also found that both the proportion el numbers of FARNA"

GC B cells was decreased by 95%livap™ mice (Fig 7D, E, P<0.05).

To further dissect the roles for IL-1 and IL-33tle Tfh response, we exposed naive
111r17 andST2" mice i.n. to peanut flour using the same protasotiescribed in Figure 7A.
111r1”" mice showed a striking decrease in the total nusibePDICXCR5' Tth cells as well
as FASPNA" GC B cells (p<0.01, Fig F, G), similar to observations iHllrap"' mice. In
contrastST2”" mice showed no difference in the numbers of Tils@x GC B cells compared to
WT (Fig 7,H, I). From these observations, we conclude that Iashify cytokines, in particular
IL-1a and/or IL-1B3, are critical for development and/or expansioitfbfcells and GC B cells in

response to peanut exposure, and consequentlydanitiation of peanut allergy in mice.
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374 DISCUSSION

375 The LEAP studf has suggested that oral consumption of peanatsgmgenic in humans.
376 Further, peanut proteins are readily detectabl®irsehold duf *® and their levels correlate
377  with peanut allergy prevalence®® Based on this information, we took a straightfammv

378 approach to establish a mouse model for peanugglteevelopment in which we exposed naive
379 animals to peanut flour by inhalation without exoges adjuvants. These mice produced anti-
380 peanut IgE antibodies, and when challenged sys#&diymiwith peanut proteins, they developed
381 acute anaphylaxis and increased serum levels of MCFSeveral studies have investigated the
382 immunological mechanisms associated with developmipeanut allergy in mouse models of
383 disease. However, a majority used either mucosabadts, such as CTX% 3*’and SEB?, or

384 genetically-modified mice deficient in TLR4 signadi (e.g., C3H/HeJ micK)or carrying a

385 disinhibited form of the IL-4 recepttr More recently, a humanized mouse model was

386 developed by engrafting human hematopoietic stel® icto immunodeficient mic€. Our

387 model is unique in that WT mice were utilized, amodadjuvants were provided; therefore, we
388 predict it will be particularly useful for elucidag the immunological mechanisms involved in
389 peanut allergy. Furthermore, our results also ssigfat although epicutaneous exposure is
390 generally considered to be the route of sensitizitj airway inhalation may need to be

391 considered as an alternative or additional routaf(gxposure in peanut allergy development.
392 IL-4 was initially identified as a prototypic Thgitokine”, and for this reason, Th2 cells
393 have been assumed to be the main facilitator ofalgiibody production by B cells. Our study
394 suggests, however, that Tth cells, rather than i3, play a key role in peanut allergy based
395 on the following lines of evidence; 1) Tth cellstoumber Th2 cells by >5-fold in draining LNs

396 (Fig 2), 2) Tfh cells produce both IL-4 and IL-Bivitro, which are two major cytokines that
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assist B celf¥, and Tth cells were superior to Th2 cells for potimg IgE antibody production
in vivo (Fig 3), 3) genetic depletion of Tth cells (eBgl6"" Cd4-Cre) completely protected mice
from developing peanut allergy, without affectig fTh2 cell compartment (Fig 4), and 4)
depletion of OX40L, which is presumed to play apartant role in development of Th2 céfls
does not affect IgE antibody levels. Finally, ipravious studyBcl6"" Cd4-Cre mice showed
nearly abolished production of IgE antibody whhe function of Th2 cells was not impaiféd
An earlier study of epicutaneous sensitizatiomioe reported the development of peanut-
specific Th2-type CD4T cell; however, it is unknown whether these cells play mle in the
induction of peanut-specific IgE antibodies. Durailgrgic immune responses, IL-4-producing
Th2 cells localize to lung tissues, whereas IL-deprcing Tfh cells reside in draining LNs*®
suggesting distinct anatomic locations for theskescdbsets. Persistent IgE antibody production
requires memory B cells in GCs that are supporeli.t# producing CDA T cells in the LN
Therefore, it is reasonable to conclude that Tfls grovide a unique niche in allergic immune
responses, in particular, those involving IgE-mestiaacute responses, such as peanut allergy.
Indeed, a meta-analysis of genome-wide associatialy data identifie@CL6 andIL21, critical
regulators of Tth celf, as susceptibility loci for allerd{

Similar to other mucosal organs, respiratory exp®$o innocuous proteins in the
absence of adjuvants generally induces immuneatote®®. In spite of this, mice that inhaled
peanut flour without any adjuvants developed Tfifls@nd peanut allergy in our model.
Epithelium-derived cytokines, such as IL-25, IL &3 TSLP, are involved in antigen-specific
Th2-type CD4 T cell developmerit: ** *° However, little information is currently availabbn
how Tfh cells form, and the mechanisms for Tth delelopment appear to be rather complex.

For examplell6”, 11217, andi121r” mice, as well as&tat3-deficient mice, exhibit minimal to no
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420 defects in Tfh cell developmeirt vivo® >* while blockage of IL-6 inl217 mice orll6/1121

421  double-knockout mice display a partial decreasEfncells®. This suggests that IL-6 and IL-21
422  work together to drive Tfh cell formation. Our syudemonstrates that, in response to inhaled
423 peanut flour, IL-1-family cytokines, in particuldr-1a and/or IL-13, likely function to promote
424  allergy development, dlrap” mice andl1rl” mice show a marked reduction in Tth cell

425 number (Fig 7). These observations are consistéhtthae previous finding that ILflalone

426 serves as an effective airway adjuvant to prometeldpment of Tth cells and IgE antibodies
427  against the innocuous ovalbumin (OVA) protein irceffi. Further, cord blood cells from

428 patients with food allergy produce I3 lwhich could promote generation of IL-4-expressing
429 and GATA3-negative CD4T cells®. A more recent study also suggests that IL-1 péalsy

430 role in activation of Tfh cells in mice immunizegssemically by intraperitoneal injection of
431 OVA plus alum adjuvanit. It remains to be determined whether IL-1 actedly on Tth cells,
432 or if its effects are through activation of othetl ¢types, such as airway epithelial cells, which
433 may provide signals (e.g. IL-6) required for deyeient and/or expansion of Tfth cells. Notably,
434  microarray and NanoString assays showed mRNA egjoresf the IL-1 receptor (i.él1r1) by
435 Tfh cell€>>* suggesting a possible direct action of t.-dr IL-1B on Tfh cells. Selective

436  knockout of IL-1R1 in Tfh cells should help addréissse remaining questions in the future.
437 In this study, IL-x and IL-13 were clearly detectable in BAL fluids from micepased
438 to peanut flour (Fig 54). In particular, the IL-tt response was unique in that an asthma-related
439 airborne allergeilternaria failed to induce this cytokine in BAL fluids. Agent study showed
440 that alveolar macrophages produce Hifh response to aluminum hydroxide and sffica

441 suggesting a role for inhaled fine particles inmpoting IL-1a production in the airway. Here,

442  however, neither rice nor corn flour was able @uice IL-1a in the lungs (Fig 5¢C), suggesting
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that the physical presence of particles alonegsffitient. Indeed, glycan structures of a major
peanut allergen, Ara hl, have been implicated fivaon of C-type lectin dendritic cell-
specific ICAM-grabbing nonintegrin (DC-SIGN) on d#iiic cells®. In contrast, peanut flour
was superior to peanut extract in inducing t{roduction in the lungs (Fig &) and

promoting allergy sensitization to a bystandergartj OVA, (Supplemental Fig E6), suggesting
both the physical properties and biochemical comtiposof peanut flour are likely to be crucial.
Therefore, in future studies, it will be importaatelucidate the cellular and molecular
mechanisms involved in recognition of peanut fland in the production of cytokines by
immune cells in the airway.

A potential caveat of this study is the noted imwlogic differences between mice and
humans’. We were unable to demonstrate acute systemicgteegis when peanut was
administered orally to the sensitized animals (datashown). Clinical evidence directly
demonstrating that patients with peanut allergyehaeen sensitized by inhalation of peanut
proteins in house dust is also scarce, althoulghstbeen speculated that environmental peanut
protein levels are sufficient to induce sensitiaiin human¥. Furthermore, the dose of the
peanut flour used for this study (100 pg/day) nmegeed the levels of human exposure. We
note, however, that our pilot study also found th&0-fold smaller dose of peanut flour (e.g. 10
g peanut flour/day or 2.1 g peanut protein/dsiguifficient to sensitize some animals (data
not shown). Finally, the perinatal alveolizatioripd (~3 years in humarf)provides a
vulnerable time for the lungs to develop long-lagtallergen sensitization due to activated
CD11H dendritic cell8®. These points need to be taken into consideratizen translating the

information of this study to peanut allergy in hurea
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In summary, Tfth cells have been implicated in amioune diseases, such as systemic
lupus erythematosus, arthritis, and type | dia&fésThis study adds to this field by
demonstrating that Tfh cells play a critical ralepeanut allergy formation. A vast majority of
Tth cells are found within the B cell follicles sécondary lymphoid tisstfe making it difficult
to investigate the roles of Tth cells in human dsses. However, there is increasing evidence
suggesting the presence of circulating CXCR®4 memory T cells in peripheral blood cells
that are committed to the Tth lined3&> Therefore, we believe it will be feasible to stiith
cells in patients with peanut allergy. We propdss enhanced understanding of the molecular
and immunological mechanisms involved in differatitin and function of Tfh cells, as well as
methods to disrupt these pathways, will be of @mtnportance in the development of new

treatments and preventive strategies for the pialgnlife-threatening disease of peanut allergy.



477

478

479

480

481

24

ACKNOWLEDGEMENTS

We thank Dr. Andrew N. McKenzie and Dr. Steveiegler for providing thél1rl1”
mice andCrlf2” mice, respectively. We also thank Ms. LuRaye ScEeéns and Dr. Kathleen R.
Bartemes for secretarial help and editorial asst&tarespectively. This work was supported by

grants from the National Institutes of Health (R0Z1106) and the Mayo Foundation.



482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

25

REFERENCES

1.

Boyce JA, Assa'ad A, Burks AW, Jones SM, Samp$sdnWood RA, et al. Guidelines
for the diagnosis and management of food allerghénUnited States: report of the
NIAID-sponsored expert panel. J Allergy Clin Immuir2010;126:S1-58.

Branum AM, Lukacs SL. Food allergy among U.Sldcan: trends in prevalence and
hospitalizations. NCHS data brief. 2008:1-8.

Sicherer SH, Munoz-Furlong A, Godbold JH, Samgdé. US prevalence of self-
reported peanut, tree nut, and sesame allergyead fgllow-up. J Allergy Clin Immunol.
2010;125:1322-6.

Flinn A, Hourihane JO. Allergic reaction to patsm can we predict reaction severity in
the wild? Curr Allergy Asthma Rep. 2013;13:645-50.

King RM, Knibb RC, Hourihane JO. Impact of peallergy on quality of life, stress
and anxiety in the family. Allergy. 2009;64:461-8.

Tordesillas L, Goswami R, Benede S, Grishin®@kin D, Jarvinen KM, et al. Skin
exposure promotes a Th2-dependent sensitizatipaaout allergens. J Clin Invest.
2014;124:4965-75.

Chu DK, Llop-Guevara A, Walker TD, Flader K, Gbarova S, Boudreau JE, et al. IL-
33, but not thymic stromal lymphopoietin or IL-28 central to mite and peanut allergic
sensitization. J Allergy Clin Immunol. 2013;131:1800 el1-8.

Chu DK, Mohammed-Ali Z, Jimenez-Saiz R, Walk&, TGoncharova S, Llop-Guevara
A, et al. T helper cell IL-4 drives intestinal Tp&iming to oral peanut antigen, under the
control of OX40L and independent of innate-like ymocytes. Mucosal Immunol.

2014;7:1395-404.



505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

10.

11.

12.

13.

14.

15.

16.

26

Jimenez-Saiz R, Chu DK, Mandur TS, Walker TDrdda ME, Chaudhary R, et al.
Lifelong memory responses perpetuate humoral THAumnity and anaphylaxis in
patients with food allergy. J Allergy Clin Immun@Q017.

Ganeshan K, Neilsen CV, Hadsaitong A, SchleiRferLuo X, Bryce PJ. Impairing oral
tolerance promotes allergy and anaphylaxis: a nevina food allergy model. J Allergy
Clin Immunol. 2009;123:231-8 e4.

Forbes-Blom E, Camberis M, Prout M, Tang SCGlres G. Staphylococcal-derived
superantigen enhances peanut induced Th2 resportbesskin. Clin Exp Allergy.
2012;42:305-14.

Berin MC, Zheng Y, Domaradzki M, Li XM, SampsdA. Role of TLR4 in allergic
sensitization to food proteins in mice. Allergy 0B061:64-71.

Burton OT, Noval Rivas M, Zhou JS, Logsdon Bhrling AR, Koleoglou KJ, et al.
Immunoglobulin E signal inhibition during allergergestion leads to reversal of
established food allergy and induction of reguhatbrcells. Immunity. 2014;41:141-51.
Chinthrajah RS, Hernandez JD, Boyd SD, GalliNatleau KC. Molecular and cellular
mechanisms of food allergy and food tolerance.ldrgy Clin Immunol. 2016;137:984-
97.

Sicherer SH, Burks AW, Sampson HA. Clinicatteas of acute allergic reactions to
peanut and tree nuts in children. Pediatrics. 1989Bg6.

Du Toit G, Roberts G, Sayre PH, Bahnson HT ,uRadc S, Santos AF, et al.
Randomized trial of peanut consumption in infanntssk for peanut allergy. New Engl J

Med. 2015;372:803-13.



527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

17.

18.

19.

20.

21.

22.

23.

24.

25.

27

Trendelenburg V, Ahrens B, Wehrmann AK, KalidNBggermann B, Beyer K. Peanut
allergen in house dust of eating area and bedsk dactor for peanut sensitization?
Allergy 2013;68:1460-2.

Brough HA, Santos AF, Makinson K, Penagos MpBéns AC, Douiri A, et al. Peanut
protein in household dust is related to househelthpt consumption and is biologically
active. J Allergy Clin Immunol. 2013;132:630-8.

Fox AT, Sasieni P, du Toit G, Syed H, LackHBusehold peanut consumption as a risk
factor for the development of peanut allergy. 2Ajly Clin Immunol. 2009;123:417-23.
du Toit G, Tsakok T, Lack S, Lack G. Preventwdfiood allergy. J Allergy Clin
Immunol. 2016;137:998-1010.

Townsend MJ, Fallon PG, Matthews DJ, Jolin MEKenzie AN. T1/ST2-deficient
mice demonstrate the importance of T1/ST2 in dgametpprimary T helper cell type 2
responses. J Exp Med. 2000;191:1069-76.

Carpino N, Thierfelder WE, Chang MS, Saris Grner SJ, Ziegler SF, et al. Absence of
an essential role for thymic stromal lymphopoie&neptor in murine B-cell
development. Mol Cell Biol. 2004;24:2584-92.

Hollister K, Kusam S, Wu H, Clegg N, Mondal @awant DV, et al. Insights into the
role of Bcl6 in follicular Th cells using a new atitional mutant mouse model. J
Immunol. 2013;191:3705-11.

Smarr CB, Hsu CL, Byrne AJ, Miller SD, Bryce Ratigen-fixed leukocytes tolerize
Th2 responses in mouse models of allergy. J Imm@dl1;187:5090-8.

Kobayashi T, lijima K, Dent AL, Kita H. Follitar helper T cells mediate IgE antibody

response to airborne allergens. J Allergy Clin Imoiu2017; 139:300-313.



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

28

King C, Tangye SG, Mackay CR. T follicular hedgTFH) cells in normal and
dysregulated immune responses. Annu Rev Immun6B;26:741-66.

Crotty S. T follicular helper cell differentian, function, and roles in disease. Immunity.
2014;41:529-42.

Akdis CA. Therapies for allergic inflammatiaefining strategies to induce tolerance.
Nat Med. 2012;18:736-49.

Muehling LM, Lawrence MG, Woodfolk JA. Pathoge@D4+ T cells in patients with
asthma. J Allergy Clin Immunol. 2017.

Mohrs K, Wakil AE, Killeen N, Locksley RM, Mo&M. A two-step process for
cytokine production revealed by IL-4 dual-reportgce. Immunity. 2005;23:419-29.
Lohning M, Stroehmann A, Coyle AJ, Grogan Jin, &, Gutierrez-Ramos JC, et al.
T1/ST2 is preferentially expressed on murine THBcmdependent of interleukin 4,
interleukin 5, and interleukin 10, and important Tth2 effector function. Proc Natl Acad
Sci U S A. 1998;95:6930-5.

Mombaerts P, Clarke AR, Rudnicki MA, lacominitdhara S, Lafaille JJ, et al.
Mutations in T-cell antigen receptor genes alphélaeta block thymocyte development
at different stages. Nature. 1992;360:225-31.

Nurieva RI, Chung Y, Martinez GJ, Yang XO, Tken&, Matskevitch TD, et al. Bcl6
mediates the development of T follicular helpetsceébcience. 2009;325:1001-5.

Crotty S. Follicular helper CD4 T cells (TFHnnu Rev Immunol. 2011;29:621-63.
Mesin L, Ersching J, Victora GD. Germinal ceBecell dynamics. Immunity.

2016;45:471-82.



572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

36.

37.

38.

39.

40.

41.

42.

43.

44,

29

Ito T, Wang YH, Duramad O, Hori T, Delespesse Watanabe N, et al. TSLP-activated
dendritic cells induce an inflammatory T helperaybcell response through OX40
ligand. J Exp Med. 2005;202:1213-23.

Sun J, Arias K, Alvarez D, Fattouh R, WalkeiGoncharova S, et al. Impact of CD40
ligand, B cells, and mast cells in peanut-inducsapaiylactic responses. J Immunol.
2007;179:6696-703.

Hammad H, Lambrecht BN. Dendritic cells andhegial cells: linking innate and
adaptive immunity in asthma. Nat Rev Immunol. 280B33-204.

Paul WE, Zhu J. How are T(H)2-type immune resgs initiated and amplified? Nat
Rev Immunol. 2010;10:225-35.

Dinarello CA. Immunological and inflammatorynfitions of the interleukin-1 family.
Annu Rev Immunol. 2009;27:519-50.

Bush RK, Prochnau JJ. Alternaria-induced astlimdlergy Clin Immunol.
2004;113:227-34.

Garlanda C, Dinarello CA, Mantovani A. The neakin-1 family: back to the future.
Immunity. 2013;39:1003-18.

Burton OT, Stranks AJ, Tamayo JM, Koleoglou 8dhwartz LB, Oettgen HC. A
humanized mouse model of anaphylactic peanut glldrdllergy Clin Immunol.
2017;139:314-22 9.

Lack G. Update on risk factors for food allergyAllergy Clin Immunol. 2012;129:1187-

97.



593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

45.

46.

47.

48.

49.

50.

51.

52.

30

Howard M, Farrar J, Hilfiker M, Johnson B, TeaK, Hamaoka T, et al. Identification
of a T cell-derived B cell growth factor distincof interleukin 2. J Exp Med.
1982;155:914-23.

Liang HE, Reinhardt RL, Bando JK, Sullivan BiNY IC, Locksley RM. Divergent
expression patterns of IL-4 and IL-13 define unifuections in allergic immunity. Nat
Immunol. 2011;13:58-66.

Hinds DA, McMahon G, Kiefer AK, Do CB, Erikssdh Evans DM, et al. A genome-
wide association meta-analysis of self-reporteerg@yl identifies shared and allergy-
specific susceptibility loci. Nat Genet. 2013;45/901.

Akbari O, DeKruyff RH, Umetsu DT. Pulmonary deitic cells producing IL-10 mediate
tolerance induced by respiratory exposure to antifyat Immunol. 2001;2:725-31.
Van Dyken SJ, Nussbaum JC, Lee J, Molofsky lA&ng HE, Pollack JL, et al. A tissue
checkpoint regulates type 2 immunity. Nat Immu20I16;17:1381-7.

Poholek AC, Hansen K, Hernandez SG, Eto D, @&lanA, Weinstein JS, et al. In vivo
regulation of Bcl6 and T follicular helper cell adgpment. J Immunol. 2010;185:313-
26.

Zotos D, Coquet JM, Zhang Y, Light A, D'CostaKéllies A, et al. IL-21 regulates
germinal center B cell differentiation and prold&on through a B cell-intrinsic
mechanism. J Exp Med. 2010;207:365-78.

Karnowski A, Chevrier S, Belz GT, Mount A, EiedD, D'Costa K, et al. B and T cells
collaborate in antiviral responses via IL-6, IL-2hd transcriptional activator and

coactivator, Oct2 and OBF-1. J Exp Med. 2012;209%264.



615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

53.

54,

55.

56.

57.

58.

59.

60.

31

Zhan Y, Collier F, Naselli G, Saffery R, Ta$ K, et al. Cord blood monocyte-derived
inflammatory cytokines suppress IL-2 and induceatassical “Th2-type” immunity
associated with development of food allergy. Saeh@ns| Med. 2016; 8:321ra8.
Ritvo PGG, Churlaud G, Quiniou V, Florez L,aud F, Fourcade G, et al. Tfr cells
lack IL-2Ra but express decoy IL-1R2 and IL-1Ra and suppflesslt1-dependent
activation of Tfh cells. Sci Immunol 2017;2:eaan836

Kuroda E, Ozasa K, Temizoz B, Ohata K, Koo €xnhuma T, et al. Inhaled fine
particles induce alveolar macrophage death andentén-lalpha release to promote
inducible bronchus-associated lymphoid tissue faionalmmunity. 2016;45:1299-310.
Shreffler WG, Castro RR, Kucuk ZY, Charlop-Posvg, Grishina G, Yoo S, et al. The
major glycoprotein allergen from Arachis hypoga®&a h 1, is a ligand of dendritic cell-
specific ICAM-grabbing nonintegrin and acts as & adjuvant in vitro. J Immunol.
2006;177:3677-85.

Shay T, Jojic V, Zuk O, Rothamel K, Puyraimaemmour D, Feng T, et al.
Conservation and divergence in the transcriptipnajrams of the human and mouse
immune systems. Proc Natl Acad Sci U S A. 2013,2946-51.

Thurlbeck WM. Postnatal human lung growth. Bxor1982;37:564-71.

de Kleer IM, Kool M, de Bruijn MJ, Willart M,an Moorleghem J, Schuijs MJ, et al.
Perinatal activation of the interleukin-33 pathvpagmotes type 2 immunity in the
developing lung. Immunity. 2016;45:1285-98.

Chevalier N, Macia L, Tan JK, Mason LJ, Rols&riThorburn AN, et al. The role of

follicular helper T cell molecules and environméiméuences in autoantibody



637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

61.

62.

63.

64.

65.

32

production and progression to inflammatory arthriti mice. Arthritis Rheumatol.
2016;68:1026-38.

Choi JY, Ho JH, Pasoto SG, Bunin V, Kim ST,r@sco S, et al. Circulating follicular
helper-like T cells in systemic lupus erythematosissociation with disease activity.
Arthritis Rheumatol. 2015;67:988-99.

Kenefeck R, Wang CJ, Kapadi T, Wardzinski Liridlgge K, Clough LE, et al. Follicular
helper T cell signature in type 1 diabetes. J Glrest. 2015;125:292-303.

Breitfeld D, Ohl L, Kremmer E, Ellwart J, Sato F, Lipp M, et al. Follicular B helper T
cells express CXC chemokine receptor 5, localiZ® ¢ell follicles, and support
immunoglobulin production. J Exp Med. 2000;192:1585

Bentebibel SE, Lopez S, Obermoser G, Schmiid&ller C, Harrod C, et al. Induction
of ICOS+CXCR3+CXCR5+ TH cells correlates with aotily responses to influenza
vaccination. Sci Transl Med. 2013;5:176ra32.

He J, Tsai LM, Leong YA, Hu X, Ma CS, Chevaliret al. Circulating precursor
CCR7(lo)PD-1(hi) CXCR5(+) CD4(+) T cells indicaténIcell activity and promote

antibody responses upon antigen reexposure. Imyn@ai3;39:770-81.



654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

33

FIGURE LEGENDS

Figure 1. Airway exposure to peanut flour induces peanutgi@henotypes in mice. (A)
Experimental model. (B) Titers of anti-peanut aotiies in sera were determined on day 27.

** P<0.01 compared to mice exposed to PBS. Data aoeldiom three experiments and are
presented as the mean + SEM (n = 12-15 in eaclpyr{@) Levels of anti-peanut antibodies in
each mouse are shown. (D) Kinetic changes in leMfasti-peanut antibodies are shown.

** P<0.01 compared to mice exposed to PBS. Data asepted as the mean £ SEM (n =6 in
each group). (E) Changes in rectal temperaturg) @efl clinical scores (right) in mice
challenged by intraperitoneal (i.p) injection obpet extract are shown. Data are presented as
the mean = SEM (n = 9-15 in each group) and ameoaqf three experimentsP0.05 and

** P<0.01 compared to mice exposed to PBS. (F) MCPawél$ in plasma are presented as the
mean + SEM (n = 9-12 in each group). Data are & piabree experimentsP<0.05 and

** P<0.01 between groups indicated by horizontal lines.

Figure 2. Airway exposure to peanut flour promotes developnot follicular helper T (Tfh)
cells in draining lymph nodes. (A) Experimental rabahaive 4get mice (BALB/c background)
were exposed i.n. to peanut flour or PBS. On dayriediastinal lymph nodes (mLNs) were
analyzed by FACS. (B) mLN cells were gated on lyopftes, and expression of CD4, IL-
4eGFP, ST2, and CXCR5 was measured. Represergatttergrams showing expression of
CD4 and IL-4eGFP in the total lymphocyte populatflft panels), and the expression of ST2
and CXCRS5 in CDAL-4eGFP lymphocytes (right panels). (C) Proportions anthbars of IL-
4eGFPCD4' T cells are presented as the mean + SEM (n =rbe@ch group, pool of two

experiments). P<0.05 and *P<0.01 between the groups indicated by horizont&ldi (D)
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Proportions and numbers of IL-4eGFFh2 and Tth cells are presented as the mean + @EM

8 in each group, pool of 2 experiments)P€0.01 between groups indicated by horizontal lines.

Figure 3. Tth cells are superior to Th2 cells for promotprgduction of peanut-specific IgE
antibodies. (A) Experimental model: naive BALB/amiwere exposed i.n. to peanut flour. On
day 11, mLN cells were sorted into CI@D4'ST2ZCXCRS5 (control), CD3CD4'ST2'CXCR5
(Th2), and CD3CD4'STZCXCRS5' (Tfh) populations and cultured with B cells iselfrom

the same mLNs in the presence of crude peanutotx{B) Supernatant cytokine levels were
analyzed by ELISA. Data are presented as the meange from duplicate cultures. Figure is
representative of three experiment8<0.05 and *P<0.01 between groups indicated by
horizontal lines. (C) Experimental model: naive Bb/6 mice were exposed i.n. to peanut flour
on day 0 and day 7, and Tth and Th2 cells wereeddrom day 11 mLNs. Cells (1.25x)@vere
i.v. transferred tdcrg’ (C57BL/6 background) mice, and animals were expase to peanut
flour for 4 weeks. (D) Titers of anti-peanut antles in sera were determined by analyzing
serial dilutions of the specimens by ELISA. Resaltsthe mean £ SEM (n = 3 in each group)
and are representative of two experiment®<0.01 and P<0.05 compared to mice that

received Th2 cells.

Figure 4. Tth cells are critical for peanut allergy fornmati (A) Mice were exposed i.n. to
peanut flour as described in Fig/2,Representative scattergrams of the GTI34" T cell
population are shown. (B) Cell numbers in each fadfmn are presented as the mean = SEM (n
= 3 in each group). Data are a pool of two sepasperiments. P<0.05 compared tBcl6""

mice. (C) Representative scattergrams of the BB2€ell population are shown. (D) Cell
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numbers in each population are presented as the m8&M (n = 3 in each group). Data are a
pool of two separate experimentsP20.01 compared tBcl6"" mice. (E) Mice were exposed
i.n. to peanut flour as described in FigAL Titers of anti-peanut antibodies are shown. (F)
Changes in rectal temperature (left) and clinicakss (right) in mice challenged by i.p. injection
of peanut extract are shown. (E and F) Data argepted as the mean + SEM (n = 3-7 in each
group) and are representative of two experimerit8<6.01 and P<0.05 compared tBcl6""

mice exposed to peanut flour and challenged witdnpeextract.

Figure5. The BAL and lung levels of IL-1 family cytokinesdrease rapidly following airway
exposure to peanut flour. Naive BALB/c mice werpased i.n. to single dose of peanut flour
(100 pg/dose)Alternaria extract (100 pg/dose), or PBS. Cytokine levelsupernatants of BAL
fluids (A) and lung homogenates (B) were analy®ekults are the mean + SEM (n = 3 in each
group) and are representative of two experimems0*05 and *P<0.01 compared to mice
exposed to PBS. (C) Naive BALB/c mice were expasedo a single dose of PBS, peanut
flour, peanut extract, corn flour, or rice flouafh at 100 pg/dose). At 6 or 24 hours, levels of
IL-1a in the supernatants of lung homogenates were zetlyResults are the mean £ SEM (n =
3 in each group) and are representative of tworaxgats. <0.05 and *P<0.01 compared to

mice exposed to PBS.

Figure6. IL-1 family cytokines are involved in the produtiof peanut-specific IgE and IgG1
antibodies in mice exposed to peanut flour. Naiitd-type (WT) mice (BALB/c or C57BL/6)
or mice deficient in specific cytokine receptorsgvexposed i.n. to PBS or peanut flour for 4

weeks. Titers of anti-peanut antibodies in seraevdetermined by analyzing serial dilutions of
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the specimens by ELISA. (A, B, C, and D) Data aesented as the mean £+ SEM (n =4 or 5in
each group). (A, B, and D) Data are a represertatitwo experiments.P<0.05 and *P<0.01

compared to WT mice exposed to peanut flour.

Figure7. IL-1 plays a critical role in the Tfh responseniice exposed to peanut flour. (A)
Experimental model. (B) Representative scattergraiise CD3CD4" T cell population are
shown. (C) Cell numbers in each population aregmtesl as the mean + SEM (n = 8 in each
group). Data are a pool of two separate experim&Rtd).05 and *P<0.01 compared to WT
BALB/c mice. (D) Representative scattergrams ofB280 B cell population are shown. (E)
Cell numbers in each population are presentedeasitan + SEM (n = 4 in each group).
*P<0.05 compared to WT BALB/c mice. (F) Representativattergrams of the COBD4™ T
cell population and the B22® cell population are shown. (G) Cell numbersaatepopulation
are presented as the mean £+ SEM (n = 4 in eaclpprouP<0.01 compared to WT BALB/c
mice. (H) Representative scattergrams of the TDBYF' T cell population and the B22@ cell
population are shown. (G) Cell numbers in each [adjmun are presented as the mean + SEM (n

=4 in each group).
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Airway exposureinitiates peanut allergy by involving the IL-1 pathway and T follicular

helper (Tfh) cellsin mice

Joseph J. Dolence, Ph.D., Takao Kobayashi, Ph.@i likma, Ph.D., James Krempski, Li Y.

Drake, M.D., Ph.D., Alexander L. Dent, Ph.D., andoHito Kita, MD
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METHODS
Mice

BALB/c, C57BL/6, C.C3TIr4-">%J (TIr4 %), C.129-114™"9/J (4get), Tg(Cd4-
cre)1Cwi/Bflud Cd4-Cre), B6.129PZFcrb™MOm/J (Terb™), B6CT.129S4Fnfsf4™9/Pgn
(Tnfsf4™), B6;129S1H1rap™™/J (l1rap”), and B6.129STHr1"™™/J (11r"") mice were
obtained from The Jackson Laboratory (Bar Harbdg, MSA).l11rap”™ mice were subsequently
backcrossed onto the BALB/c background for 10 gatimmns.|11rl17 (ST2) mice andCrlf2”
(Tslpr”™) mice (both BALB/c background) were kindly providieg Dr. Andrew McKenzie
(MRC Laboratory of Molecular Biology, Cambridge, Y&nd Dr. Steven F. Ziegler (Benaroya
Research Institute, Seattle, WA, USA), respectivahd were bred under specific pathogen-free
(SPF) conditions at the Mayo Clinic (Rochester, NUSA)" 2 Bcl6"" mice were previously
described Animals used in this study were female and rarfgsEd 6-12 weeks of age. Al
protocols and procedures for handling of the mieeeweviewed and approved by the Mayo

Institutional Animal Care and Use Committee, MayimiC.

Allergens

Peanut flour (14.4% protein) was purchased froenGblden Peanut Company
(Alpharetta, GA, USA) as a bulk raw material; erokih was undetectable (<0.5 EU/mg flour)
in the product by Limulus Amebocyte Lysate assaynida, Walkersville, MD, USA). Crude
peanut extract (70.2% protein) afAldernaria alternata extract (20.0% protein) were purchased
from Greer Laboratories (Lenoir, NC, USA). Cornuitand rice flour were purchased from

Bob’s Red Mill Natural Foods (Milwaukie, OR, USA).
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Inhalation peanut allergy model

Naive BALB/c and C57BL/6 mice were exposed intraiiggi.n.) to 100ug peanut flour
in 50l sterile phosphate-buffered saline (PBS) or PB&atwice/week for up to 4 weeks.
Three days after the last exposure (i.e., on dqys2rum was collected via retroorbital bleeding
under isoflurane anesthesia to determine leveteahut-specific immunoglobulins. One day
later (i.e., on day 28), mice were challenged syi&tally by intraperitoneal (i.p.) injection of 1.0
or 2.5 mg crude peanut extract in 30Gterile PBS. Immediately before challenge (0 mamd
every 10 minutes afterward for one hour, rectalgerature was monitored by an electronic
thermometer (Oakton Instruments, Vernon Hills,UlSA) equipped with a RET-3 rectal probe
(Physitemp Instruments, Clifton, NJ, USA). Clinisgimptoms based on published criteria were
scored as follow’s 0, no symptoms; 1, scratching of ear and moutpuffiness around eyes and
mouth, pilar erection, labored breathing; 3, prge period of motionlessness; 4, severely
reduced motility, tremors, severe respiratory dsdr 5, death. At 60 minutes, blood was
obtained to measure plasma levels of mast celepsat-1 (MCPT-1).

For time-course studiesjice were exposed i.n. to 10§ peanut flour twice/week, and
blood specimens were collected on days 7, 14,11 2& for determining serum levels of
peanut-specific IgE, 1gG1, and IgGZm measure CD4T cell and B220B cell responses in
draining lymph nodes (LNs), mice were exposedtarl.00ug peanut flour on days 0 and 7. On
day 11, lung-draining mediastinal lymph nodes (mLiNere harvested for fluorescence-
activated cell sorting (FACS) analysis. To exanmanate innate immune responses, mice were
exposed i.n. to 10(g of either peanut flour, crude peanut extractdtmur, rice flour or
Alternaria alternata extract in 5Qul sterile PBS. Brochoalveolar lavage (BAL) fluidsdalungs

were then collected at 1, 6, and 24 hours for nreasent of cytokine levels.
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ELISA for peanut-specific antibodies, MCPT-1, and cytokines

Serum levels of peanut-specific IgE antibodiesenaeasured by enzyme-linked
immunosorbent assay (ELISA). Briefly, ELISA plai@gmmulon 4 HBX, Thermo Fisher,
Waltham, MA, USA) were coated with %0 of 5 pg/ml rat anti-mouse IgE mAb (LO-ME-3)
(Bio-Rad, Raleigh, NC, USA) in 0.1 M carbonate leuffpH 9.5, overnight at 4°C. Plates were
blocked with 20Qul PBS, containing 1% bovine serum albumin (BSAp(®&a-Aldrich, St.
Louis, MO, USA), for 2 hours at room temperaturdYRAfter blocking, serial dilutions of
serum samples were added, and plates were inculbat2dhours at RT. The plates were then
incubated with 0.24ig/ml biotinylated crude peanut extract for 1 houR@, followed by
streptavidin-poly-HRP (Pierce, Rockford, IL) dildt&:5,000 for 30 minutes at RT. After the
final washing, peroxidase substrate (TMB SubstiatePierce) was added, and after 30
minutes, the reaction was stopped with 2 p&8,. Absorbance at 450 nm was then read in a
microplate autoreader (Thermomax, Molecular DeviSesminyvale, CA, USA). Between each
step, the plates were repeatedly washed with P@&8&aining 0.05% Tween 20.

To measure serum levels of peanut-specific IgGg@GRa, ELISA plates were coated
with 2 pg/ml crude peanut extract in 0.1 M carberaiffer, pH 9.5, overnight at 4°C. Plates
were blocked with BSA as described; serial dilusiof serum samples were then added, and
plates were incubated for 1 hour at RT. After waghplates were incubated with HRP-
conjugated anti-mouse IgG1 or anti-mouse 1gG2a fBBArmingen, San Diego, CA, USA)
diluted 1:1,000 for 1 hour at RT. Finally, peroxgdasubstrate was added, and after 15 minutes,

the reaction was stopped with 2 MS$0,.
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Plasma levels of MCPT-1 were determined usingnangercial mouse MCPT-1 ELISA
Kit (eBioscience, San Diego, CA, USA) accordindghe manufacturer instructions. Sensitivity
for the MCPT-1 ELISA was 234 pg/ml. The concentmas of IL-4, IL-5, IL-13, IL-21, TSLP,
IL-1a, and IL-1B in supernatants fromm vitro T cell cultures, BAL fluids, or lung homogenates
were determined using commercial ELISA kits (R&Dstyms, Minneapolis, MN, USA)
according to manufacturer instructions. To prepang homogenates, lungs were ground in 0.5
ml PBS, and centrifuged at 10,08@ at 4°C for 15 minutes; protein concentrationshia t

supernatant were quantified with the Pier@CA Protein Assay Kit (Thermo Fisher).

FACS analyses

T and B cell populations in mLNs were measuredrgfeanut flour exposure by FACS
analysis, as describedriefly, mLNs were collected from IL-4 reporteget mice or various
wild-type (WT) and gene knockout strains, and ®rgll suspensions were treated with Fc
blockers for 30 minutes at 4°C prior to staininghaéombinations of the following antibodies:
CD3 (clone 145-2C11; FITC), CD4 (L3T4; PerCP), D28, MD Biosciences, St. Paul, MN,
USA,; biotin), CXCR5 (2G8; PE, biotin), and PD-1 3J4#E). Incubation with streptavidin-APC
was used to visualize biotin-conjugated antibodiesanalyze germinal center (GC) B cells,
cells were stained with FITC-conjugated peanut@aggh (PEANUTA; Vector Laboratories,
Burlingame, CA), anti-B220 PerCP (RA3-6B2), and-&195/FAS biotin (Jo2). Subsequent
incubation with streptavidin-APC visualized thetimeconjugated antibody. After washing, cells
were resuspended in PBS containing 1% BSA and Ol&aPe and fixed with 1%

paraformaldehyde. Flow cytometric analysis wasqreréd on a FACSCalibur or Canto X
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cytometer (BD Biosciences, San Jose, CA), andwata analyzed with FlowJo software (Tree

Star, Ashland, Oregon). Antibodies were obtainedfBD Biosciences unless otherwise noted.

T cell cytokine production in vitro

Antigen-induced cytokine production by Th2 and Téils was analyzed as described
previously. Briefly, CD4" T cell subsets (CO€D4'ST2ZCXCRS5 double-negative cells,
CD3'CD4'STZ'CXCR5 Th2 cells, and CDED4'STZCXCR5' Tfh cells) were isolated by
FACS sorting from day 11 mLNs obtained from micatthad been i.n. exposed to peanut flour
on days 0 and 7. Prior to T cell sorting, B cellrsvisolated by an EasySep Mouse B Cell
Isolation Kit (STEMCELL Technologies, Vancouver,r@aa).Sorted T cell subsets (20,000
cells/well) were cultured with isolated B cells (1000 cells/well) in complete RPMI medium
(RPMI 1640 medium with 10% calf serum, 1@/ml streptomycin, and 100 U/ml penicillin;
total volume 20Qul/well) with or without 100ug/ml crude peanut extract for 7 days.

Concentrations of IL-4, IL-5, IL-13, and IL-21 irelt supernatants were measured by ELISA.

T cell transfer and IgE antibody production in vivo

The ability of Tth and Th2 cells to support IgE iandy productiorin vivo was examined
as described previously, with some modificatfoffhie CD3CD4'ST2'CXCR5 Th2 and
CD3'CD4'STZCXCRS' Tth cell populations were prepared by FACS sorfiogn day 11
mLNs from C57BL/6 donor mice that had been expasedo peanut flour on days 0 and 7.
Terg' recipient mice were injected intravenously (iimtp the tail vein with 1.25xf0sorted
Th2 or Tth cells in PBS or PBS alone, 1 day afterfirst exposure to peanut flour. Mice were

subsequently exposed i.n. to peanut flour twicekwee4 weeks. Serum was collected for
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analysis of peanut-specific antibodies on day 27.

Mouse airway exposure and challenge model to examine the adjuvant activities of peanut flour

On days 0 and 7, naive BALB/c mice were lightlgsthetized with isoflurane and
administered with 10Qg ovalbumin (OVA) intranasally (i.n.) in the preseror absence of 100
ug crude peanut extract or peanut flour indb@ndotoxin-free PBS. On day 14, plasma
specimens were collected for analysis of anti-OgE.IOn days 21, 22 and 23, mice were
challenged i.n. with 100 pg OVA alone, and on déyfnchoalveolar lavage (BAL) fluids

were collected for analysis of total cell countd differentials.

Satistical analysis
The statistical significance for differences betwé®e various treatment groups
was calculated using a Studerttt®est, withP<0.05 considered statistically significant. All

numerical data are presented as the mean + staadardf the mean (SEM).
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FIGURE LEGENDS FOR ONLINE REPOSITORY

Figure E1l. Airway exposure to peanut flour induces peanargill phenotypes in C57BL/6

mice. (A) Naive BALB/c mice and C57BL/6 mice wepgesed intranasally (i.n.) to PBS or 100
ug peanut flour twice a week for 4 weeks using twtqeol described in Figure 1A. Serum
specimens were collected on day 27. The levelsitpganut antibodies are shown at the
dilutions indicated. *P<0.01 compared to mice exposed to PBS alone. Datprasented as the
mean + SEM [n = 12-15 (BALB/c) and 3-5 (C57BL/6)dach group]. (B) C57BL/6 mice that
had been exposed i.n. to peanut (PN) flour or PBf&whallenged by intraperitoneal (i.p.)
injection of 2.5 mg crude PN extract. The kinetiaeges in rectal temperature (left) and clinical
scores (right) were recorded. Data are presentdteasean + SEM (n = 3-5 in each group). *

P<0.05 and **P<0.01 compared to mice exposed to PBS.

Figure E2. Production of anti-peanut antibodies is indepehdéiLR4. (A) Naive BALB/c or
TLR4-deficicient mice TIr4%) were exposed i.n. to PBS or 10§ peanut flour for 4 weeks using
the protocol described in Figure 1A. The levelsawti-peanut antibodies are shown at the
dilutions indicated. Data are presented as the mesEM (n = 3-5 in each group)P%0.05

compared to mice exposed to PBS. n.s., not sigmific

Figure E3. Gating strategy for sorting of the Th2 and TfH pelpulations that were used for cell
culture and adoptive transfer experiments. Naive @D57BL/6 mice were exposed intranasally
to peanut flour on days 0 and 7. Day 11 mLN cebsencollected, enriched for CDZ cells,

and sorted into COED4'STZCXCRS5 (controls), CD3CD4'STZ'CXCR5 (Th2) and

CD3'CD4'STZCXCRS5' (Tfh) subpopulations. Representative FACS scatheng are shown.
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Figure E4. Mice that received Tth cells or Th2 cells devedmpte anaphylaxis upon peanut
challenge. As described in Fig 3, Panel C, naivéBLE mice were exposed i.n. to peanut flour
on day 0 and day 7, and Tth and Th2 cells wereeddrom day 11 mLNs. Cells (1.25x)@vere
i.v. transferred t@crp”” (C57BL/6 background) mice, and animals were expase to peanut
flour for 4 weeks. Mice were then challenged by ingection of 2.5 mg crude peanut extract.
Changes in rectal temperature (left) and clinicakss (right) over time were recorded, as
described in Materials and Methods. Results arentb@n + SEM (n = 3 in each group) and are
representative of two experiment®<0.05 compared to mice that received no Tfh or Th2

transfer.

Figure E5. OX40L deficiency does not affect IgE antibody protiion in response to peanut.
Naive C57BL/6 (WT) and OX40L-deficientiffsf4”) mice were exposed i.n. to peanut flour or
PBS for 4 weeks. Titers of anti-peanut antibodmesdra were determined by analyzing serial

dilutions of the specimens by ELISA. Results aeerttean + SEM (n = 3 in each group).

Figure E6. Peanut flour, but not peanut extract, demonsti@d@s/ant activity that promotes
allergic sensitization to the model antigen OVA) gAschematic representation of the mouse
airway sensitization and challenge model to exarthieeadjuvant activities of peanut flour. (B)
Plasma levels of anti-OVA IgE and the numbers &mmatory cells in BAL fluids were
analyzed on day 14 and day 24, respectively. Reauttthe mean £ SEM (n=4 in each group).

*P<0.05 between the groups indicated by the horizdines.

FigureE7. FACS analysis of Th2 and Tfh cells. Naive WT BALBnhice were exposed
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intranasally to peanut flour on days 0 and 7. DAynLN cells were collected and analyzed by
FACS. The lymphocyte population was gated on th&CD4" cell population, and then
analyzed for expression of ST2, CXCR5 and PD-1 r&smtative FACS scattergrams are

shown.
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