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ABSTRACT

Background: Type 2 helper T (Th2) cells have long been belieto play a pivotal role
in allergic immune responses, including IgE antipptbduction and type 2 cytokine-
mediated inflammation and pathology. A new T cebset, T follicular helper cells (Tfh)
cells, is specialized in supporting B cell matwatand antibody production.

Objective: To investigate the roles of Tfh cells in allergnmune responses.

Methods: Naive mice were exposed to cytokines or natltaigens through the
airways. Development of allergic immune responsas analyzed by collecting draining
lymph nodes (LNs) and sera and by challenging ttas. Cytokine reporter mice and
gene-deficient mice were used to dissect the imhoagmmechanisms.

Results: We observed the development of IL-4-produciniy @élls and Th2 cells in
draining LNs following airway exposure to IL-1 fagncytokines or natural allergens.
Tfh cells and Th2 cells demonstrated unique pherestytissue localization, and cytokine
responses. Tfh cells supported the sustained ptioduaf IgE antibodyn vivo in the
absence of other T cell subsets or even when Tlhflioetions were severely
compromised. Conversely, conditional deficiencyhef master regulatdclé in CD4™ T
cells resulted in a marked reduction in Tfh cefid &gE antibody levels, but type 2
cytokine responses and eosinophilic inflammatioth@airways remained unaffected.
Conclusion: Tth cells play critical roles in the regulatiohlgE antibody production.
Allergic immune responses to airborne allergenslyiknvolve two distinct subsets of IL-

4-producing CD4T cells, namely Tfh cells and Th2 cells.
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Key Messages
* IL-4-producing Tfh cells develop when mice are esgubto airborne allergens.
» Allergen-specific Tth cells and Th2 cells posseassintt characteristics.
» The Tfh cells are necessary and sufficient for dgiibody production.

« Allergic immune responses involve two subsets efHproducing CD4T cells.

Capsule Summary
Using mouse models, Kobayashi et al. show that fireducing Tfh cells develop
following airway exposure to natural allergens, #mat the Tth cells are necessary and

sufficient for sustained production of IgE antibody

Keywords

Follicular T cells, IL-4, IgE, allergy, allergenBh2 cells

Abbreviations

APCs: antigen presenting cells; BAL: bronchoalvetdsage; BTLA:Band T
lymphocyte attenuator; eGFP: enhanced green fluer¢protein; FACS: fluorescence-
activated cell sorting; GC: germinal center; GWABnome-wide association study;
HDM: house dust mite; ICOS; inducible costimulatdOSL: ICOS ligand; IL:
interleukin; ILC2: type 2 innate lymphoid cellsp.i. intranasal; i.p.: intraperitoneal;
IRES: internal ribosomal entry site; i.v.: intrawers; mLN: mediastinal lymph node;
LNs: lymph nodes; OVA: ovalbumin; PD-1: programneadl death protein 1; gRT-PCR:

guantitative reverse transcription polymerase cheaction; SAP: signaling lymphocyte
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activation molecule-associated protein; SNPs:lsingcleotide polymorphisms; SPF:
specific pathogen-free; Tth: follicular helper ThZ: type 2 helper T; TNF; tumor
necrosis factor; Tregs: regulatory T cells; TSUBmtic stromal lymphopoietin; WT;

wild-type
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INTRODUCTION

Type 2 immune responses to allergens and othémamnvental factors, including
type 2 helper T (Th2) cell cytokine responses &edproduction of IgE antibodies, are
key immunologic features of allergic diseases. g2 CD4 T cells and type 2 innate
lymphoid cells (ILC2s) that produce interleukin 44, IL-5, and IL-13 have been
considered major players in directing the pathophygy of allergic disease, including
airway eosinophilia, mucosal hyperplasia, and ajrveanodeling" 2 However, our
knowledge regarding the immunological mechanisrasrdgulate IgE antibody
production is limited. Traditionally, Th2 cells ae&pected to play a critical réleecause
they produce IL-4, a key cytokine that regulates ¢ipss switchind.

Considerable heterogeneity exists in the clinptenotypes and genetic
contributions to allergic diseases. For exampléatigatients with asthma develop IgE
antibodies to allergens, and not all patients wétectable serum IgE antibody levels
develop asthma.® A genome-wide association study (GWAS) identifielihk between
asthma/airway eosinophilia and single nucleotidgmorphisms (SNPs) ilL1RL1,
IL18R, IL33, TSLP, andRORA.” In contrast, associations between serum IgE lereds
SNPs inFCERI1A, IL13, STAT6, andIL4R/IL21R were identified, but very few genes
commonly associated with both serum IgE level asttiraa’ Thus, the fundamental
guestion of whether Th2-type cytokine responsesigdntibody production are
regulated by the same immunological pathway remaiasiswered.

T follicular helper (Tfh) cells are distinguish&dm other CDZ Th cells by their
selective role in orchestrating germinal center Y@&Sponses and in promoting the

development of memory B cells and long-lived plasmis® ° In mice immunized
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systemically by intraperitoneal injection of ovatbin (OVA) plus alum adjuvant, a
positive correction between the development of 4éedreting Tth cells and the
production of IgE and 1gG1 antibodies was obseMdturther, IL-4-secreting Tth cells
mediated class switching and affinity maturationgif and IgG1 in the lymph nodes of
mice infected with the parasitesishmania major andNippostrongylus brasiliensis.**
Other studies involvingchistosoma mansoni andHeligmosomoides polygyrus also
demonstrated the production of IL-4 by Tth céfis>However, information regarding
the contribution of Tfh cells to the regulationlgE antibodies in allergic immune
responses to airborne allergens remains limited.

Accordingly, to better understand the developnoé@D4" T cell subsets in
response to inhaled allergens and to elucidate tthleis in allergic immune responses,
we utilized mouse models of airway allergen expesQur observations suggest a
critical role for Tfh cells in the regulation offgantibody production. Hence, allergic
immune responses might be mediated by Tfh and €&, evhich are two distinct

subsets of IL-4-producing CDA cells.
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MATERIALSAND METHODS
See the Methods section of this article’s Onlin@d&#ory for more details.
Mice

BALB/cJ, C.129H4™"9/J (4get), C57BL/6J, B6.129PRrb™MO™J (Terb™),
STOCK Tg(Cd4-cre)1Cwi/BfluJ (CD4-Cre), B6.12987¢™ ™/ (17r"), B6Cr.129S4-
TnfsfA™39/Pgn Tnfsf4™), B6.129P2kcos™ ¥/ J (cos™), and B6.129STHr 1™ ™/
(111r17) mice were obtained from Jackson Laboratories Babor, ME). TheBcl6™"
mice were previously describ&liThe procedures and handling of the mice were
reviewed and approved by the Mayo InstitutionalrAal Care and Use Committee,

Mayo Clinic, Rochester, MN.

Antigens, allergens and recombinant cytokines

Endotoxin-free OVA (< 0.5 EU/mg, verified by a Lihas amebocyte lysate assay;
Wako Chemicals USA, Inc., Richmond, VA) was prepansing specific pathogen-free
(SPF) chicken eggs (Charles River Laboratoriesmivijton, MA) under sterile

conditions as previously describ&d.

Mouse airway exposure and challenge model

On days 0 and 7, naive mice were lightly anestbdtivith tribromoethanol or
isoflurane and administered 106 OVA intranasally (i.n.) in the presence or abgeoic
100 ng or serial dilutions of IL-33 or ILBlin 50l of endotoxin-free PBS. On day 11,
the mice were euthanized by an overdose of perttdharand mediastinal lymph nodes

(mLNs) were collected. In some experiments, miceevexposed i.n. télternaria (50
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K@), cockroach (50 pg), or HDM (400 ug) extractdhromelain (10 pg), or tlternaria
(50 ug) plus OVA (10 ng). Some mice were then emgéed i.n. with 100 pg OVA using

the protocols described in the figures and figegehds.

Plasma antibody levels

Plasma levels of OVA-specific IgE, 1gG1, and IgG2are measured by ELISA as
previously describetf Total IgE, 1gG1, IgM, and IgA levels were measubgtELISA
in accord with recommended protocols using antieéedfliom BD Biosciences (San Jose,

CA).

FACSanalyses of mLN cells and lung cells

Anterior and posterior mLNs from each mouse wenedssted and pooled. Single
cell lung suspensions were prepared by digestingebted lungs using a cocktail of
collagenases in the presence of DNase as desibeibusly’> The mLN cells and
single cell lung suspensions were preincubated KMgtheceptor blockers for 30 min at
4°C and stained with combinations of antibodies amalyzed by gating on lymphocytic
cells using a FACSCalibur™ flow cytometer (BD Bimswes Immunocytometry
Systems). See the Methods section of this arti€&lbne Repository for the list of

antibodies and details regarding analysis stieseg

Gene expression analyses
Day 11 mLN cells from 4get mice exposed to OVAsL-33 were enriched for

CD4" T cells (Negative Selection Kit, Stemcell Techmyiés, Vancouver, Canada) and
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stained as described above without fixation. GD4eGFP, CD4'IL-4eGFP
STZ'CXCRS5, and CD4IL-4eGFP STZCXCR5 populations were sorted using a
FACSAria™ flow cytometer (BD Biosciences). Cellsrerdysed in Trizol (Invitrogen,
Carlsbad, CA), and total RNA was extracted andfigariusing the PureLink® RNA
Mini Kit (Thermo Fisher Scientific, Minneapolis, MNollowed by microarray and qRT-

PCR analyses.

Cytokine production in vitro

Day 11 mLN cells were isolated, washed, and cettun RPMI 1640 medium with
10% calf serum, 10ag/ml streptomycin, and 100 U/ml penicillin (com@d®PMI) at a
density of 4 x 10cells/200 pl/well in a round-bottom 96-well tissudture plate for 4
days. OVA was added at a concentration of 1@fnl. Alternatively, day 11 mLN cells
were enriched for CD4T cells and sorted for CD@D4'STZCXCRS5,
CD3'CD4'STZ'CXCRS5, and CD3CD4'ST2ZCXCRS5S' cell populations. B cells were
isolated from day 11 mLN cells using a magnetiasafion kit (Stemcell Technologies).
T cells (20,000 cells/well) were cultured with Bls€100,000 cells/well) in complete

RPMI medium (total volume 200 pl/well) with 100 pd/OVA for 7 days.

Adoptive transfer

CD3'CD4'ST2CXCRS5, CD3'CD4'ST2Z'CXCR5, and CD3CD4'ST2ZCXCR5
cell populations from the donor C57BL/6 mice weveed as described above. The
recipientTcrb” mice were administered OVA plus IL-33 i.n. on d@yand 7, and

injected with 75,000 sorted cells intravenously.]il day after the first exposure to
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OVA plus IL-33 (day 1). On days 21, 22, and 23jpent mice were challenged i.n. with
100ug OVA alone. Plasma was collected for analysigpettic antibodies on days 14,
24, and 49. In other experiments, similar cell gapons were sorted and injected into
117r”" mice at a concentration of 150,000 cells/mouse. fEgipient mice were exposed to

OVA plus IL-33 on days 0, 3, and 6, and assessedifway inflammation on day 8.
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RESULTS
IL-33 promotes the development of two distinct subsets of |L-4-competent CD4" T cellsin
draining lymph nodes

Respiratory exposure to innocuous proteins gelyaraluces immune tolerancé.
Recently, airway epithelial cells that produce ieneytokines such as ILelIL-25, IL-

33, and thymic stromal lymphopoietin (TSLP), andtthromote Th2-type immunity,
were implicated in asthma and allergic dised&&sirther, members of the IL-1 family of
cytokines have been shown to overcome suppresgioggilatory T cells (Tregs) and to
promote functional differentiation of T cef8.

To better understand the mechanisms involvedarddvelopment of Th2-type
immunity to airborne allergens, we exposed the aysiof naive BALB/c mice to
endotoxin-free OVA with or without IL{f1 or IL-33 twice via intranasal (i.n.)
administration Eigure 1A). Subsequently, we examined the production of &/pe
cytokines in draining mediastinal lymph nodes (m).bis day 11 and plasma antibody
levels on day 14. As expected, exposure to OVAalesulted in negligible plasma anti-
OVA antibody levelsKigure 1B). Similarly, the i.n. administration of ILBLor IL-33
alone did not have a remarkable effect on anti-GWiibody levels (data not shown). In
contrast, when animals were exposed to OVA in amtjon with IL-13, plasma levels of
anti-OVA IgE and IgG1, another Ig isotype relatedh2-type immunity” increased
significantly (p<0.01); however, no increases ia IhG2a isotype were observed.
Likewise, the administration of OVA and IL-33 proted the production of anti-OVA
IgE and IgG1, but the levels were slightly lowearttthose induced by OVA plus IL31

(p<0.05).
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When culturedn vitro with OVA antigen, mLN cells from the mice expoded
OVA plus IL-1 produced IL-4 and IL-13, but only minimal IL-Eigure 1C). In
contrast, mLN cells from the mice exposed to OVAspIL-33 exhibited robust
production of all three type 2 cytokines. Furttieg concentrations of IL-13 produced by
mLN cells from mice exposed to OVA plus IL-33 weignificantly higher than the
corresponding IL-13 levels produced by mLN celtsvirmice exposed to OVA plus IL-
1B (p<0.05). However, the IL-4 concentrations prodllbg mLN cells from the mice
exposed to OVA plus IL-33 and from mice expose®YA plus IL-13 were
comparable. When mice previously exposed to OVA pllu33 were challenged i.n. with
OVA alone, they developed marked airway eosinoglaifid increased levels of IL-5 and
IL-13 in bronchoalveolar lavage (BAL) fluid3.In contrast, mice previously exposed to
OVA plus IL-1 produced modest airway eosinophilia and lower Bétels of IL-5 and
IL-13.

These findings led us to hypothesize that twmore subsets of Th2-like CDZ
cells with similar capacities to produce IL-4 bugtohct IL-5 and IL-13 production might
be involved. Th2 cells and Tfh cells are amongQ@let™ T cells that are known to
produce IL-4'"*2To characterize IL-4-producing cells, we exposgeit4L-4-reporter
mice?®i.n. to OVA plus IL-B or IL-33 using the same protocol as describeddnre
1A, and analyzed mLN cells on day 11. In 4get maceinternal ribosomal entry site
(IRES) and downstream enhanced green fluorescetdipr(eGFP) are inserted at the 3’
end ofll4, which allows the identification of cells that ey transcribe the IL-4 locus.
Consequently, IL-4eGFRCD4 T cells were clearly detectable in mLNs from mice

exposed to OVA plus IL{3 or OVA plus IL-33 Figure 1D and 1E).
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The IL-33 receptor ST2 and the chemokine recePXCR5 are considered reliable
markers for differentiated Th2 céifand early and mature Tth ceffsrespectively. A
majority (>80%) of CDZIL-4eGFP cells in mLNs from mice exposed to OVA plus IL-
1B were positive for CXCR5but were negative for ST2 (STXCRS5). In contrast,
CD4'IL-4eGFP cells from the mice exposed to OVA plus IL-33 detesd of two
distinct populations that included STXCR5' cells and STAXCRS cells. Further,
none of the IL-4eGFPcells were positive for both ST2 and CXCR5.

To characterize the development of these two ssilodel -4-competent CD4T
cells further, we examined the relationship betwiked3 dose and effect. Naive mice
were administered a fixed dose of OVA (100 pg)with various doses of IL-33. A
small number of CD4T cells consisting of STEXCR5' cells were IL-4eGFP
following administration of a low (1 ng) IL-33 dogeigure 1F and 1G). Following the
administration of an intermediate (10 ng) IL-33 @ahe number of IL-4eGFRells
increased, and a majority (~80%) of the cells W&F&@CXCR5'". However, the
frequency of STACXCRS5 cells relative to STEXCRS' cells increased significantly
(p<0.01) following the administration of a high&00 ng) IL-33 dose. Similarly, IL-33 at
a range from 1 to 100 ng/dose induced productiantfOVA IgE and IgG1 antibodies
in a dose-dependent mannErgure E1 of Online Repository). Kinetic studies showed
that ST2CXCRS5' cells were clearly detectable as early as 4 dfigs @ne exposure to
OVA plus IL-33 (100 ng), while the development GIZCXCRS5 cells required more
time and/or a second exposure to OVA plus ILB@re E2 of Online Repository).
Thus, the types and doses of IL-1 family cytokim#lienced the differential

development of two subsets of IL-4-competent CD4ells in draining lymph nodes in
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the murine lung.

ST2 CXCR5" CD4" T cells are bona fide Tth cells

To investigate the identity of the CD% cell populations, we sorted IL-
4eGFPST2CXCR5 and IL-4eGFPSTZ'CXCRS5 cells harvested from mice exposed to
OVA plus IL-33, and analyzed polyA-containing RNBg microarray using a pool of
IL-4eGFPCD4" T cells as the control. The comparison of genegesgion profiles
revealed sets of genes that were unique to eadigiagn and not expressed by other
populations Figure 2A and 2B). For example, STEXCRS5 cells expressed Th2 cell
markers, includingsata3, 115, 1113, andPrdml (encoding Blimp-1), as well d65,
receptors for certain chemokines and lipid medstand integrinsHigur e 2C).
Conversely, the STEXCRS5' cells expressed Tfh cell marker genes, inclu@dg,
Pdcdl [encoding programmed cell death protein 1 (PD-dnpfjSh2dla [encoding
signaling lymphocyte activation molecule (SLAM)-asmted protein (SAP)], as well as
a set of chemokine receptors and integrins tha¢ westinct from those expressed by the
STZ'CXCRS5 cells.Tcf7 (encoding TCF-1), a recently identified upstreaamscription
factor for Tth cells>® was expressed by STXCRS' cells and IL-4eGFRontrol cells.
114 andI21 were expressed by the STXCR5 and STZXCR5' cells, wherea#5 and
1113 were expressed only by ST2XCRS5 cells, which were verified by real-time
guantitative reverse transcription polymerase chedetion (QRT-PCR{Figure 2D). As
well, gRT-PCR analyses also revealed thaitia3 was most highly expressed by
ST2'CXCRS5 cells, whereaBcl6 was most highly expressed by STXCR5' cells.

To examine cytokine production, CEBTZ'CXCR5 and CD4ST2CXCR5 T
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cells were isolated and cultured with OVA antiged 8 cells from mLNs of sensitized
mice, which served as antigen presenting cells @FP@ure 2E). We used the entire
population of CDA T cells as the source for cell sorting, so thateeld obtain
sufficient cell numbers for cultur€&igure E3 of Online Repository). Although the
ST2'CXCRS5 cells and STEXCRS5' cells both exhibited robust production of IL-4, -
was only produced by ST@XCRS cells Figure 2F). As well, a significantly higher
amount of I1L-13 was produced by STXCRS5 cells than by STEXCR5' cells, but the
reverse was the case for IL-21. Interestingly, wBeells isolated from the spleens of
naive mice were used as APCs, the '&€&XCR5 cells produced IL-4 and IL-13, but the
STZCXCR5' cells did not Figure E4 of Online Repository). From these observations,
we concluded that IL-4eGFBT2'CXCRS5 cells were canonical Th2 cells and that IL-
4eGFPST2CXCR5' cells were Tth cells specialized for the productid IL-4 and IL-

21.

Isolated Th2 cells and Tfh cells preferentially mediate allergic airway inflammation and
IgE antibody production, respectively

The stimulation of B cells by IL-4, together witkher signals, leads to class-switch
recombination to IgE® Further, conventional models predict that Th2-t@i4" T cells
serve as a major source of IL-4 for B cell produetdf IgE antibody: 2’ Therefore, to
compare the capacity of Th2 and Tfh cells to medigE antibody production, we chose
an adoptive transfer approach. We isolated Th2 ¢€ID4ST2'CXCRS5) and Tth cells
(CD4'STZCXCRS5') from C57BL/6 mice previously exposed to OVA plus33 and

transferred them intravenously to naive T celldefitTcrb” mice (C57BL/6
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background) with an intact B compartnfér{Eigure 3A). In the absence of T transferred
cells, Terb” mice were unable to produce detectable levelstf@VA IgE or IgG1
antibody Figure 3B). However, when Th2 cells from mice exposed brOVA plus IL-

33 were transferred ffcrb” mice, the mice produced anti-OVA IgE antibody, the
levels declined after day 24. When Tth cells weaadferred tacrb” mice, the mice
exhibited robust production of anti-OVA IgE antilyp@nd the levels were maintained up
to at least day 49. IgG1 anti-OVA isotype antibdelyels in the mice continued to rise
following the transfer of either Th2 cells or Tfalls, but IgG2a antibody did not achieve
detectable levels.

To compare the roles of Th2 and Tfh cells in aywdlammation, we used mice
deficient in the IL-7 receptor alpha challi7¢”") (C57BL/6 background) as recipients
(Figure 3C). IL-33 can activate innate immune cells, such_&2s, which makes it
difficult to interpret the contributions of T celis airway inflammation, bui7r” mice
lack ILCs? As expected, naivié7r” mice produced no detectable levels of cytokines
when challenged i.n. with OVA plus IL-33 withouttlransfer of T cells. However,
117r" mice that received Th2 cells and were challengednith OVA plus IL-33
produced marked levels of type 2 cytokines in bhoatveolar lavage (BAL) fluids
(Figure 3D) and developed profound airway eosinophikeg(re 3E). Conversely, no
inflammatory responses were observeti 7n’ mice that received Tth cells.

To compare the anatomical location of Th2 cells &fin cells during type 2
immune responses, 4get mice previously exposed/#d @us IL-33 were challenged
i.n. with OVA antigen Figure 4A). A large number of Th2 cells were localized indu

tissues and BAL fluids, and some were detectabieliNs (Figure 4B and 4C). In
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contrast, Tfh cells remained in mLNs even aftergemt challenge, whereas only a
limited number were identified in lung tissues @&klBfluids. These findings suggested
that Th2 cells were mobile and mediated type 2kegtoproduction and inflammation in
the airways. In contrast, the Tfh cells remainethadraining lymph nodes and likely

contributed to the sustained production of IgEzody.

Airway exposure to natural allergens induces Tfh and Th2 cells

The initial experiments employed IL-1 family cytn&s as an adjuvant to induce
the development and differentiation of CDRcells; however, the doses of these
cytokines might have exceeded those observed hrysiglogic setting. IL-4-competent
Tth cells have been previously reported in micedtéd with helminth parasité§
Therefore, to examine the roles of Th2 and Tfhscellallergic airway responses in a
physiological setting, we sought to use naturaigusring allergens implicated in human
allergic airway diseases, including a fungus beloggo the genuslternaria, the
cockroach and house dust mite (HDM), and the aystprotease bromelain as a generic
model for protease allergefis™

Naive 4get mice were exposed i.n. to allergeraeidrtwice without any adjuvants
or exogenous cytokine&igure5A). IL-4-competent CD4T cells (IL-4eGFPCD4" T
cells) were clearly detected in mLNs of mice expogethese allergen&igure 5B).
Among the allergens tested, tAkternaria extract induced the largest numbers of IL-
4eGFP cells Figure5C). Conversely, the cockroach extract yielded retdyi small
effects. A large proportion of IL-4eGFRells (up to 55%) demonstrated an ST2

CXCR5' phenotypeRigure 5B and 5C), which suggested that airway exposure of naive
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mice to natural allergens triggered Tfh cell depeb@ent. ST2ZCXCR5 Th2 cells were
also detected in mice exposedMternaria, HDM, or bromelain, but to a lesser extent
than the detection of Tth cells. Interestingly, ledain induced a larger proportion of
Th2 cells relative to Tfh cells, compared to theeotallergen extracts, which suggested

that the nature of the allergens affected the difféal development of Tth and Th2 cells.

Tfh cells are diminished by genetic depletion of Bcl6 in CD4™ T cells

Because thalternaria extract induced the largest numbers of both TthEn2
cells among the allergens, we seledddrnaria as a model for subsequent experiments
aimed at defining the roles of these cell typealiergic immune responses. The
transcriptional repressor BCL6 is considered thetaraegulator for the Tth cell
lineage® **However, germlin®cl6 knockout mice developed spontaneous
inflammation, most likely due to the pro-inflammat@henotype oBcl6-deficient
myeloid cells** %

To investigate the specific roles of Tfth cells, wged a floxedcl6 mouse model in
which Bcl6 was conditionally depleted in CDZ cells through the use of Cre
recombinase expressed from @4 promoter Bcl6"" Cd4-Cre micé* 9. These mice
appeared normal, exhibited no apparent signs etdes (data not shown), and their
thymus and spleen contained normal T cell numbeisGD4 and CD8 populatioris.
We exposedcl6"" Cd4-Cre mice i.n. toAlternaria extract spiked with 100 pg OVA
(Figure 6A). OVA was included to allow us to monitor antiggpecific immune

responses without relying on endogenAlisrnaria proteins that are often unstable and

are often present in variable concentrations innahallergen extracts.When exposed
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374  to Alternaria plus OVA,Bcl6"" mice lacking CD4-Cre developed both STXCR5

375 Th2 cells and STEZXCR5 or PD-TCXCR5" double-positive Tfh cell populations

376 (Figure6B and 6C). Further, the Tfh cell population was abolishe&dl6"" Cd4-Cre

377 mice, but the Th2 cell population was not affeciEue heterozygous floxdstl6 mice

378 (Bcl6"*Cd4-Cre) exhibited an intermediate phenotype, sugggstiat Tfh development
379 was dependent on the copy numbeBdb. The frequencies of B22® cells within

380 mLN lymphocytes were similar betwesal6"" mice andBcl6™ Cd4-Cre mice Figure
381 6D and 6E). Nonetheless, a marked decrease in the frequermtyhe total number of
382 FAS'PNA' germinal center (GC) B cells was observe8dt6"" Cd4-Cre mice.

383 To examine whether the antigen-specific effefuactions of Th2 cells were

384 affected byBcl6 deficiency, we restimulated mLN cells with the OAtigenin vitro.

385  Following stimulation with OVA, mLN cells frorBcl6™" mice (no CD4-Cre) produced
386 IL-4, IL-5, and IL-13 Figure 6F). ConverselyBcl6"" Cd4-Cre mice displayed increased
387 spontaneous production of these cytokines withotigan stimulation. Further, when
388 stimulated with OVABcl6" Cd4-Cre mice produced even greater amounts of IL-5 and
389  IL-13 thanBcl6"" mice. Thus, deletion dcl6 in CD4' T cells resulted in striking

390 decreases in both Tfh cells and GC B cells, but@inumbers were not affected. The
391 data also suggested that the effector functionh@ dells was enhanced in the absence of
392 Bcl6.

393

394 Tfhcellsare essential for the production of allergen-specific IgE antibodies

395 To investigate the roles of Tth cells in allergiamune responses to inhaled

6f|/f| fl/fl

396 allergensBcl6”" Cd4-Cre mice and their littermate controBc6™") were initially
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exposed i.n. t&lternaria extract with OVA, and then re-exposed i.n. to@\¢A antigen
alone Figure 7A). As expectedBcl6"" mice that were only exposed to OVA did not
develop antibodies at any time poiRtdure 7B). When initially exposed télternaria
extract plus OVABcl6™ mice developed anti-OVA IgE antibodies by daywHich
was sustained until at least day 35. In contrasi;@QVA IgE antibodies were nearly
undetectable iBcl6"" Cd4-Cre mice up to day 35 (p<0.01). Similarly, thesphe anti-
OVA IgG1 levels continued to increaseBol6"™ mice, but were undetectable in
Bcl6"" Cd4-Cre mice. Further, the concentrations of total égil IgG1 in plasma were
significantly reduced iBcl6"" Cd4-Cre mice compared #®cl6"" mice; however, no
differences were observed in plasma concentratibtstal IgA and IgM.

To examine the production of type 2 cytokines exfldmmation in the respiratory
mucosa, mice were re-exposed to OVA i.n. on daythaugh 44Bcl6”" mice that were
previously exposed to OVA alone and subsequentgxmosed to OVA did not exhibit
increases in type 2 cytokines in the lung tissééguf e 7C) or any signs of airway
inflammation Eigure 7D). When initially exposed télternaria extract plus OVA and
then re-exposed to OVA&Bcl6"" mice displayed increased levels of IL-5 and ILilghe
lungs and marked airway eosinophiBa!6"" Cd4-Cre mice also showed comparable
increases in these cytokines and airway eosin@phifhich suggested that Tth cells are
required for IgE antibody production, but unneceg$ar airway inflammation.

To verify this concept, we used a different genetbdel. The interaction between
inducible costimulator (ICOS) and the ICOS ligat@@SL) plays a critical role in Tfh
cell differentiation®> * Therefore, we subjected wild-type (WT) C57BL/6 eiar

germlinelcos-deficient mice kcos™) to an experimental protocol that was similarte t
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one described above fBcl6"" Cd4-Cre mice Figure E5A of Online Repository).
Partial but significant decreases in STRCR5" Tth cells were observed lgos’” mice
compared to WT mice (p<0.0B6igure E5B and E5C), but the number of STEXCR5
Th2 cells was not affected. Further, when ¢D4ells fromlicos”™ mice were
restimulated with OVAn vitro, the cells produced IL-5 and IL-1Bigure E5D), and the
cytokine levels were higher compared to those ffdfinmice. In contrast, the plasma
levels of anti-OVA IgE and IgG1 antibodies were keatly reduced iicos” mice

(Figure E5E).

OX40L contributes to type 2 cytokine responses and airway inflammation but not to the
development of Tfh cells or IgE antibody production

The prior observations led us to speculate thhteia conventional model, the two
key components of allergic immune responses, waieHgE antibody production and
type 2 cytokine responses, could be independeagylated by two subsets of IL-4-
producing CDZ T cells. To test this concept from a differentlangve sought a model in
which the terminal differentiation of Th2 cells wiagpaired, but Tth cells were
unaffected.

OX40L, a tumor necrosis factor (TNF) family ligatidht is the product dfnfsf4,
has been shown to play a role in the developmepathfologic Th2 cells that are capable
of mediating strong type 2 inflammatory responsemice>° When exposed i.n. to the
Alternaria extract plus OVA, the numbers of STXCR5' Tth cells and STZXCR5
Th2 cells developed by mice lackifigfsf4 (Tnfsf4”") were comparable to WT C57BL/6

mice Figure 8A and 8B). Nonetheless, the production of IL-4, IL-5, ahdll3 by T
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cells fromTnfsf4” mice was minimal followingn vitro stimulation with OVA, which
suggested that the effector functions of Th2 aeise impairedKigure 8C; p<0.05). As
well, when challenged with OV vivo (Figure 8D), Tnfsf4” mice displayed
significantly lower levels of IL-4 and IL-13 in tHangs compared to WT mic€&igure
8E; p<0.05 and p<0.01, respectively), and airway egsiilia was nearly abolished
(Figure 8F). In contrastTnfsf4” mice developed robust anti-OVA IgE and 1gG1

antibodies compared to corresponding levels obdanv&/T mice Figure 8G).
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DISCUSSION

In the current study, we exposed the airways dfenmice to cytokines and natural
allergens and examined the development of adafypee2 immune responses. A novel
concept derived from this study was that two ma@nponents of allergic immune
responses, IgE antibody production and type 2 aytokesponses, were regulated
separately by Tth and Th2 ceilsvivo. The conventional model suggests that Th2-type
CD4' T cells play key roles in various features ofrgiie immune responses, including
IgE antibody production, the production of typey®okines, airway eosinophilia, and
mucosal hyperplasia?’ Our findings not only suggested that Tth cellseveecessary
for IgE antibody production, but also that Tth seMere sufficient even when canonical
Th2 cells were absent or their effector functiosewcompromised. In contrast, Th2
cells played major roles in type 2 cytokine prodwtiand eosinophilic airway
inflammation even in the absence of Tth cells & #mtibodies, which suggested that
Tfh cells and Th2 cells play distinct roles in ajie immune responses.

As shown in Figure 2, Th2 and Tth cells were diedistinguishable by their
expression of key transcription factors and ceffasie molecules, and by the production
of IL-5, IL-13, and IL-21. Further, no overlap wdstected between Th2 and Tfh cell
populations when the phenotypes of IL-4eGE&lIs were examined by fluorescence-
activated cell sorting (FACS) using ST2 and CXCR5%rerkers (Figure 1). Further, Th2
cells were mobilized to the lungs and airways dyahergic immune responses, whereas
Tfh cells remained in draining lymph nodes (FigdyeThese observations were
consistent with an earlier study involvindNgpostrongylus brasiliensis infection model

that demonstrated distinctive tissue localizatibt® cells (expressing both and
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1113) and Tth cells (expressintl3 but notll4).?? Therefore, the likelihood exists that
allergic immune responses consist of two distinbisets of IL-4-producing CD4T
cells, each of which demonstrates unique phenotgpalization, and effector functions
as summarized in Figure E6 of Online Repositorytigyextension of this concept, it is
tempting to speculate that certain human allergieases may involve Tfh cells rather
than Th2 cells. Examples would be allergic diseasasving demonstrated roles for IgE
antibodies and minimal signs of mucosal inflamnatsuch as food allergies and
anaphylaxis.

IL-4-producing Tfh cells were previously describiadnice infected with

513 22and in mice immunized

Leishmania major or various helminth parasité
systemically by injection of OVA plus aluffl Our observations contributed to this
knowledge by demonstrating that exposure of theaais of naive BALB/c or C57BL/6
mice to natural allergens, suchAdternaria and HDM, induced IL-4-production by Tfh
cells. Further, the proportions of Tth and Th2 £génerated were dependent on the
allergen. Nonetheless, questions remain regarti@grmunological mechanisms
involved in the development of Tfh cells followiegposure to allergens. Previously, IL-
6 and IL-21 were shown to induce Tfh cefisiitro. Specifically, CD4 T cells cultured
with IL-6 or IL-21 expressed BCL6 and/or CXCR5 mRMNAa STAT3-dependent
manner® “°However, the mechanisms of Tfh cell developnientvo appear to be
rather complextl6”, 11217, andl121r” mice, as well a&tat3 deficient mice, exhibited

no or minimal defects in Tfh cell developméht®However, the blockage of IL-6 in
11217~ mice and inl6/1121 double knockout mice resulted in a partial de@easth

cells?* %
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497 In this study, we found that the combined intrahasiministration of IL-33 or IL-
498 1[ and OVA effectively induced IL-4-competent TfhlseWwhich suggested an

499 alternative method for the generation of Tfh callsivo in the absence of infectious
500 agents. However, mice lacking specific receptorduiding IL-1R1 (receptor for IL-d
501 and IL-1B) or IL-1RL1 (ST2, receptor for IL-33), developexVels of IgE antibody that
502 were comparable to WT animals (data not shown) cEletiere appears to be

503 considerable redundancy in the Tfh-developmentvpayh This speculation is further
504 supported by the observation that although onl33Leffectively induced Th2 cells
505 (Figure 1), Tth cells were induced by either IL-@3IL-13. Further, the concentration of
506 IL-33 required to induce Tfh cells was approximgtahe-tenth or less the level needed
507 for Th2 cell induction. The apparent redundancy sesitivity in the system regarding
508 the generation IL-4-producing Tfh cells, and theklshed extreme sensitivity of IgE-
509 based recognition of allergens might have evoleeghisure the protection of the host
510 against certain pathogens and avoidance of unfai@emvironmental factofs.

511 At the molecular level, our mouse allergy modedsfied critical roles for BCL6
512 and ICOS in the development of Tfh celtssivo. BCL6 is considered the master

513 regulator for Tth differentiatioff’ *3*because it inhibits the differentiation of othdd4£
514 T cell subsets through the repression of the tritian factor Blimp13? GermlineBcl6™
515 mice develop spontaneous inflammatory diseds&sThe use ofd4-driven Cre

516 recombinase iBcl6-floxed mice allowed us to determine that the deficy ofBcl6 in
517 the CD4 T cell compartment resulted in nearly completeletégm of Tfh cellsin vivo
518 (Figure 6), but it did not induce systemic inflantimoa. The numbers of ST2-positive

519 mature Th2 cells were not affected in these miaethe production of type 2 cytokines
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was enhanced, which reflected the capacity of BoLi@hibit GATA3 expression and
Th2 cell differentiatiort

ICOS has been shown to play an important rolaéndevelopment and effector
functions of Tfh cells and various other T cellbsets, including Thl, Th2, Th17, and
Treg cells*® Mice deficient in ICOS signaling consistently desped decreased serum
%2

levels of IgE and IgG ICOS has also been shown to promote the expan§ioh2

cells®* **which provides a potential mechanistic basis fmrdased levels of IgE, but
the results are controversidi® In this study)cos’ mice exhibited marked decreases in
Tfh cells compared to WT mice when exposed to amballergens, which was
consistent with previous finding$.>* *®However, these mice paradoxically exhibited
enhanced Th2-type cytokine responses. The differeimcour results and some previous
observations could be explained by differenced@models, including adjuvants used
and routes of antigen administration. Nonethel€3SS signaling is critical foBcl6
expressiori® thus, it was expected that ICOS deficiency coaklilt in a phenocopy of
Bcl6 deficiency in CDA T cells. Notwithstanding, BCL6 and ICOS likely sed as a
molecular switch and played a role in determinirigetiier naive CD4T cells
differentiated into Tth or Th2 cells.

It has been established that IL-4 and its dowastrsignaling molecules are
required for the class-switch recombination of kgfibodyin vitro andin vivo.>® In our
model, Tfth and Th2 cells from day 11 mLNs were bzdpable of producing IL-4 when
they were restimulated with antiganvitro, despite the fact that thkl regulatory

mechanisms in Tfh and Th2 cells appear distihéEWe also found that the adoptive

transfer of either Tth or Th2 cells induced thedarction of IgE and 1gG1 antibodies
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543 (Figure 3). Importantly, the production of IgE dady induced by transfer of Tth cells
544  was sustained for at least 4 weeks after the einagenic stimulation; however, the IgE
545 response induced by Th2 cells was relatively tertsiNonetheless, sustained increases
546 in IgG1 antibody were observed following the tramsif either Tfh or Th2 cells.

547 Previous studies involving the injection of micdtwa goat antibody to mouse IgD

548 indicated that T cell help exclusive of IL-4 protioo was important for the generation
549 of an IgE response, but not for an IgG1 respshstence, Tth cells might provide

550 signals other than IL-4 for optimized and sustaitgttlproduction, perhaps through a
551 direct physical interaction with B cells or thegaée of additional soluble factors. IL-21,
552  which is abundantly produced by Tfh céllspuld be a candidate factor. Nonetheless, the
553 roles of IL-21 in IgE antibody production are ratlkeentroversial. For example, IL-21
554  induced™® or inhibited® *°IgE antibody productioim vitro. In anin vivo study, IL-21R-
555 deficient mice produced even higher levels of [jfRAlternatively, any molecules that
556 are identified by microarray analyses as uniquEflocells (Figure 2), such as PD-1,

557 SAP, B and T lymphocyte attenuator (BTLA), or a demation of these molecules, could
558 play a comparable role. Accordingly, additionalds&s aimed at identifying critical

559 molecule(s) provided by Tfh cells, which are invedvin the sustained production of IgE
560 antibodies during allergic immune responses, ayaired.

561 Given our observations, the robust and uniqueadheristics of Tfh cells in the

562 mediation of IgE antibody production might expl#ie pathophysiology of various IgE-
563 dependent allergic diseases, such as food alleag@snaphylaxis. Recognizing the

564 involvement of Tfh and Th2 cells, which are twotitist subsets of IL-4-producing CD4

565 T cells (Figure E6 of Online Repository), could aidedefining the mechanisms
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involved in allergic diseases. Nonetheless, achgeui better understanding of the
molecular and immunological mechanisms involvethedifferentiation and functions
of Tth cells and methods to disrupt these pathwall$e of central importance in the

development of new treatment and preventive stiegdgr allergic diseases.
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FIGURE LEGENDS

Figure 1. IL-33 promotes the development of two distinct gib®f IL-4-competent
CD4" T cells. (A) A schematic representation of a maaiseay sensitization model.
Naive 4get mice (BALB/c background) were exposedto OVA with or without IL-3

or IL-33. (B) On day 14, plasma was analyzed fdar-@VA antibodies by ELISA. * =
p<0.05 and ** = p<0.01 compared to mice exposedV¥d\ alone. # = p<0.05 compared
to mice exposed to OVA plus IL-33. Data are presgis the mean £ SEM (n = 4-51in
each group). (C) Day 11 mLN cells were culturechvait without OVA. The cytokine
levels in the supernatants were analyzed by EL¥SAp<0.05 compared to OVA plus
IL-33. Data are presented as the mean + SEM (rbAeach group). (D-G) Day 11
mLN cells were gated on lymphocytes, and the egmasof CD4, IL-4eGFP, ST2, and
CXCR5 was analyzed by FACS. (D) Representativeesggms showing the expression
of CD4 and IL-4eGFP in a total lymphocyte populatiand the expression of ST2 and
CXCRS5 in CD41L-4eGFP lymphocytes. (E) Numbers of each cell populatice a
presented as the mean + SEM (n = 4 in each grdupp<0.05 between the groups
indicated by horizontal lines. (F) Naive 4get migere exposed i.n. to OVA with
different doses of I1L-33 as described in Figure aAd day 11 mLN cells were analyzed.
(G) Numbers and the ratio of each cell populatienpaesented as the mean £+ SEM (n =
4 in each group). ** = p<0.01 between the groupsdated by horizontal lines or as

compared to 1 ng IL-33. (C, E, G) Data are a pbbivo separate experiments.

Figure2. ST2ZCXCR5 CD4 T cells are bona fide Tfh cells. (A-D) Naive 4ggte

(BALB/c background) were exposed i.n. to OVA plus33 as described in Figure 1A.
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The cell populations indicated (CD#-4eGFP, CD4'IL-4eGFPSTZ'CXCRS5, and
CD4'IL-4eGFPSTZCXCRS5') were sorted from day 11 mLN cells, and mRNA was
analyzed by microarray and gRT-PCR. (A) The hegi sleows microarray gene
expression data (genes selected for fold differeti€y based on cells isolated from two
separate experiments. (B) The Venn diagram shogveumber of gene probes in each
gene expression group. (C) Representative gerescimgroup are presented using the
criteria described in the Table. (D) MRNA expressib select genes was analyzed by
gRT-PCR, and the results were normalized to 18s RNA&ls and expressed as a ratio to
the CD4IL-4eGFP population (mean + SEM, n = 4). * = p<0.05 and=*p<0.01

between the groups indicated by horizontal linEs ) Naive BALB/c mice were
exposed i.n. to OVA plus IL-33, as described inuFgglA. Day 11 mLN cells were
sorted into CD3CD4'ST2CXCR5, CD3'CD4'STZ'CXCRS5, and CD3CD4'STZ
CXCRY5' cell populations and cultured with B cells isothfeom mLNs in the presence

of OVA. (F) Cytokine levels in the supernatants evanalyzed by ELISA. Data are
presented as the mean + range from duplicate egltdihe figure is representative of two

separate experiments.

Figure 3. Th2 and Tfh cells preferentially mediate allergimay inflammation and IgE
antibody production, respectivelfp) A schematic representation of an adoptive tfiems
model toTcrb” mice (C57BL/6 background) (B) The plasma antibleiels were
analyzed by ELISA. Results are the mean + SEM 8nrreach group). ** = p<0.01
compared to mice that received Th2 cells. (C) Aestdtic representation of an adoptive

transfer model tdl 7"~ mice (C57BL/6 background). BAL fluids were analgifer
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cytokine levels (D) and inflammatory cell numbédgs. (Results are the mean £+ SEM (n =
3 in each group). ** = p<0.01 between the grougkcated by horizontal lines. (B, D, E)

Each figure is representative of two separate éxgers.

Figure4. Th2 and Tfh cells localize differently during athéec immune responses. (A) A
schematic representation of a mouse airway seatsitizand challenge model. (B)
Representative scattergrams show the expressiBfidand CXCRS5 in the CDH.-
4eGFP population. (C) Percentages of each cell populaie@ presented as the mean +
SEM (n = 8 in each group). ** = p<0.01 betweendheups indicated by horizontal lines.

Data are a pool of two separate experiments.

Figure5. Airway exposure to natural allergens induces Tith @h2 cells. (A) A
schematic representation of the airway allergerosupe model. Naive 4get mice
(BALB/c background) were exposed i.n. to allerggtracts without any adjuvants. Day
11 mLN cells were gated on lymphocytes, and theesgion of CD4, IL-4eGFP, ST2,
and CXCR5 was analyzed by FACS. (B) Representatiaéergrams are shown. (C)
Numbers of each cell population are presentedeamtan + SEM (n = 3 in each group).
Data are representative of two separate experimexdept for HDM, where the

experiment was performed only once.

Figure 6. Tth cells are diminished by depletionBdl6 in CD4 T cells
(A) A schematic representation of a mouse airwagisigation model. (B)

Representative scattergrams show the expressiBffCXCRS5, and PD-1 in the CD4
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T cell population. mLN cells were analyzed by ggtom CD4 T cells in the lymphocyte
population. (C) Cell numbers in each cell populatoe presented as the mean + SEM (n
= 5-7 in each group). * = p<0.05 and ** = p<0.0ivieen the groups indicated by
horizontal lines. Data are a pool of three sepaaperiments. (D, E) Expression of B220,
PNA, and FAS in mLN lymphocytes was analyzed by BA(D) Representative
scattergrams show the expression of B220 in thelhouyte population and the
expression of PNA and FAS in the B22&Il population. (E) Percentages and cell
numbers in each cell population are presentedeasdan + SEM (n = 4 in each group).

* = p<0.05 and ** = p<0.01 between the groups iatkc by horizontal lines. (F) Day 11
mLN cells were cultured with or without OVA, anckthytokine levels in the
supernatants were analyzed by ELISA. Results arerislas the mean £ SEM (n =4 in

each group). * = p<0.05 between the groups indithtehorizontal lines.

Figure 7. Tth cells are necessary for the production adrgkn-specific IgE antibody.

(A) A schematic representation of a mouse airwagisization and challenge model. (B)
Plasma levels of anti-OVA IgE and IgG1 antibodied total IgE, IgG1, IgM, and IgA
were analyzed by ELISA. ** = p<0.01 compared3w6 "™ mice previously exposed to
OVA alone. ## = p<0.01 comparedBol6 " mice previously exposed fiternaria

extract plus OVA. Data are presented as the mesiaM (n = 5 in each group). The
cytokine levels in lung homogenates (C) and thelremnof inflammatory cells in BAL
fluids (D) were analyzed on day 45. (C, D) Resattspresented as the mean £ SEM (n =
5in each group). * = p<0.05 and ** = p<0.01 betwéee groups indicated by horizontal

lines. Data are representative of two separatererpats.
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Figure 8. OX40L contributes to type 2 cytokine responsesarvay inflammation but
does not affect the development of Tth cells or &gEibody production. (A-C) Naive
C57BL/6 (WT) and OX40L knockoufrtfsf4”") mice were exposed i.n. to OVA and
Alternaria extract on days 0 and 7, and mLN cells were aedyn day 11. (A)
Representative scattergrams show the expressisfidand CXCRS5 in the CDA cell
population. (B) Numbers of each cell population presented as the mean + SEM (n =4
in each group). (C) mLN cells were cultured withathout OVA, and the cytokine

levels in the supernatants were analyzed by ELE&sults are the mean + SEM (n = 5-7
in each group). * = p<0.05 between the groups atdit by horizontal lines. Data are
representative of two separate experiments. (DJhematic representation of a mouse
airway sensitization and challenge model. The dgmlevels in lung homogenates (E)
and the numbers of inflammatory cells in BAL fluid® were analyzed on day 25.
Results are the mean = SEM (n=5-7 in each group)p<0.05 and ** = p<0.01 between
the groups indicated by the horizontal lines. (@sma levels of anti-OVA IgE, 1gG1,
and IgG2a antibodies were analyzed by ELISA. * €058 and ** p<0.01 between the
groups indicated by horizontal lines. Data are gmésd as the mean £ SEM (n = 5-7 in

each group). (C, E, F, G) Data are a pool of twiasste experiments.
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M ethods

Mice

ST2 knockoutl{1rl1") mice were provided by Dr. Andrew McKenzie (MRC
Laboratory of Molecular Biology, Cambridge, UK)he mice were bred at Mayo Clinic,
Rochester, MN under specific pathogen-free (SPRjlitons. The female mice used
were 7-9 weeks of age.

Antigens, allergens and recombinant cytokines

Recombinant IL-33 (R&D Systems, Minneapolis, MNe@@ioscience, San Diego,
CA) and IL-1B (R&D Systems) contained <1.0 Eld/ endotoxinAlternaria alternata,
cockroach, and HDM extracts were obtained from Gkaboratories (Lenoir, NC).
Alternaria and HDM extracts contained undetectable levebndbtoxin (<10 ng/mg
extract). Bromelain was obtained from Sigma-Aldrich

Mouse airway exposure and challenge model

On days 0 and 7, naive mice were lightly anestbdtivith tribromoethanol or
isoflurane and administered 106 OVA intranasally (i.n.) in the presence or abgeoic
100 ng or serial dilutions of IL-33 or ILBlin 50l of endotoxin-free PBS. On day 11,
the mice were euthanized by an overdose of pertdbhrand mLNs were collected. In
some experiments, mice were exposed i.Alternaria (50 pg), cockroach (50 ug), or
HDM (400 pg) extracts, or bromelain (10 pg), oAtternaria (50 pg) plus OVA (10 ug).
Some mice were then challenged i.n. with 100 pg Qigixg the protocols described in
the figures and figure legends.

Plasma antibody levels

Plasma levels of OVA-specific IgE, 1gG1, and IgG2are measured by ELISA as
previously described (Kobayashi et al., 2009). Tigfg, IgG1, IgM, and IgA levels were
measured by ELISA in accordance with recommendetbpols using antibodies from
BD Biosciences.

FACSanalyses of mLN cells and lung cells

The mLN cells and single cell lung suspensionsvpeeincubated with Fc-receptor
blockers for 30 min at 4°C and stained with combares of PE-conjugated anti-CXCR5
(clone 2G8) or anti-PD-1 (J43), PerCP-conjugatdd@p4 (L3T4) and/or biotin-
conjugated anti-ST2 (DJ8, MD Biosciences, St. PdiN), or anti-CXCRS5, followed by
streptavidin-APC. In some experiments, cells wered, permeabilized, and stained with
anti-Ki-67 antibody. To analyze GC B cells, thele@lere stained with FITC-conjugated
peanut agglutinin (PNA; Vector Laboratories, Bugiime, CA), PerCP-conjugated anti-
B220 (RA3-6B2), and biotin-conjugated anti-CD95 &Alo2), followed by streptavidin-
APC. After washing, the cells were resuspended8 Pontaining 1% BSA and 0.1%
NaNs, fixed with 1% paraformaldehyde, and analyzedgisi-FACSCalibur™ flow
cytometer (BD Biosciences Immunocytometry Systeifisg lymphocytic cell
population was gated by using a forward and sidéescplot. Antibodies were obtained
from BD Biosciences unless otherwise described.



Gene expression analyses

For microarray analysis, the sample preparataimeling, and array hybridizations
(Affymetrix GeneChip® Mouse Genome 430 2.0 Arraffyfetrix, Santa Clara, CA)
were performed using standard Mayo Clinic AdvanGetiomic Technology Center
Gene Expression Core Facility protocols. The gqR'RR@alyses were performed as
previously described (Kouzaki et al., 2009) witlglst modifications. Briefly, cDNAs
were synthesized using an iScript™ cDNA synthegiBto-Rad). The real-time PCR
contained cDNA, TagMan® Universal PCR Master Mippphed Biosystems, Foster
City, CA), and TagMan® gene expression assayshifdllowing target genes: Gata3
(Mm0048683_m1), Bcl6 (MmM00477633_m1), Rorc (Mm0128. gl), 114
(MmO00445259 m1), 115 (Mm00439646_m1), 1113 (Mm00284_m1), lI121
(Mm00517640_m1) and 18S (Hs99999901 s1; Appliedyitems). The transcription
levels were normalized to 18S rRNA in each sampteexpressed relative to CDi-
4eGFPcells.

Cytokine production in vitro

Day 11 mLN cells were enriched for CD% cells and sorted for CD@D4'STZ2
CXCR5, CD3'CD4'STZ'CXCR5, and CD3CD4'STZCXCRS5' cell populations. B
cells were negatively selected from day 11 mLNscefling an EasySep™ Mouse B Cell
Isolation Kit (Stemcell Technologies). T cells (@00 cells/well) were cultured with B
cells (100,000 cells/well) in complete RPMI medi(total volume 200 pl/well) with 100
pg/ml OVA for 7 days. In some experiments, CO4cells were cultured with
splenocytes isolated from WT mice and depleted@8CT cells by using anti-CD3-
coated magnetic beads (Stemcell Technologies)l & gatio in the presence of 100
png/ml OVA for 7 days. The concentrations of IL-43, IL-13, and IL-21 in the
supernatants of the culture medium were analyzdeélh$A following the
manufacturer’'s recommended procedures (R&D Systems)

Analyses of Airway Inflammation

To collect BAL fluids, the trachea was cannulatea] lavage was performed in
triplicate using HBSS (0.5, 0.25, and 0.25 ml, extprely). Cell numbers were counted,
and differentials were determined in cytospin prapans stained with Wright-Giemsa
stain. More than 200 cells were counted using cotimeal morphologic criteria. The
BAL fluid supernatants were collected and store€@t°C for cytokine assays. In some
experiments, the supernatants from lung tissue lgemetes were prepared and assayed
for total protein and cytokine expression (lijimtaaé, 2014). The concentrations of I1L-4,
IL-5, IL-13, and IL-17 in the BAL fluid and lung Imogenate supernatants were
analyzed by ELISA as described above.

Satistical analysis

Data are presented as the mean + SEM for the mgrnolbenice or experiments
indicated. The statistical significance of diffeces between the various treatment groups
was assessed using a Student&st, and p< 0.05 was considered statisticallgigant.
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Figure E1. Antibody production in mice exposed to OVA withfdifent doses of I1L-33.
Naive BALB/c mice were exposed i.n. to 100 pg OMéAs, 1, 10 or 100 ng IL-33 on
days 0 and 7. On day 14, plasma levels of anti-Qy&A IgG1 and IgG2a antibodies
were analyzed by ELISA. **=p<0.01 as compared toAQlus no IL-33.

Figure E2. Kinetics of the development of ST2XCRS5 cells and STEXCRS' cells.
Naive 4get mice were exposed i.n. to OVA plus ILa83escribed in Panel A. Day 4, 7
or 11 mLN cells were analyzed by FACS by gatindyonphocytes. In Panel B,
representative scattergrams show the expressi@Ddfand IL-4eGFP (upper panels)
and ST2 and CXCRS5 in the CDU-4-eGFP cell population (lower panels) (n=3 in each
time point).

FigureE3. T cell populations sorted for cell culture (Fig®, Panels E and F) and
adoptive transfer (Figure 3) experiments. Naive @bI7BL/6 or BALB/c mice were
exposed i.n. to OVA plus IL-33 on days 0 and 7. aynLN cells were collected and
enriched for CD4T cells and sorted into CD8TZCXCRS5 (blue square),
CD4'STZ'CXCRS5 (black square), and CD8T2CXCRS5' (red square) subpopulations.

Figure E4. Naive B cells from the spleen did not induce kite production by Tfh cells.
(A, B) Naive BALB/c mice were exposed i.n. to OVAIpIL-33 on days 0 and day 7.
Day 11 mLN cells were sorted into CBED4'ST2CXCR5 (DN),
CD3'CD4'STZ’CXCR5 (ST2+), and CDIXD4'ST2ZCXCR5 (CXCR5+) T cell
subpopulations. T cells were cultured with B catsdated from the spleen of naive
BALB/c mice at a T: B cell ratio of 1:1 in the pegxe of OVA for 7 days. (B) Cytokine
levels in the supernatants were analyzed by ELISA.

Figure E5. ICOS is critical for the development of Tfh cedisd IgE antibody
production. (A-E) WT C57BL/6 anttos’ mice were exposed i.n. to OVA with or
without Alternaria extract on days 0 and 7 and then challenged ith. @VA alone as
described. (B, C) Day 11 mLN cells were analyzedrBZS. (B) Representative
scattergrams show the expression of ST2 and CX@ReiKi-67CD4" T cell
population. (C) Numbers of each cell population@esented as the mean + SEM (n =5
in each group). * = p<0.05 and ** = p<0.01 betwdes groups indicated by horizontal
lines. (D) CD4 T cells were isolated from day 11 mLN cells anecatiured with CD3-
depleted splenocytes from naive WT mice with ohwaitt 100ug/ml OVA for 4 days.
Cytokine levels in the supernatants were measwdel lSA. Results are shown as the
mean + SEM (n = 5 in each group). * = p<0.05 ané&*<0.01 between the groups
indicated by horizontal lines. (E) Plasma levelsuafi-OVA IgE, IgG1, and 1gG2a
antibodies were analyzed by ELISA. * = p<0.05 and<0.01 compared to WT mice
previously exposed to OVA alone. ## = p<0.01 coregdo WT mice previously
exposed tAlternaria extract plus OVA. Data are presented as the meagM (n = 5 in
each group).



Figure E6. A schematic diagram to depict the roles of Tfliscand Th2 cells in allergic
immune responses to airborne allergens.
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