
Accepted Manuscript

Follicular Helper T (Tfh) Cells Mediate IgE Antibody Response to Airborne Allergens

Takao Kobayashi, Ph.D, Koji Iijima, Ph.D, Alexander L. Dent, Ph.D, Hirohito Kita, M.D

PII: S0091-6749(16)30289-5

DOI: 10.1016/j.jaci.2016.04.021

Reference: YMAI 12126

To appear in: Journal of Allergy and Clinical Immunology

Received Date: 17 November 2015

Revised Date: 18 March 2016

Accepted Date: 25 April 2016

Please cite this article as: Kobayashi T, Iijima K, Dent AL, Kita H, Follicular Helper T (Tfh) Cells Mediate
IgE Antibody Response to Airborne Allergens, Journal of Allergy and Clinical Immunology (2016), doi:
10.1016/j.jaci.2016.04.021.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.jaci.2016.04.021


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 1

 1 

 2 

Follicular Helper T (Tfh) Cells Mediate IgE Antibody Response to Airborne 3 

Allergens 4 

 5 

 6 

Takao Kobayashi, Ph.D.1, Koji Iijima, Ph.D.1, Alexander L. Dent, Ph.D.2, and Hirohito 7 

Kita, M.D.1 8 

 9 

1Department of Medicine and Immunology, Mayo Clinic Rochester, Rochester, MN, 10 

55905  11 

2Department of Microbiology and Immunology, Indiana University School of Medicine, 12 

Indianapolis, IN, 46202 13 

 14 

Contact: Hirohito Kita, M.D., Division of Allergic Diseases, Department of Medicine, 15 

and Department of Immunology, Mayo Clinic Rochester, 200 First Street SW, Rochester, 16 

MN, 55905 USA, Telephone: 507-284-6109, Fax: 507-284-5045  17 

E-mail: kita.hirohito@mayo.edu 18 

 19 
 20 

This work was supported by grants from the National Institutes of Health (R01 AI71106) 21 

and the Mayo Foundation.  22 

  23 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 2

ABSTRACT 24 

Background:  Type 2 helper T (Th2) cells have long been believed to play a pivotal role 25 

in allergic immune responses, including IgE antibody production and type 2 cytokine-26 

mediated inflammation and pathology. A new T cell subset, T follicular helper cells (Tfh) 27 

cells, is specialized in supporting B cell maturation and antibody production.  28 

Objective:  To investigate the roles of Tfh cells in allergic immune responses. 29 

Methods:  Naïve mice were exposed to cytokines or natural allergens through the 30 

airways. Development of allergic immune responses was analyzed by collecting draining 31 

lymph nodes (LNs) and sera and by challenging the animals. Cytokine reporter mice and 32 

gene-deficient mice were used to dissect the immunologic mechanisms. 33 

Results:  We observed the development of IL-4-producing Tfh cells and Th2 cells in 34 

draining LNs following airway exposure to IL-1 family cytokines or natural allergens. 35 

Tfh cells and Th2 cells demonstrated unique phenotypes, tissue localization, and cytokine 36 

responses. Tfh cells supported the sustained production of IgE antibody in vivo in the 37 

absence of other T cell subsets or even when Th2 cell functions were severely 38 

compromised. Conversely, conditional deficiency of the master regulator Bcl6 in CD4+ T 39 

cells resulted in a marked reduction in Tfh cells and IgE antibody levels, but type 2 40 

cytokine responses and eosinophilic inflammation in the airways remained unaffected.  41 

Conclusion: Tfh cells play critical roles in the regulation of IgE antibody production.  42 

Allergic immune responses to airborne allergens likely involve two distinct subsets of IL-43 

4-producing CD4+ T cells, namely Tfh cells and Th2 cells. 44 

 45 

  46 
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Key Messages 47 

• IL-4-producing Tfh cells develop when mice are exposed to airborne allergens.  48 

• Allergen-specific Tfh cells and Th2 cells possess distinct characteristics. 49 

• The Tfh cells are necessary and sufficient for IgE antibody production. 50 

• Allergic immune responses involve two subsets of IL-4-producing CD4+ T cells. 51 

 52 

Capsule Summary 53 

 Using mouse models, Kobayashi et al. show that IL-4 producing Tfh cells develop 54 

following airway exposure to natural allergens, and that the Tfh cells are necessary and 55 

sufficient for sustained production of IgE antibody. 56 

 57 

Keywords 58 

 Follicular T cells, IL-4, IgE, allergy, allergens, Th2 cells 59 

 60 

Abbreviations 61 

 APCs: antigen presenting cells; BAL: bronchoalveolar lavage; BTLA: B and T 62 

lymphocyte attenuator; eGFP: enhanced green fluorescent protein; FACS: fluorescence-63 

activated cell sorting; GC: germinal center; GWAS: genome-wide association study; 64 

HDM: house dust mite; ICOS; inducible costimulatory; ICOSL: ICOS ligand; IL: 65 

interleukin; ILC2: type 2 innate lymphoid cells; i.n.: intranasal; i.p.: intraperitoneal; 66 

IRES: internal ribosomal entry site; i.v.: intravenous; mLN: mediastinal lymph node; 67 

LNs: lymph nodes; OVA: ovalbumin; PD-1: programmed cell death protein 1; qRT-PCR: 68 

quantitative reverse transcription polymerase chain reaction;  SAP: signaling lymphocyte 69 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 4

activation molecule-associated protein;  SNPs: single nucleotide polymorphisms; SPF: 70 

specific pathogen-free; Tfh: follicular helper T; Th2: type 2 helper T; TNF; tumor 71 

necrosis factor; Tregs: regulatory T cells; TSLP: thymic stromal lymphopoietin; WT; 72 

wild-type  73 
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INTRODUCTION 74 

 Type 2 immune responses to allergens and other environmental factors, including 75 

type 2 helper T (Th2) cell cytokine responses and the production of IgE antibodies, are 76 

key immunologic features of allergic diseases. Th2-type CD4+ T cells and type 2 innate 77 

lymphoid cells (ILC2s) that produce interleukin (IL)-4, IL-5, and IL-13 have been 78 

considered major players in directing the pathophysiology of allergic disease, including 79 

airway eosinophilia, mucosal hyperplasia, and airway remodeling.1, 2 However, our 80 

knowledge regarding the immunological mechanisms that regulate IgE antibody 81 

production is limited. Traditionally, Th2 cells are expected to play a critical role3 because 82 

they produce IL-4, a key cytokine that regulates IgE class switching.4  83 

 Considerable heterogeneity exists in the clinical phenotypes and genetic 84 

contributions to allergic diseases. For example, not all patients with asthma develop IgE 85 

antibodies to allergens, and not all patients with detectable serum IgE antibody levels 86 

develop asthma.5, 6 A genome-wide association study (GWAS) identified a link between 87 

asthma/airway eosinophilia and single nucleotide polymorphisms (SNPs) in IL1RL1, 88 

IL18R, IL33, TSLP, and RORA.7 In contrast, associations between serum IgE levels and 89 

SNPs in FCER1A, IL13, STAT6, and IL4R/IL21R were identified, but very few genes 90 

commonly associated with both serum IgE level and asthma.7 Thus, the fundamental 91 

question of whether Th2-type cytokine responses and IgE antibody production are 92 

regulated by the same immunological pathway remains unanswered.  93 

 T follicular helper (Tfh) cells are distinguished from other CD4+ Th cells by their 94 

selective role in orchestrating germinal center (GC) responses and in promoting the 95 

development of memory B cells and long-lived plasma cells.8, 9 In mice immunized 96 
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systemically by intraperitoneal injection of ovalbumin (OVA) plus alum adjuvant, a 97 

positive correction between the development of IL-4-secreting Tfh cells and the 98 

production of IgE and IgG1 antibodies was observed.10 Further, IL-4-secreting Tfh cells 99 

mediated class switching and affinity maturation of IgE and IgG1 in the lymph nodes of 100 

mice infected with the parasites Leishmania major and Nippostrongylus brasiliensis.11 101 

Other studies involving Schistosoma mansoni and Heligmosomoides polygyrus also 102 

demonstrated the production of IL-4 by Tfh cells.12, 13 However, information regarding 103 

the contribution of Tfh cells to the regulation of IgE antibodies in allergic immune 104 

responses to airborne allergens remains limited.  105 

 Accordingly, to better understand the development of CD4+ T cell subsets in 106 

response to inhaled allergens and to elucidate their roles in allergic immune responses, 107 

we utilized mouse models of airway allergen exposure. Our observations suggest a 108 

critical role for Tfh cells in the regulation of IgE antibody production. Hence, allergic 109 

immune responses might be mediated by Tfh and Th2 cells, which are two distinct 110 

subsets of IL-4-producing CD4+ T cells. 111 

  112 
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MATERIALS AND METHODS 113 

See the Methods section of this article’s Online Repository for more details. 114 

Mice 115 

 BALB/cJ, C.129-Il4tm1Lky/J (4get), C57BL/6J, B6.129P2-Tcrbtm1Mom/J (Tcrb-/-), 116 

STOCK Tg(Cd4-cre)1Cwi/BfluJ (CD4-Cre), B6.129S7-Il7rtm1Imx/J (Il7r-/-), B6Cr.129S4-117 

Tnfsf4tm1Sug/Pgn (Tnfsf4-/-), B6.129P2-Icostm1Mak/J (Icos-/-), and B6.129S7-Il1r1tm1lmx/J 118 

(Il1r1-/-) mice were obtained from Jackson Laboratories (Bar Harbor, ME). The Bcl6fl/fl 119 

mice were previously described.14 The procedures and handling of the mice were 120 

reviewed and approved by the Mayo Institutional Animal Care and Use Committee, 121 

Mayo Clinic, Rochester, MN. 122 

 123 

Antigens, allergens and recombinant cytokines 124 

 Endotoxin-free OVA (< 0.5 EU/mg, verified by a Limulus amebocyte lysate assay; 125 

Wako Chemicals USA, Inc., Richmond, VA) was prepared using specific pathogen-free 126 

(SPF) chicken eggs (Charles River Laboratories, Wilmington, MA) under sterile 127 

conditions as previously described.15 128 

 129 

Mouse airway exposure and challenge model 130 

 On days 0 and 7, naïve mice were lightly anesthetized with tribromoethanol or 131 

isoflurane and administered 100 µg OVA intranasally (i.n.) in the presence or absence of 132 

100 ng or serial dilutions of IL-33 or IL-1β in 50 µl of endotoxin-free PBS. On day 11, 133 

the mice were euthanized by an overdose of pentobarbital, and mediastinal lymph nodes 134 

(mLNs) were collected. In some experiments, mice were exposed i.n. to Alternaria (50 135 
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µg), cockroach (50 µg), or HDM (400 µg) extracts, or bromelain (10 µg), or to Alternaria 136 

(50 µg) plus OVA (10 µg). Some mice were then challenged i.n. with 100 µg OVA using 137 

the protocols described in the figures and figure legends.  138 

 139 

Plasma antibody levels 140 

 Plasma levels of OVA-specific IgE, IgG1, and IgG2a were measured by ELISA as 141 

previously described.16 Total IgE, IgG1, IgM, and IgA levels were measured by ELISA 142 

in accord with recommended protocols using antibodies from BD Biosciences (San Jose, 143 

CA).  144 

 145 

FACS analyses of mLN cells and lung cells 146 

 Anterior and posterior mLNs from each mouse were harvested and pooled. Single 147 

cell lung suspensions were prepared by digesting harvested lungs using a cocktail of 148 

collagenases in the presence of DNase as described previously.15 The mLN cells and 149 

single cell lung suspensions were preincubated with Fc-receptor blockers for 30 min at 150 

4°C and stained with combinations of antibodies and analyzed by gating on lymphocytic 151 

cells using a FACSCalibur™ flow cytometer (BD Biosciences Immunocytometry 152 

Systems). See the Methods section of this article’s Online Repository for the list of 153 

antibodies and  details regarding  analysis strategies. 154 

  155 

Gene expression analyses 156 

 Day 11 mLN cells from 4get mice exposed to OVA plus IL-33 were enriched for 157 

CD4+ T cells (Negative Selection Kit, Stemcell Technologies, Vancouver, Canada) and 158 
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stained as described above without fixation. CD4+IL-4eGFP-, CD4+IL-4eGFP+ 159 

ST2+CXCR5-, and CD4+IL-4eGFP+ ST2-CXCR5+ populations were sorted using a 160 

FACSAria™ flow cytometer (BD Biosciences). Cells were lysed in Trizol (Invitrogen, 161 

Carlsbad, CA), and total RNA was extracted and purified using the PureLink® RNA 162 

Mini Kit (Thermo Fisher Scientific, Minneapolis, MN) followed by microarray and qRT-163 

PCR analyses.  164 

  165 

Cytokine production in vitro 166 

 Day 11 mLN cells were isolated, washed, and cultured in RPMI 1640 medium with 167 

10% calf serum, 100 µg/ml streptomycin, and 100 U/ml penicillin (complete RPMI) at a 168 

density of 4 x 105 cells/200 µl/well in a round-bottom 96-well tissue culture plate for 4 169 

days. OVA was added at a concentration of 100 µg/ml. Alternatively, day 11 mLN cells 170 

were enriched for CD4+ T cells and sorted for CD3+CD4+ST2-CXCR5-, 171 

CD3+CD4+ST2+CXCR5-, and CD3+CD4+ST2-CXCR5+ cell populations. B cells were 172 

isolated from day 11 mLN cells using a magnetic separation kit (Stemcell Technologies). 173 

T cells (20,000 cells/well) were cultured with B cells (100,000 cells/well) in complete 174 

RPMI medium (total volume 200 µl/well) with 100 µg/ml OVA for 7 days.   175 

 176 

Adoptive transfer 177 

 CD3+CD4+ST2-CXCR5-, CD3+CD4+ST2+CXCR5-, and CD3+CD4+ST2-CXCR5+ 178 

cell populations from the donor C57BL/6 mice were sorted as described above. The 179 

recipient Tcrb-/- mice were administered OVA plus IL-33 i.n. on days 0 and 7, and 180 

injected with 75,000 sorted cells intravenously (i.v.) 1 day after the first exposure to 181 
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OVA plus IL-33 (day 1). On days 21, 22, and 23, recipient mice were challenged i.n. with 182 

100 µg OVA alone. Plasma was collected for analysis of specific antibodies on days 14, 183 

24, and 49. In other experiments, similar cell populations were sorted and injected into 184 

Il7r-/- mice at a concentration of 150,000 cells/mouse. The recipient mice were exposed to 185 

OVA plus IL-33 on days 0, 3, and 6, and assessed for airway inflammation on day 8. 186 

 187 

 188 

  189 
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RESULTS 190 

IL-33 promotes the development of two distinct subsets of IL-4-competent CD4+ T cells in 191 

draining lymph nodes 192 

 Respiratory exposure to innocuous proteins generally induces immune tolerance.17 193 

Recently, airway epithelial cells that produce innate cytokines such as IL-1α, IL-25, IL-194 

33, and thymic stromal lymphopoietin (TSLP), and that promote Th2-type immunity, 195 

were implicated in asthma and allergic diseases.18 Further, members of the IL-1 family of 196 

cytokines have been shown to overcome suppression by regulatory T cells (Tregs) and to 197 

promote functional differentiation of T cells.19 198 

 To better understand the mechanisms involved in the development of Th2-type 199 

immunity to airborne allergens, we exposed the airways of naïve BALB/c mice to 200 

endotoxin-free OVA with or without IL-1β or IL-33 twice via intranasal (i.n.) 201 

administration (Figure 1A). Subsequently, we examined the production of type 2 202 

cytokines in draining mediastinal lymph nodes (mLNs) on day 11 and plasma antibody 203 

levels on day 14. As expected, exposure to OVA alone resulted in negligible plasma anti-204 

OVA antibody levels (Figure 1B). Similarly, the i.n. administration of IL-1β or IL-33 205 

alone did not have a remarkable effect on anti-OVA antibody levels (data not shown). In 206 

contrast, when animals were exposed to OVA in conjunction with IL-1β, plasma levels of 207 

anti-OVA IgE and IgG1, another Ig isotype related to Th2-type immunity,20 increased 208 

significantly (p<0.01); however, no increases in the IgG2a isotype were observed. 209 

Likewise, the administration of OVA and IL-33 promoted the production of anti-OVA 210 

IgE and IgG1, but the levels were slightly lower than those induced by OVA plus IL-1β 211 

(p<0.05).  212 
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 When cultured in vitro with OVA antigen, mLN cells from the mice exposed to 213 

OVA plus IL-1β produced IL-4 and IL-13, but only minimal IL-5 (Figure 1C). In 214 

contrast, mLN cells from the mice exposed to OVA plus IL-33 exhibited robust 215 

production of all three type 2 cytokines. Further, the concentrations of IL-13 produced by 216 

mLN cells from mice exposed to OVA plus IL-33 were significantly higher than the 217 

corresponding IL-13 levels produced by mLN cells from mice exposed to OVA plus IL-218 

1β (p<0.05). However, the IL-4 concentrations produced by mLN cells from the mice 219 

exposed to OVA plus IL-33 and from mice exposed to OVA plus IL-1β were 220 

comparable. When mice previously exposed to OVA plus IL-33 were challenged i.n. with 221 

OVA alone, they developed marked airway eosinophilia and increased levels of IL-5 and 222 

IL-13 in bronchoalveolar lavage (BAL) fluids.21 In contrast, mice previously exposed to 223 

OVA plus IL-1β produced modest airway eosinophilia and lower BAL levels of IL-5 and 224 

IL-13.  225 

   These findings led us to hypothesize that two or more subsets of Th2-like CD4+ T 226 

cells with similar capacities to produce IL-4 but distinct IL-5 and IL-13 production might 227 

be involved. Th2 cells and Tfh cells are among the CD4+ T cells that are known to 228 

produce IL-4.11, 22 To characterize IL-4-producing cells, we exposed 4get IL-4-reporter 229 

mice23 i.n. to OVA plus IL-1β or IL-33 using the same protocol as described in Figure 230 

1A, and analyzed mLN cells on day 11. In 4get mice, an internal ribosomal entry site 231 

(IRES) and downstream enhanced green fluorescent protein (eGFP) are inserted at the 3’ 232 

end of Il4, which allows the identification of cells that actively transcribe the IL-4 locus. 233 

Consequently, IL-4eGFP+ CD4+ T cells were clearly detectable in mLNs from mice 234 

exposed to OVA plus IL-1β or OVA plus IL-33 (Figure 1D and 1E).  235 
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 The IL-33 receptor ST2 and the chemokine receptor CXCR5 are considered reliable 236 

markers for differentiated Th2 cells24 and early and mature Tfh cells,25 respectively. A 237 

majority (>80%) of CD4+IL-4eGFP+ cells in mLNs from mice exposed to OVA plus IL-238 

1β were positive for CXCR5+ but were negative for ST2 (ST2-CXCR5+). In contrast, 239 

CD4+IL-4eGFP+ cells from the mice exposed to OVA plus IL-33 consisted of two 240 

distinct populations that included ST2-CXCR5+ cells and ST2+CXCR5- cells. Further, 241 

none of the IL-4eGFP+ cells were positive for both ST2 and CXCR5.  242 

 To characterize the development of these two subsets of IL-4-competent CD4+ T 243 

cells further, we examined the relationship between IL-33 dose and effect. Naïve mice 244 

were administered a fixed dose of OVA (100 µg) i.n. with various doses of IL-33. A 245 

small number of CD4+ T cells consisting of ST2-CXCR5+ cells were IL-4eGFP+ 246 

following administration of a low (1 ng) IL-33 dose (Figure 1F and 1G). Following the 247 

administration of an intermediate (10 ng) IL-33 dose, the number of IL-4eGFP+ cells 248 

increased, and a majority (~80%) of the cells were ST2-CXCR5+. However, the 249 

frequency of ST2+CXCR5- cells relative to ST2-CXCR5+ cells increased significantly 250 

(p<0.01) following the administration of a higher (100 ng) IL-33 dose. Similarly, IL-33 at 251 

a range from 1 to 100 ng/dose induced production of anti-OVA IgE and IgG1 antibodies 252 

in a dose-dependent manner (Figure E1 of Online Repository). Kinetic studies showed 253 

that ST2-CXCR5+ cells were clearly detectable as early as 4 days after one exposure to 254 

OVA plus IL-33 (100 ng), while the development of ST2+CXCR5- cells required more 255 

time and/or a second exposure to OVA plus IL-33 (Figure E2 of Online Repository). 256 

Thus, the types and doses of IL-1 family cytokines influenced the differential 257 

development of two subsets of IL-4-competent CD4+ T cells in draining lymph nodes in 258 
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the murine lung. 259 

  260 

ST2-CXCR5+ CD4+ T cells are bona fide Tfh cells 261 

 To investigate the identity of the CD4+ T cell populations, we sorted IL-262 

4eGFP+ST2-CXCR5+ and IL-4eGFP+ST2+CXCR5- cells harvested from mice exposed to 263 

OVA plus IL-33, and analyzed polyA-containing RNAs by microarray using a pool of 264 

IL-4eGFP-CD4+ T cells as the control. The comparison of gene expression profiles 265 

revealed sets of genes that were unique to each population and not expressed by other 266 

populations (Figure 2A and 2B). For example, ST2+CXCR5- cells expressed Th2 cell 267 

markers, including Gata3, Il5, Il13, and Prdm1 (encoding Blimp-1), as well as Il6, 268 

receptors for certain chemokines and lipid mediators, and integrins (Figure 2C). 269 

Conversely, the ST2-CXCR5+ cells expressed Tfh cell marker genes, including Bcl6, 270 

Pdcd1 [encoding programmed cell death protein 1 (PD-1)], and Sh2d1a [encoding 271 

signaling lymphocyte activation molecule (SLAM)-associated protein (SAP)], as well as 272 

a set of chemokine receptors and integrins that were distinct from those expressed by the 273 

ST2+CXCR5- cells. Tcf7 (encoding TCF-1), a recently identified upstream transcription 274 

factor for Tfh cells,26 was expressed by ST2-CXCR5+ cells and IL-4eGFP- control cells. 275 

Il4 and Il21 were expressed by the ST2+CXCR5- and ST2-CXCR5+ cells, whereas Il5 and 276 

Il13 were expressed only by ST2+CXCR5- cells, which were verified by real-time 277 

quantitative reverse transcription polymerase chain reaction (qRT-PCR) (Figure 2D). As 278 

well, qRT-PCR analyses also revealed that Gata3 was most highly expressed by 279 

ST2+CXCR5- cells, whereas Bcl6 was most highly expressed by ST2-CXCR5+ cells.  280 

 To examine cytokine production, CD4+ST2+CXCR5- and CD4+ST2-CXCR5+ T 281 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 15

cells were isolated and cultured with OVA antigen and B cells from mLNs of sensitized 282 

mice, which served as antigen presenting cells (APCs; Figure 2E). We used the entire 283 

population of CD4+ T cells as the source for cell sorting, so that we could obtain 284 

sufficient cell numbers for culture (Figure E3 of Online Repository). Although the 285 

ST2+CXCR5- cells and ST2-CXCR5+ cells both exhibited robust production of IL-4, IL-5 286 

was only produced by ST2+CXCR5- cells (Figure 2F). As well, a significantly higher 287 

amount of IL-13 was produced by ST2+CXCR5- cells than by ST2-CXCR5+ cells, but the 288 

reverse was the case for IL-21. Interestingly, when B cells isolated from the spleens of 289 

naïve mice were used as APCs, the ST2+CXCR5- cells produced IL-4 and IL-13, but the 290 

ST2-CXCR5+ cells did not (Figure E4 of Online Repository). From these observations, 291 

we concluded that IL-4eGFP+ST2+CXCR5- cells were canonical Th2 cells and that IL-292 

4eGFP+ST2-CXCR5+ cells were Tfh cells specialized for the production of IL-4 and IL-293 

21.  294 

 295 

Isolated Th2 cells and Tfh cells preferentially mediate allergic airway inflammation and 296 

IgE antibody production, respectively 297 

 The stimulation of B cells by IL-4, together with other signals, leads to class-switch 298 

recombination to IgE.20 Further, conventional models predict that Th2-type CD4+ T cells 299 

serve as a major source of IL-4 for B cell production of IgE antibody.3, 27 Therefore, to 300 

compare the capacity of Th2 and Tfh cells to mediate IgE antibody production, we chose 301 

an adoptive transfer approach. We isolated Th2 cells (CD4+ST2+CXCR5-) and Tfh cells 302 

(CD4+ST2-CXCR5+) from C57BL/6 mice previously exposed to OVA plus IL-33 and 303 

transferred them intravenously to naïve T cell-deficient Tcrb-/- mice (C57BL/6 304 
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background) with an intact B compartment28 (Figure 3A). In the absence of T transferred 305 

cells, Tcrb-/- mice were unable to produce detectable levels of anti-OVA IgE or IgG1 306 

antibody (Figure 3B). However, when Th2 cells from mice exposed i.n. to OVA plus IL-307 

33 were transferred to Tcrb-/- mice, the mice produced anti-OVA IgE antibody, but the 308 

levels declined after day 24. When Tfh cells were transferred to Tcrb-/- mice, the mice 309 

exhibited robust production of anti-OVA IgE antibody, and the levels were maintained up 310 

to at least day 49. IgG1 anti-OVA isotype antibody levels in the mice continued to rise 311 

following the transfer of either Th2 cells or Tfh cells, but IgG2a antibody did not achieve 312 

detectable levels. 313 

 To compare the roles of Th2 and Tfh cells in airway inflammation, we used mice 314 

deficient in the IL-7 receptor alpha chain (Il7r-/-) (C57BL/6 background) as recipients 315 

(Figure 3C). IL-33 can activate innate immune cells, such as ILC2s, which makes it 316 

difficult to interpret the contributions of T cells to airway inflammation, but Il7r-/- mice 317 

lack ILCs.2 As expected, naïve Il7r-/- mice produced no detectable levels of cytokines 318 

when challenged i.n. with OVA plus IL-33 without the transfer of T cells. However, 319 

Il7r-/- mice that received Th2 cells and were challenged i.n. with OVA plus IL-33 320 

produced marked levels of type 2 cytokines in bronchoalveolar lavage (BAL) fluids 321 

(Figure 3D) and developed profound airway eosinophilia (Figure 3E). Conversely, no 322 

inflammatory responses were observed in Il7r-/- mice that received Tfh cells. 323 

 To compare the anatomical location of Th2 cells and Tfh cells during type 2 324 

immune responses, 4get mice previously exposed to OVA plus IL-33 were challenged 325 

i.n. with OVA antigen (Figure 4A). A large number of Th2 cells were localized in lung 326 

tissues and BAL fluids, and some were detectable in mLNs (Figure 4B and 4C). In 327 
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contrast, Tfh cells remained in mLNs even after antigen challenge, whereas only a 328 

limited number were identified in lung tissues or BAL fluids. These findings suggested 329 

that Th2 cells were mobile and mediated type 2 cytokine production and inflammation in 330 

the airways. In contrast, the Tfh cells remained in the draining lymph nodes and likely 331 

contributed to the sustained production of IgE antibody.  332 

 333 

Airway exposure to natural allergens induces Tfh and Th2 cells 334 

 The initial experiments employed IL-1 family cytokines as an adjuvant to induce 335 

the development and differentiation of CD4+ T cells; however, the doses of these 336 

cytokines might have exceeded those observed in a physiologic setting. IL-4-competent 337 

Tfh cells have been previously reported in mice infected with helminth parasites.11-13 338 

Therefore, to examine the roles of Th2 and Tfh cells in allergic airway responses in a 339 

physiological setting, we sought to use naturally occurring allergens implicated in human 340 

allergic airway diseases, including a fungus belonging to the genus Alternaria, the 341 

cockroach and house dust mite (HDM), and the cysteine protease bromelain as a generic 342 

model for protease allergens.29-31 343 

 Naïve 4get mice were exposed i.n. to allergen extracts twice without any adjuvants 344 

or exogenous cytokines (Figure 5A). IL-4-competent CD4+ T cells (IL-4eGFP+CD4+ T 345 

cells) were clearly detected in mLNs of mice exposed to these allergens (Figure 5B). 346 

Among the allergens tested, the Alternaria extract induced the largest numbers of IL-347 

4eGFP+ cells (Figure 5C). Conversely, the cockroach extract yielded relatively small 348 

effects. A large proportion of IL-4eGFP+ cells (up to 55%) demonstrated an ST2-349 

CXCR5+ phenotype (Figure 5B and 5C), which suggested that airway exposure of naïve 350 
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mice to natural allergens triggered Tfh cell development. ST2+CXCR5- Th2 cells were 351 

also detected in mice exposed to Alternaria, HDM, or bromelain, but to a lesser extent 352 

than the detection of Tfh cells. Interestingly, bromelain induced a larger proportion of 353 

Th2 cells relative to Tfh cells, compared to the other allergen extracts, which suggested 354 

that the nature of the allergens affected the differential development of Tfh and Th2 cells. 355 

 356 

Tfh cells are diminished by genetic depletion of Bcl6 in CD4+ T cells 357 

  Because the Alternaria extract induced the largest numbers of both Tfh and Th2 358 

cells among the allergens, we selected Alternaria as a model for subsequent experiments 359 

aimed at defining the roles of these cell types in allergic immune responses. The 360 

transcriptional repressor BCL6 is considered the master regulator for the Tfh cell 361 

lineage.32, 33 However, germline Bcl6 knockout mice developed spontaneous 362 

inflammation, most likely due to the pro-inflammatory phenotype of Bcl6-deficient 363 

myeloid cells.34, 35 364 

 To investigate the specific roles of Tfh cells, we used a floxed Bcl6 mouse model in 365 

which Bcl6 was conditionally depleted in CD4+ T cells through the use of Cre 366 

recombinase expressed from the Cd4 promoter [Bcl6fl/fl Cd4-Cre mice14, 36]. These mice 367 

appeared normal, exhibited no apparent signs of disease (data not shown), and their 368 

thymus and spleen contained normal T cell numbers and CD4 and CD8 populations.14 369 

We exposed Bcl6fl/fl Cd4-Cre mice i.n. to Alternaria extract spiked with 100 µg OVA 370 

(Figure 6A). OVA was included to allow us to monitor antigen-specific immune 371 

responses without relying on endogenous Alternaria proteins that are often unstable and 372 

are often present in variable concentrations in natural allergen extracts.37 When exposed 373 
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to Alternaria plus OVA, Bcl6fl/fl  mice lacking CD4-Cre developed both ST2+CXCR5- 374 

Th2 cells and ST2-CXCR5+ or PD-1+CXCR5+ double-positive Tfh cell populations 375 

(Figure 6B and 6C). Further, the Tfh cell population was abolished in Bcl6fl/fl Cd4-Cre 376 

mice, but the Th2 cell population was not affected. The heterozygous floxed Bcl6 mice 377 

(Bcl6fl/+Cd4-Cre) exhibited an intermediate phenotype, suggesting that Tfh development 378 

was dependent on the copy number of Bcl6. The frequencies of B220+ B cells within 379 

mLN lymphocytes were similar between Bcl6fl/fl  mice and Bcl6fl/fl Cd4-Cre mice (Figure 380 

6D and 6E). Nonetheless, a marked decrease in the frequency and the total number of 381 

FAS+PNA+ germinal center (GC) B cells was observed in Bcl6fl/fl Cd4-Cre mice. 382 

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

affected by Bcl6 deficiency, we restimulated mLN cells with the OVA antigen in vitro. 384 

Following stimulation with OVA, mLN cells from Bcl6fl/fl  mice (no CD4-Cre) produced 385 

IL-4, IL-5, and IL-13 (Figure 6F). Conversely, Bcl6fl/fl Cd4-Cre mice displayed increased 386 

spontaneous production of these cytokines without antigen stimulation. Further, when 387 

stimulated with OVA, Bcl6fl/fl Cd4-Cre mice produced even greater amounts of IL-5 and 388 

IL-13 than Bcl6fl/fl  mice. Thus, deletion of Bcl6 in CD4+ T cells resulted in striking 389 

decreases in both Tfh cells and GC B cells, but Th2 cell numbers were not affected. The 390 

data also suggested that the effector function of Th2 cells was enhanced in the absence of 391 

Bcl6. 392 

 393 

Tfh cells are essential for the production of allergen-specific IgE antibodies 394 

 To investigate the roles of Tfh cells in allergic immune responses to inhaled 395 

allergens, Bcl6fl/fl Cd4-Cre mice and their littermate controls (Bc6fl/fl) were initially 396 
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exposed i.n. to Alternaria extract with OVA, and then re-exposed i.n. to the OVA antigen 397 

alone (Figure 7A). As expected, Bcl6fl/fl  mice that were only exposed to OVA did not 398 

develop antibodies at any time point (Figure 7B). When initially exposed to Alternaria 399 

extract plus OVA, Bcl6fl/fl  mice developed anti-OVA IgE antibodies by day 14, which 400 

was sustained until at least day 35. In contrast, anti-OVA IgE antibodies were nearly 401 

undetectable in Bcl6fl/fl Cd4-Cre mice up to day 35 (p<0.01). Similarly, the plasma anti-402 

OVA IgG1 levels continued to increase in Bcl6fl/fl  mice, but were undetectable in 403 

Bcl6fl/fl Cd4-Cre mice. Further, the concentrations of total IgE and IgG1 in plasma were 404 

significantly reduced in Bcl6fl/fl Cd4-Cre mice compared to Bcl6fl/fl  mice; however, no 405 

differences were observed in plasma concentrations of total IgA and IgM.  406 

 To examine the production of type 2 cytokines and inflammation in the respiratory 407 

mucosa, mice were re-exposed to OVA i.n. on days 42 through 44. Bcl6fl/fl  mice that were 408 

previously exposed to OVA alone and subsequently re-exposed to OVA did not exhibit 409 

increases in type 2 cytokines in the lung tissues (Figure 7C) or any signs of airway 410 

inflammation (Figure 7D). When initially exposed to Alternaria extract plus OVA and 411 

then re-exposed to OVA, Bcl6fl/fl  mice displayed increased levels of IL-5 and IL-13 in the 412 

lungs and marked airway eosinophilia. Bcl6fl/fl Cd4-Cre mice also showed comparable 413 

increases in these cytokines and airway eosinophilia, which suggested that Tfh cells are 414 

required for IgE antibody production, but unnecessary for airway inflammation.  415 

 To verify this concept, we used a different genetic model. The interaction between 416 

inducible costimulator (ICOS) and the ICOS ligand (ICOSL) plays a critical role in Tfh 417 

cell differentiation.33, 38 Therefore, we subjected wild-type (WT) C57BL/6 mice or 418 

germline Icos-deficient mice (Icos-/-) to an experimental protocol that was similar to the 419 
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one described above for Bcl6fl/fl Cd4-Cre mice (Figure E5A of Online Repository). 420 

Partial but significant decreases in ST2-CXCR5+ Tfh cells were observed in Icos-/- mice 421 

compared to WT mice (p<0.05, Figure E5B and E5C), but the number of ST2+CXCR5- 422 

Th2 cells was not affected. Further, when CD4+ T cells from Icos-/- mice were 423 

restimulated with OVA in vitro, the cells produced IL-5 and IL-13 (Figure E5D), and the 424 

cytokine levels were higher compared to those from WT mice. In contrast, the plasma 425 

levels of anti-OVA IgE and IgG1 antibodies were markedly reduced in Icos-/- mice 426 

(Figure E5E).  427 

 428 

OX40L contributes to type 2 cytokine responses and airway inflammation but not to the 429 

development of Tfh cells or IgE antibody production 430 

 The prior observations led us to speculate that unlike a conventional model, the two 431 

key components of allergic immune responses, which are IgE antibody production and 432 

type 2 cytokine responses, could be independently regulated by two subsets of IL-4-433 

producing CD4+ T cells. To test this concept from a different angle, we sought a model in 434 

which the terminal differentiation of Th2 cells was impaired, but Tfh cells were 435 

unaffected.   436 

 OX40L, a tumor necrosis factor (TNF) family ligand that is the product of Tnfsf4, 437 

has been shown to play a role in the development of pathologic Th2 cells that are capable 438 

of mediating strong type 2 inflammatory responses in mice.39 When exposed i.n. to the 439 

Alternaria extract plus OVA, the numbers of ST2-CXCR5+ Tfh cells and ST2+CXCR5- 440 

Th2 cells developed by mice lacking Tnfsf4 (Tnfsf4-/-) were comparable to WT C57BL/6 441 

mice (Figure 8A and 8B). Nonetheless, the production of IL-4, IL-5, and IL-13 by T 442 
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cells from Tnfsf4-/- mice was minimal following in vitro stimulation with OVA, which 443 

suggested that the effector functions of Th2 cells were impaired (Figure 8C; p<0.05). As 444 

well, when challenged with OVA in vivo (Figure 8D), Tnfsf4-/- mice displayed 445 

significantly lower levels of IL-4 and IL-13 in the lungs compared to WT mice (Figure 446 

8E; p<0.05 and p<0.01, respectively), and airway eosinophilia was nearly abolished 447 

(Figure 8F). In contrast, Tnfsf4-/- mice developed robust anti-OVA IgE and IgG1 448 

antibodies compared to corresponding levels observed in WT mice (Figure 8G).  449 

  450 
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DISCUSSION 451 

 In the current study, we exposed the airways of naïve mice to cytokines and natural 452 

allergens and examined the development of adaptive type 2 immune responses. A novel 453 

concept derived from this study was that two major components of allergic immune 454 

responses, IgE antibody production and type 2 cytokine responses, were regulated 455 

separately by Tfh and Th2 cells in vivo. The conventional model suggests that Th2-type 456 

CD4+ T cells play key roles in various features of allergic immune responses, including 457 

IgE antibody production, the production of type 2 cytokines, airway eosinophilia, and 458 

mucosal hyperplasia.3, 27 Our findings not only suggested that Tfh cells were necessary 459 

for IgE antibody production, but also that Tfh cells were sufficient even when canonical 460 

Th2 cells were absent or their effector functions were compromised. In contrast, Th2 461 

cells played major roles in type 2 cytokine production and eosinophilic airway 462 

inflammation even in the absence of Tfh cells or IgE antibodies, which suggested that 463 

Tfh cells and Th2 cells play distinct roles in allergic immune responses. 464 

 As shown in Figure 2, Th2 and Tfh cells were clearly distinguishable by their 465 

expression of key transcription factors and cell surface molecules, and by the production 466 

of IL-5, IL-13, and IL-21. Further, no overlap was detected between Th2 and Tfh cell 467 

populations when the phenotypes of IL-4eGFP+ cells were examined by fluorescence-468 

activated cell sorting (FACS) using ST2 and CXCR5 as markers (Figure 1). Further, Th2 469 

cells were mobilized to the lungs and airways during allergic immune responses, whereas 470 

Tfh cells remained in draining lymph nodes (Figure 4). These observations were 471 

consistent with an earlier study involving a Nippostrongylus brasiliensis infection model 472 

that demonstrated distinctive tissue localization of Th2 cells (expressing both Il4 and 473 
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Il13) and Tfh cells (expressing Il13 but not Il4).22 Therefore, the likelihood exists that 474 

allergic immune responses consist of two distinct subsets of IL-4-producing CD4+ T 475 

cells, each of which demonstrates unique phenotype, localization, and effector functions 476 

as summarized in Figure E6 of Online Repository. By the extension of this concept, it is 477 

tempting to speculate that certain human allergic diseases may involve Tfh cells rather 478 

than Th2 cells. Examples would be allergic diseases involving demonstrated roles for IgE 479 

antibodies and minimal signs of mucosal inflammation, such as food allergies and 480 

anaphylaxis.  481 

 IL-4-producing Tfh cells were previously described in mice infected with 482 

Leishmania major or various helminth parasites,11-13, 22 and in mice immunized 483 

systemically by injection of OVA plus alum.10 Our observations contributed to this 484 

knowledge by demonstrating that exposure of the airways of naïve BALB/c or C57BL/6 485 

mice to natural allergens, such as Alternaria and HDM, induced IL-4-production by Tfh 486 

cells. Further, the proportions of Tfh and Th2 cells generated were dependent on the 487 

allergen. Nonetheless, questions remain regarding the immunological mechanisms 488 

involved in the development of Tfh cells following exposure to allergens. Previously, IL-489 

6 and IL-21 were shown to induce Tfh cells in vitro. Specifically, CD4+ T cells cultured 490 

with IL-6 or IL-21 expressed BCL6 and/or CXCR5 mRNA in a STAT3-dependent 491 

manner.33, 40 However, the mechanisms of Tfh cell development in vivo appear to be 492 

rather complex. Il6-/-, Il21-/-, and Il21r-/- mice, as well as Stat3 deficient mice, exhibited 493 

no or minimal defects in Tfh cell development.41-43 However, the blockage of IL-6 in 494 

Il21-/- mice and in Il6/Il21 double knockout mice resulted in a partial decrease in Tfh 495 

cells.44, 45 496 
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 In this study, we found that the combined intranasal administration of IL-33 or IL-497 

1β and OVA effectively induced IL-4-competent Tfh cells, which suggested an 498 

alternative method for the generation of Tfh cells in vivo in the absence of infectious 499 

agents. However, mice lacking specific receptors, including IL-1R1 (receptor for IL-1α 500 

and IL-1β) or IL-1RL1 (ST2, receptor for IL-33), developed levels of IgE antibody that 501 

were comparable to WT animals (data not shown). Hence, there appears to be 502 

considerable redundancy in the Tfh-development pathway. This speculation is further 503 

supported by the observation that although only IL-33 effectively induced Th2 cells 504 

(Figure 1), Tfh cells were induced by either IL-33 or IL-1β. Further, the concentration of 505 

IL-33 required to induce Tfh cells was approximately one-tenth or less the level needed 506 

for Th2 cell induction. The apparent redundancy and sensitivity in the system regarding 507 

the generation IL-4-producing Tfh cells, and the established extreme sensitivity of IgE-508 

based recognition of allergens might have evolved to ensure the protection of the host 509 

against certain pathogens and avoidance of unfavorable environmental factors.46  510 

 At the molecular level, our mouse allergy models verified critical roles for BCL6 511 

and ICOS in the development of Tfh cells in vivo. BCL6 is considered the master 512 

regulator for Tfh differentiation32, 33 because it inhibits the differentiation of other CD4+ 513 

T cell subsets through the repression of the transcription factor Blimp1.32 Germline Bcl6-/- 514 

mice develop spontaneous inflammatory diseases.34, 35 The use of Cd4-driven Cre 515 

recombinase in Bcl6-floxed mice allowed us to determine that the deficiency of Bcl6 in 516 

the CD4+ T cell compartment resulted in nearly complete depletion of Tfh cells in vivo 517 

(Figure 6), but it did not induce systemic inflammation. The numbers of ST2-positive 518 

mature Th2 cells were not affected in these mice, but the production of type 2 cytokines 519 
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was enhanced, which reflected the capacity of BCL6 to inhibit GATA3 expression and 520 

Th2 cell differentiation.47  521 

 ICOS has been shown to play an important role in the development and effector 522 

functions of Tfh cells and various other T cells subsets, including Th1, Th2, Th17, and 523 

Treg cells.48 Mice deficient in ICOS signaling consistently displayed decreased serum 524 

levels of IgE and IgG1.49-52 ICOS has also been shown to promote the expansion of Th2 525 

cells,53, 54 which provides a potential mechanistic basis for decreased levels of IgE, but 526 

the results are controversial.50, 55 In this study, Icos-/- mice exhibited marked decreases in 527 

Tfh cells compared to WT mice when exposed to airborne allergens, which was 528 

consistent with previous findings.11, 33, 38 However, these mice paradoxically exhibited 529 

enhanced Th2-type cytokine responses. The differences in our results and some previous 530 

observations could be explained by differences in the models, including adjuvants used 531 

and routes of antigen administration. Nonetheless, ICOS signaling is critical for Bcl6 532 

expression;38 thus, it was expected that ICOS deficiency could result in a phenocopy of 533 

Bcl6 deficiency in CD4+ T cells. Notwithstanding, BCL6 and ICOS likely served as a 534 

molecular switch and played a role in determining whether naïve CD4+ T cells 535 

differentiated into Tfh or Th2 cells.  536 

 It has been established that IL-4 and its downstream signaling molecules are 537 

required for the class-switch recombination of IgE antibody in vitro and in vivo.56 In our 538 

model, Tfh and Th2 cells from day 11 mLNs were both capable of producing IL-4 when 539 

they were restimulated with antigen in vitro, despite the fact that the Il4 regulatory 540 

mechanisms in Tfh and Th2 cells appear distinct.10, 22 We also found that the adoptive 541 

transfer of either Tfh or Th2 cells induced the production of IgE and IgG1 antibodies 542 
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(Figure 3). Importantly, the production of IgE antibody induced by transfer of Tfh cells 543 

was sustained for at least 4 weeks after the final antigenic stimulation; however, the IgE 544 

response induced by Th2 cells was relatively transient. Nonetheless, sustained increases 545 

in IgG1 antibody were observed following the transfer of either Tfh or Th2 cells. 546 

Previous studies involving the injection of mice with a goat antibody to mouse IgD 547 

indicated that T cell help exclusive of IL-4 production was important for the generation 548 

of an IgE response, but not for an IgG1 response.57 Hence, Tfh cells might provide 549 

signals other than IL-4 for optimized and sustained IgE production, perhaps through a 550 

direct physical interaction with B cells or the release of additional soluble factors. IL-21, 551 

which is abundantly produced by Tfh cells,9 could be a candidate factor. Nonetheless, the 552 

roles of IL-21 in IgE antibody production are rather controversial. For example, IL-21 553 

induced 58 or inhibited 59, 60 IgE antibody production in vitro. In an in vivo study, IL-21R-554 

deficient mice produced even higher levels of IgE. 61 Alternatively, any molecules that 555 

are identified by microarray analyses as unique to Tfh cells (Figure 2), such as PD-1, 556 

SAP, B and T lymphocyte attenuator (BTLA), or a combination of these molecules, could 557 

play a comparable role. Accordingly, additional studies aimed at identifying critical 558 

molecule(s) provided by Tfh cells, which are involved in the sustained production of IgE 559 

antibodies during allergic immune responses, are required.  560 

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

mediation of IgE antibody production might explain the pathophysiology of various IgE-562 

dependent allergic diseases, such as food allergies and anaphylaxis. Recognizing the 563 

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

T cells (Figure E6 of Online Repository), could aid in redefining the mechanisms 565 
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involved in allergic diseases. Nonetheless, achieving a better understanding of the 566 

molecular and immunological mechanisms involved in the differentiation and functions 567 

of Tfh cells and methods to disrupt these pathways will be of central importance in the 568 

development of new treatment and preventive strategies for allergic diseases.  569 

  570 
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FIGURE LEGENDS 752 

Figure 1. IL-33 promotes the development of two distinct subsets of IL-4-competent 753 

CD4+ T cells. (A) A schematic representation of a mouse airway sensitization model. 754 

Naïve 4get mice (BALB/c background) were exposed i.n. to OVA with or without IL-1β 755 

or IL-33. (B) On day 14, plasma was analyzed for anti-OVA antibodies by ELISA. * = 756 

p<0.05 and ** = p<0.01 compared to mice exposed to OVA alone. # = p<0.05 compared 757 

to mice exposed to OVA plus IL-33. Data are presented as the mean ± SEM (n = 4–5 in 758 

each group). (C) Day 11 mLN cells were cultured with or without OVA. The cytokine 759 

levels in the supernatants were analyzed by ELISA. # = p<0.05 compared to OVA plus 760 

IL-33. Data are presented as the mean ± SEM (n = 4–5 in each group). (D-G) Day 11 761 

mLN cells were gated on lymphocytes, and the expression of CD4, IL-4eGFP, ST2, and 762 

CXCR5 was analyzed by FACS. (D) Representative scattergrams showing the expression 763 

of CD4 and IL-4eGFP in a total lymphocyte population, and the expression of ST2 and 764 

CXCR5 in CD4+IL-4eGFP+ lymphocytes. (E) Numbers of each cell population are 765 

presented as the mean ± SEM (n = 4 in each group). * = p<0.05 between the groups 766 

indicated by horizontal lines. (F) Naïve 4get mice were exposed i.n. to OVA with 767 

different doses of IL-33 as described in Figure 1A, and day 11 mLN cells were analyzed. 768 

(G) Numbers and the ratio of each cell population are presented as the mean ± SEM (n = 769 

4 in each group). ** = p<0.01 between the groups indicated by horizontal lines or as 770 

compared to 1 ng IL-33. (C, E, G) Data are a pool of two separate experiments. 771 

 772 

Figure 2. ST2-CXCR5+ CD4+ T cells are bona fide Tfh cells. (A-D) Naïve 4get mice 773 

(BALB/c background) were exposed i.n. to OVA plus IL-33 as described in Figure 1A. 774 
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The cell populations indicated (CD4+IL-4eGFP-, CD4+IL-4eGFP+ST2+CXCR5-, and 775 

CD4+IL-4eGFP+ST2-CXCR5+) were sorted from day 11 mLN cells, and mRNA was 776 

analyzed by microarray and qRT-PCR. (A) The heat map shows microarray gene 777 

expression data (genes selected for fold difference >10) based on cells isolated from two 778 

separate experiments. (B) The Venn diagram shows the number of gene probes in each 779 

gene expression group. (C) Representative genes in each group are presented using the 780 

criteria described in the Table. (D) mRNA expression of select genes was analyzed by 781 

qRT-PCR, and the results were normalized to 18s RNA levels and expressed as a ratio to 782 

the CD4+IL-4eGFP- population (mean ± SEM, n = 4). * = p<0.05 and ** = p<0.01 783 

between the groups indicated by horizontal lines. (E, F) Naïve BALB/c mice were 784 

exposed i.n. to OVA plus IL-33, as described in Figure 1A. Day 11 mLN cells were 785 

sorted into CD3+CD4+ST2-CXCR5-, CD3+CD4+ST2+CXCR5-, and CD3+CD4+ST2-786 

CXCR5+ cell populations and cultured with B cells isolated from mLNs in the presence 787 

of OVA. (F) Cytokine levels in the supernatants were analyzed by ELISA. Data are 788 

presented as the mean ± range from duplicate cultures. The figure is representative of two 789 

separate experiments. 790 

  791 

Figure 3. Th2 and Tfh cells preferentially mediate allergic airway inflammation and IgE 792 

antibody production, respectively. (A) A schematic representation of an adoptive transfer 793 

model to Tcrb-/- mice (C57BL/6 background) (B) The plasma antibody levels were 794 

analyzed by ELISA. Results are the mean ± SEM (n = 3 in each group). ** = p<0.01 795 

compared to mice that received Th2 cells. (C) A schematic representation of an adoptive 796 

transfer model to Il7-/- mice (C57BL/6 background). BAL fluids were analyzed for 797 
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cytokine levels (D) and inflammatory cell numbers (E). Results are the mean ± SEM (n = 798 

3 in each group). ** = p<0.01 between the groups indicated by horizontal lines. (B, D, E) 799 

Each figure is representative of two separate experiments. 800 

 801 

Figure 4. Th2 and Tfh cells localize differently during allergic immune responses. (A) A 802 

schematic representation of a mouse airway sensitization and challenge model. (B) 803 

Representative scattergrams show the expression of ST2 and CXCR5 in the CD4+IL-804 

4eGFP+ population. (C) Percentages of each cell population are presented as the mean ± 805 

SEM (n = 8 in each group). ** = p<0.01 between the groups indicated by horizontal lines. 806 

Data are a pool of two separate experiments. 807 

 808 

Figure 5. Airway exposure to natural allergens induces Tfh and Th2 cells. (A) A 809 

schematic representation of the airway allergen exposure model. Naïve 4get mice 810 

(BALB/c background) were exposed i.n. to allergen extracts without any adjuvants. Day 811 

11 mLN cells were gated on lymphocytes, and the expression of CD4, IL-4eGFP, ST2, 812 

and CXCR5 was analyzed by FACS. (B) Representative scattergrams are shown. (C) 813 

Numbers of each cell population are presented as the mean ± SEM (n = 3 in each group). 814 

Data are representative of two separate experiments, except for HDM, where the 815 

experiment was performed only once. 816 

 817 

Figure 6. Tfh cells are diminished by depletion of Bcl6 in CD4+ T cells 818 

(A) A schematic representation of a mouse airway sensitization model. (B) 819 

Representative scattergrams show the expression of ST2, CXCR5, and PD-1 in the CD4+ 820 
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T cell population. mLN cells were analyzed by gating on CD4+ T cells in the lymphocyte 821 

population. (C) Cell numbers in each cell population are presented as the mean ± SEM (n 822 

= 5–7 in each group). * = p<0.05 and ** = p<0.01 between the groups indicated by 823 

horizontal lines. Data are a pool of three separate experiments. (D, E) Expression of B220, 824 

PNA, and FAS in mLN lymphocytes was analyzed by FACS. (D) Representative 825 

scattergrams show the expression of B220 in the lymphocyte population and the 826 

expression of PNA and FAS in the B220+ cell population. (E) Percentages and cell 827 

numbers in each cell population are presented as the mean ± SEM (n = 4 in each group). 828 

* = p<0.05 and ** = p<0.01 between the groups indicated by horizontal lines. (F) Day 11 829 

mLN cells were cultured with or without OVA, and the cytokine levels in the 830 

supernatants were analyzed by ELISA. Results are shown as the mean ± SEM (n = 4 in 831 

each group). * = p<0.05 between the groups indicated by horizontal lines.  832 

 833 

Figure 7. Tfh cells are necessary for the production of allergen-specific IgE antibody. 834 

(A) A schematic representation of a mouse airway sensitization and challenge model. (B) 835 

Plasma levels of anti-OVA IgE and IgG1 antibodies and total IgE, IgG1, IgM, and IgA 836 

were analyzed by ELISA. ** = p<0.01 compared to Bcl6 fl/fl mice previously exposed to 837 

OVA alone. ## = p<0.01 compared to Bcl6 fl/fl mice previously exposed to Alternaria 838 

extract plus OVA. Data are presented as the mean ± SEM (n = 5 in each group). The 839 

cytokine levels in lung homogenates (C) and the numbers of inflammatory cells in BAL 840 

fluids (D) were analyzed on day 45. (C, D) Results are presented as the mean ± SEM (n = 841 

5 in each group). * = p<0.05 and ** = p<0.01 between the groups indicated by horizontal 842 

lines. Data are representative of two separate experiments. 843 
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 844 

Figure 8. OX40L contributes to type 2 cytokine responses and airway inflammation but 845 

does not affect the development of Tfh cells or IgE antibody production. (A-C) Naïve 846 

C57BL/6 (WT) and OX40L knockout (Tnfsf4-/-) mice were exposed i.n. to OVA and 847 

Alternaria extract on days 0 and 7, and mLN cells were analyzed on day 11. (A) 848 

Representative scattergrams show the expression of ST2 and CXCR5 in the CD4+ T cell 849 

population. (B) Numbers of each cell population are presented as the mean ± SEM (n = 4 850 

in each group). (C) mLN cells were cultured with or without OVA, and the cytokine 851 

levels in the supernatants were analyzed by ELISA. Results are the mean ± SEM (n = 5–7 852 

in each group). * = p<0.05 between the groups indicated by horizontal lines. Data are 853 

representative of two separate experiments. (D) A schematic representation of a mouse 854 

airway sensitization and challenge model. The cytokine levels in lung homogenates (E) 855 

and the numbers of inflammatory cells in BAL fluids (F) were analyzed on day 25. 856 

Results are the mean ± SEM (n=5–7 in each group). * = p<0.05 and ** = p<0.01 between 857 

the groups indicated by the horizontal lines. (G) Plasma levels of anti-OVA IgE, IgG1, 858 

and IgG2a antibodies were analyzed by ELISA. * = p<0.05 and ** p<0.01 between the 859 

groups indicated by horizontal lines. Data are presented as the mean ± SEM (n = 5–7 in 860 

each group). (C, E, F, G) Data are a pool of two separate experiments. 861 

 862 
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Methods 
 
Mice 
 ST2 knockout (Il1rl1-/-) mice were provided by Dr. Andrew McKenzie (MRC 
Laboratory of Molecular Biology, Cambridge, UK). The mice were bred at Mayo Clinic, 
Rochester, MN under specific pathogen-free (SPF) conditions. The female mice used 
were 7–9 weeks of age.  
 
Antigens, allergens and recombinant cytokines 
 Recombinant IL-33 (R&D Systems, Minneapolis, MN or eBioscience, San Diego, 
CA) and IL-1β (R&D Systems) contained <1.0 EU/µg endotoxin. Alternaria alternata, 
cockroach, and HDM extracts were obtained from Greer Laboratories (Lenoir, NC). 
Alternaria and HDM extracts contained undetectable levels of endotoxin (<10 ng/mg 
extract). Bromelain was obtained from Sigma-Aldrich.  
 
Mouse airway exposure and challenge model 
 On days 0 and 7, naïve mice were lightly anesthetized with tribromoethanol or 
isoflurane and administered 100 µg OVA intranasally (i.n.) in the presence or absence of 
100 ng or serial dilutions of IL-33 or IL-1β in 50 µl of endotoxin-free PBS. On day 11, 
the mice were euthanized by an overdose of pentobarbital, and mLNs were collected. In 
some experiments, mice were exposed i.n. to Alternaria (50 µg), cockroach (50 µg), or 
HDM (400 µg) extracts, or bromelain (10 µg), or to Alternaria (50 µg) plus OVA (10 µg). 
Some mice were then challenged i.n. with 100 µg OVA using the protocols described in 
the figures and figure legends.  
 
Plasma antibody levels 
 Plasma levels of OVA-specific IgE, IgG1, and IgG2a were measured by ELISA as 
previously described (Kobayashi et al., 2009). Total IgE, IgG1, IgM, and IgA levels were 
measured by ELISA in accordance with recommended protocols using antibodies from 
BD Biosciences.  
 
FACS analyses of mLN cells and lung cells 
 The mLN cells and single cell lung suspensions were preincubated with Fc-receptor 
blockers for 30 min at 4°C and stained with combinations of PE-conjugated anti-CXCR5 
(clone 2G8) or anti-PD-1 (J43), PerCP-conjugated anti-CD4 (L3T4) and/or biotin-
conjugated anti-ST2 (DJ8, MD Biosciences, St. Paul, MN), or anti-CXCR5, followed by 
streptavidin-APC. In some experiments, cells were fixed, permeabilized, and stained with 
anti-Ki-67 antibody. To analyze GC B cells, the cells were stained with FITC-conjugated 
peanut agglutinin (PNA; Vector Laboratories, Burlingame, CA), PerCP-conjugated anti-
B220 (RA3-6B2), and biotin-conjugated anti-CD95 (FAS; Jo2), followed by streptavidin-
APC. After washing, the cells were resuspended in PBS containing 1% BSA and 0.1% 
NaN3, fixed with 1% paraformaldehyde, and analyzed using a FACSCalibur™ flow 
cytometer (BD Biosciences Immunocytometry Systems). The lymphocytic cell 
population was gated by using a forward and side scatter plot. Antibodies were obtained 
from BD Biosciences unless otherwise described. 
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Gene expression analyses 
 For microarray analysis, the sample preparation, labeling, and array hybridizations 
(Affymetrix GeneChip® Mouse Genome 430 2.0 Array, Affymetrix, Santa Clara, CA) 
were performed using standard Mayo Clinic Advanced Genomic Technology Center 
Gene Expression Core Facility protocols. The qRT-PCR analyses were performed as 
previously described (Kouzaki et al., 2009) with slight modifications. Briefly, cDNAs 
were synthesized using an iScript™ cDNA synthesis kit (Bio-Rad). The real-time PCR 
contained cDNA, TaqMan® Universal PCR Master Mix (Applied Biosystems, Foster 
City, CA), and TaqMan® gene expression assays for the following target genes: Gata3 
(Mm0048683_m1), Bcl6 (Mm00477633_m1), Rorc (Mm01261019_g1), Il4 
(Mm00445259_m1), Il5 (Mm00439646_m1), Il13 (Mm00434204_m1), Il21 
(Mm00517640_m1) and 18S (Hs99999901_s1; Applied Biosystems). The transcription 
levels were normalized to 18S rRNA in each sample and expressed relative to CD4+IL-
4eGFP- cells. 
 
Cytokine production in vitro 
 Day 11 mLN cells were enriched for CD4+ T cells and sorted for CD3+CD4+ST2-

CXCR5-, CD3+CD4+ST2+CXCR5-, and CD3+CD4+ST2-CXCR5+ cell populations. B 
cells were negatively selected from day 11 mLN cells using an EasySep™ Mouse B Cell 
Isolation Kit (Stemcell Technologies). T cells (20,000 cells/well) were cultured with B 
cells (100,000 cells/well) in complete RPMI medium (total volume 200 µl/well) with 100 
µg/ml OVA for 7 days. In some experiments, CD4+ T cells were cultured with 
splenocytes isolated from WT mice and depleted of CD3+ T cells by using anti-CD3-
coated magnetic beads (Stemcell Technologies) at a 1:3 ratio in the presence of 100 
µg/ml OVA for 7 days. The concentrations of IL-4, IL-5, IL-13, and IL-21 in the 
supernatants of the culture medium were analyzed by ELISA following the 
manufacturer’s recommended procedures (R&D Systems).  
  
Analyses of Airway Inflammation 
 To collect BAL fluids, the trachea was cannulated, and lavage was performed in 
triplicate using HBSS (0.5, 0.25, and 0.25 ml, respectively). Cell numbers were counted, 
and differentials were determined in cytospin preparations stained with Wright-Giemsa 
stain. More than 200 cells were counted using conventional morphologic criteria. The 
BAL fluid supernatants were collected and stored at -20 °C for cytokine assays. In some 
experiments, the supernatants from lung tissue homogenates were prepared and assayed 
for total protein and cytokine expression (Iijima et al., 2014). The concentrations of IL-4, 
IL-5, IL-13, and IL-17 in the BAL fluid and lung homogenate supernatants were 
analyzed by ELISA as described above. 
 
Statistical analysis 
 Data are presented as the mean ± SEM for the numbers of mice or experiments 
indicated. The statistical significance of differences between the various treatment groups 
was assessed using a Student’s t-test, and p< 0.05 was considered statistically significant. 
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Figure Legends for Online Repository Figures 
 
Figure E1. Antibody production in mice exposed to OVA with different doses of IL-33. 
Naïve BALB/c mice were exposed i.n. to 100 µg OVA plus 0, 1, 10 or 100 ng IL-33 on 
days 0 and 7. On day 14, plasma levels of anti-OVA IgE, IgG1 and IgG2a antibodies 
were analyzed by ELISA. **=p<0.01 as compared to OVA plus no IL-33. 
 
Figure E2. Kinetics of the development of ST2+CXCR5- cells and ST2-CXCR5+ cells. 
Naïve 4get mice were exposed i.n. to OVA plus IL-33 as described in Panel A. Day 4, 7 
or 11 mLN cells were analyzed by FACS by gating on lymphocytes. In Panel B, 
representative scattergrams show the expression of CD4 and IL-4eGFP (upper panels) 
and ST2 and CXCR5 in the CD4+IL-4-eGFP+ cell population (lower panels) (n=3 in each 
time point). 
 
Figure E3. T cell populations sorted for cell culture (Figure 2, Panels E and F) and 
adoptive transfer (Figure 3) experiments. Naïve WT C57BL/6 or BALB/c mice were 
exposed i.n. to OVA plus IL-33 on days 0 and 7. Day 11 mLN cells were collected and 
enriched for CD4+ T cells and sorted into CD4+ST2-CXCR5- (blue square), 
CD4+ST2+CXCR5- (black square), and CD4+ST2-CXCR5+ (red square) subpopulations. 
 
Figure E4. Naïve B cells from the spleen did not induce cytokine production by Tfh cells. 
(A, B) Naïve BALB/c mice were exposed i.n. to OVA plus IL-33 on days 0 and day 7. 
Day 11 mLN cells were sorted into CD3+CD4+ST2-CXCR5- (DN), 
CD3+CD4+ST2+CXCR5- (ST2+), and CD3+CD4+ST2-CXCR5+ (CXCR5+) T cell 
subpopulations. T cells were cultured with B cells isolated from the spleen of naïve 
BALB/c mice at a T: B cell ratio of 1:1 in the presence 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 cells and IgE antibody 
production. (A-E) WT C57BL/6 and Icos-/- mice were exposed i.n. to OVA with or 
without Alternaria extract on days 0 and 7 and then challenged i.n. with OVA alone as 
described. (B, C) Day 11 mLN cells were analyzed by FACS. (B) Representative 
scattergrams show the expression of ST2 and CXCR5 in the Ki-67+CD4+ T cell 
population. (C) Numbers of each cell population are presented as the mean ± SEM (n = 5 
in each group). * = p<0.05 and ** = p<0.01 between the groups indicated by horizontal 
lines. (D) CD4+ T cells were isolated from day 11 mLN cells and co-cultured with CD3-
depleted splenocytes from naïve WT mice with or without 100 µg/ml OVA for 4 days. 
Cytokine levels in the supernatants were measured by ELISA. Results are shown as the 
mean ± SEM (n = 5 in each group). * = p<0.05 and ** = p<0.01 between the groups 
indicated by horizontal lines. (E) Plasma levels of anti-OVA IgE, IgG1, and IgG2a 
antibodies were analyzed by ELISA. * = p<0.05 and ** = p<0.01 compared to WT mice 
previously exposed to OVA alone. ## = p<0.01 compared to WT mice previously 
exposed to Alternaria extract plus OVA. Data are presented as the mean ± SEM (n = 5 in 
each group).  
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Figure E6. A schematic diagram to depict the roles of Tfh cells and Th2 cells in allergic 
immune responses to airborne allergens. 
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Figure E1.  
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Figure E2. 
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Figure E3 
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Figure E4 
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Figures E5 
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Figure E6 
 
 

 
 
 
 


