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Background: Bcl6 is required for the development of T
follicular helper cells and T follicular regulatory (Tfr) cells that
regulate germinal center responses. Bcl6 also affects the
function of regulatory T (Treg) cells.
Objective: The goal of this study was to define the functions of
Bcl6 in Treg cells, including Tfr cells, in the context of allergic
airway inflammation.
Methods: We used a model of house dust mite sensitization to
challenge wild-type, Bcl6fl/fl Foxp3-Cre, and Prdm1 (Blimp1)fl/fl

Foxp3-Cre mice to study the reciprocal roles of Bcl6 and Blimp1
in allergic airway inflammation.
Results: In the house dust mite model, Tfr cells repress the
production of IgE and Bcl61 Treg cells suppress the generation
of type 2 cytokine–producing cells in the lungs. In mice with
Bcl6-deficient Treg cells, twice as many ST21 (IL-33R1) Treg
cells develop as are observed in wild-type mice. ST21 Treg cells
in the context of allergic airway inflammation are Blimp1
dependent, express type 2 cytokines, and share features of
visceral adipose tissue Treg cells. Bcl6-deficient Treg cells are
more susceptible, and Blimp1-deficient Treg cells are resistant,
to acquiring the ST21 Treg–cell phenotype in vitro and in vivo in
response to IL-33. Bcl6-deficient ST21 Treg cells, but not Bcl6-
deficient ST21 conventional T cells, strongly promote allergic
airway inflammation when transferred into recipient mice.
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Lastly, ST2 is required for the exacerbated allergic airway
inflammation in Bcl6fl/fl Foxp3-Cre mice.
Conclusions: During allergic airway inflammation, Bcl6 and
Blimp1 play dual roles in regulating Tfr-cell activity in the
germinal center and in the development of ST21 Treg cells that
promote type 2 cytokine responses. (J Allergy Clin Immunol
2020;nnn:nnn-nnn.)
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Bcl6 is a transcriptional repressor that is a central regulator of
immunity with functions in T cells, macrophages, and B cells.1-7

Bcl6 is critical for the germinal center (GC) response, controlling
both T follicular helper (Tfh) cells and GC B cells.1-6 Bcl6 is also
expressed in a population of cells coexpressing Foxp3, the
lineage-defining factor for regulatory T (Treg) cells. Like Tfh
cells and GC B cells, these cells, which are termed T follicular
regulatory (Tfr) cells, colocalize to the GC.8-10

In the GC, Tfh cells help B cells to produce high-affinity
antigen-specific antibodies.11,12 However, dysregulated Tfh cells
promote B cells’ production of self-reactive antibodies, leading to
autoimmune disease.13-15 It had been proposed that Tfr cells regu-
late excessive GC reactions by suppressing proliferation of Tfh
cell and self-reactive B cells.8-10,16,17 However, recent studies
have reported that Tfr cell–derived IL-10 is important for mainte-
nance of the GC response and provides helper functions for the
antibody response.18 Thus, the regulatory and helper functions
of Tfr cells might differ depending on the context of the immune
response.

In the context of allergic disease characterized by production
of TH2 cytokines such as IL-4, IL-5, and IL13, and allergen-
specific IgE, Bcl6 likely has multiple functions. Previous re-
ports had shown increased allergic inflammation in mice that
have germline deletion of Bcl6.19-22 Enhanced allergic inflam-
mation was thought, at least in part, to be from effects of
Bcl6 deficiency in Treg-cell populations that resulted in
increased levels of TH2 cytokines and expression of genes,
including Il1rl1, which encodes the IL-33R ST2.22 In mice
that lack Bcl6 in all CD41 T cells and thus lack Tfh cells, there
is no IgE production in response to allergen sensitization and an
absence of IgE-dependent immune function.23 In allergic pul-
monary inflammation, how Bcl6 influences Treg-cell function
is unclear.

In this study, we revealed that Tfr cells are critical for the
allergen-specific humoral immune response during house dust
mite (HDM)-induced airway inflammation. Tfr-cell deficiency
1
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increased total and antigen-specific IgE production and TH2 re-
sponses contributing to more severe airway inflammation. The
development of ST21 Treg cells was reciprocally regulated by
Bcl6 and Blimp1. Bcl6 deficiency promoted ST21 Treg–cell
development in mediastinal lymph nodes (mLNs) and lungs,
and the increased pulmonary inflammation was ST2 dependent,
defining a critical role for Bcl6 in restraining the development
of proallergic ST21 Treg cells.
METHODS

Mice
All mice were of a C57BL/6 background, except as specified for BALB/cJ

mice in strain comparisons (Jackson Laboratory, Bar Harbor, Me). BALB/cJ,

C57BL/6, Foxp3-CreYFP, Bcl6fl/flFoxp3-CreYFP, Bcl6fl/flCD4-CreYFP, Prdm1fl/

flFoxp3-CreYFP, Il1rl1–/–, and Il1rl1–/–Bcl6fl/flFoxp3-CreYFP mice were main-

tained under specific pathogen-free conditions. C57BL/6 3 B6.SJL-Ptprca-

Pepcb/BoyJ F1 mice were used as recipients for the adoptive transfer

experiments. All experiments were done with 6- to 8-week-old mice. All ex-

periments were performed with the approval of the Indiana University Institu-

tional Animal Care and Use Committee.
Treg-cell culture
Naive CD41CD62L1T cells from mice were positively selected from the

enriched CD41 T cells from spleen and lymph nodes by using MACS beads

and columns (Miltenyi Biotec, Somerville, Mass). Naive CD41CD62L1 T

cells were activated with plate-bound anti-CD3 (2 mg/mL; 145-2C11 [Bio-

XCell, Lebanon, NH]) and soluble anti-CD28 (0.5 mg/mL; BD Pharmingen,

San Diego, Calif) in complete culture media, RPMI 1640 (ThermoFisher Sci-

entific, Waltham, Mass) containing 10% FBS (Atlanta Biologicals, Flowery

Branch, Ga), 1% antibiotics (penicillin and streptomycin stock; 5000 m/mL

of penicillin and 5000 mg/mL of streptomycin), 1 mM sodium pyruvate, 1

mM L-glutamine, 2.5 mL of nonessential amino acids (stock; 1003), 5 mM

HEPES (all from LONZA, Basel, Switzerland), and 57.2 mM 2-

mercapoethanol (Sigma-Aldrich, St Louis, Mo), to generate Treg cells (5

ng/mL of hTGF-b1, 10U/mL of hIL-2, 10 mg/mL of anti-IFNg, 10 mg/mL

of anti-IL-4, or 1-10 ng/mL of IL-33 (all from PeproTech, Rocky Hill, NJ).

For splenic Treg cell culture, YFP1 Treg cells were sorted from spleen of

Foxp3-CreYFP mice and activated with plate-bound anti-CD3 (2 mg/mL) and

soluble anti-CD28 (0.5 mg/mL) and hIL-2 (200 U/mL) with IL-33 (1 or 10

ng/mL) in complete culture media. Cells were grown at 378C under 5%

CO2 and harvested on day 3 for analysis.
HDM extract–induced allergic airway inflammation
Mice were challenged intranasally with HDM (Greer Laboratories, Lenoir,

NC) extract every other day for 16 days. HDMextract (25mg)was dilutedwith

PBS (25 mL) and administered via the nose. Mice were euthanized 1 day after

final intranasal challenge. Bronchoalveolar lavage (BAL) cells were collected

twice by lavaging the lungs with 1 mL of PBS. To prepare a single-cell

suspension from lungs, lung tissues were chopped and incubated with 0.5 mg/

mL of collagenase A (Roche, Basel, Switzerland) in Dulbecco’s modified

Eagle medium (ThermoFisher Scientific) at 378C for 45 minutes. After the

tissues had been ground with a mesh stainless steel strainer, red blood cells

were removed by ammonium-chloride-potassium lysing buffer (LONZA).

After the reaction had been stopped by adding buffer (PBS with 0.5 % BSA),

the cells were washed with the buffer followed by filtration through 70-mm

nylon mesh to remove debris. Single-cell suspensions were used for flow

cytometry, RNA isolation, or CD41 T-cell enrichment. For the adoptive trans-

fer experiment, ST21 Treg (CD41 ST21 Foxp3/YFP1) cells or Tconv (CD41

ST21 Foxp3/YFP–) cells were sorted from lungs of CD45.21 Foxp3-CreYFP

and Bcl6fl/flFoxp3-CreYFP mice (CD45.2), and 50,000 cells were transferred

to naive F1 (CD45.1) recipient mice via tail injection. Following adoptive

transfer, the recipient mice were challenged with HDM 3 times at 1 hour,

24 hours, and 48 hours after the adoptive transfer. Mice were euthanized 1

day after final intranasal challenge.
RT-PCR and qRT-PCR
Total RNA was extracted by using TRIzol reagent (ThermoFisher Scien-

tific) and reverse-transcribed using qScript cDNA synthesis kit (Quantabio,

Beverly, Mass). For quantitative real-time PCR (qRT-PCR), Taqman real-time

PCR assay (ThermoFisher Scientific) was used for gene expression analysis.

Gene expression was normalized to housekeeping gene expression (b2-micro-

globulin). The relative gene expression was calculated by the change-in-

threshold (2-DCT) method. All experiments were performed in duplicate in 2

independent experiments; the results are presented as SEMs of biologic repli-

cates. Taqman probes sequences are listed in Table E1 (in the Online Repos-

itory available at www.jacionline.org).
Flow cytometric analysis
For cytokine staining, lung or BAL cells were stimulated with phorbol 12–

myristate 13–acetate (Sigma-Aldrich) and ionomycin (EMD Millipore,

Burlington, Mass) for 2 hours followed by monensin (BioLegend, San Diego,

Calif) for a total of 6 hours. After fixation with 1% formaldehyde for 10

minutes at room temperature, cells were washed 2 times with fluorescence-

activated cell sorting (FACS) buffer (PBS with 0.5 % BSA). For transcription

factor staining, cells were fixed with Foxp3/Transcription Factor Fixation

Buffer (ThermoFisher Scientific) at 48C in dark for 30 minutes or overnight.

For cytokine staining and transcription factor combination staining, cells were

fixed with 3.7% formaldehyde for 5 minutes at 48C followed by fixation with

Foxp3/Transcription Factor Fixation Buffer at 48C for 3 hours. Fixed cells

were permeabilized with permeabilization buffer (ThermoFisher Scientific)

and stained for cytokines and transcription factors with fluorochrome-

conjugated antibodies at 48C in dark for 1 hour. Stained cells were washed 2

timeswith FACS buffer and resuspended in FACS buffer for flow analysis. The

fluorescent antibodies for flow cytometric analysis are listed in Table E2 (in

the Online Repository available at www.jacionline.org).
ELISA
IgE capture antibody (BD Bioscience; 553413) was coated on a 96-well

plate (NUNC, Roskilde, Denmark) with coating buffer (dH2O with 0.1 M

NaHCO3, pH 9) and incubated at 48C overnight. After the plate had been

washed 3 times with wash buffer (PBS with 0.05% Tween-20), ELISA buffer

(PBSwith 2%BSA)was added to thewells and incubated at room temperature

for 1 hour. After the plate had been washed 3 times with wash buffer, 10-fold–

to 100-fold–diluted samples and standard IgE were added and incubated at
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48Covernight. The next day, after the plate had beenwashed 3 timeswithwash

buffer, the biotinylated secondary antibody (BioLegend; 406904) was added

and incubated at room temperature for 1 hour. After the plate had been washed

3 times with wash buffer, wash buffer with 0.05% of avidin-alkaline phospha-

tase (Sigma-Aldrich) was added and incubated at room temperature for 1 hour.

After the plate had beenwashed 3 timeswithwash buffer, substrate buffer with

p-nitrophenyl phosphate (PNPP) (Sigma-Aldrich) was added to eachwell. The

reaction was stopped by adding stop solution (1NNaOH) andmeasured with a

Biorad Microplate 680 ELISA reader. For HDM-specific IgE and IgG1,

ELISA kits (Chondrex, Redmond, Wash) were used.
ChIP
Splenic Treg cells (13 106) were stimulated for 3 days before being cross-

linked for 15 minutes with 1% formaldehyde at room temperature with rota-

tion. The reaction was quenched by addition of 0.125 M glycine and

incubation at room temperature for 5 minutes. Cells were washed with ice-

cold PBS 2 times. Fixed cells were lysed in cell lysis buffer on ice for 10 mi-

nutes. Chromosomal DNAwas fragmented to a size range of 200 to 500 bp by

using an ultrasonic processor (Vibra-cell, Newtown, Conn) (30%amplitude for

8 sets of 10-second bursts). After sonication, the debris was removed by centri-

fugation at 13,000 rpm for 10 minutes at 48C and the supernatant was trans-

ferred to a new tube and diluted 10-fold with chromatin

immunoprecipitation (ChIP) dilution buffer. After preclearing, the supernatant

was incubated with the ChIP antibodies for H3K27ac (Abcam, Cambridge,

United Kingdom) at 4oC overnight with rotation. The following day, immuno-

complexes containing antibody, protein, and/or DNAwere incubated with pro-

tein agarose A beads at 4oC for 2 to 4 hours. Immunocomplexes were washed

with low-salt, high-salt, LiCl, and TE buffer. Complexes were incubated with

elution buffer (0.1M NaHCO3) at room temperature for 15 minutes with rota-

tion. After centrifugation at 2000 rpm for 2 minutes at room temperature, the

supernatant was transferred to new fresh tube. After the elution step had been

repeated, 25mL of 4MNaCl was added to 500mL of supernatant to reverse the

crosslinks at 65oC overnight. The next day, DNAwas purified by using phenol-

chloroform extraction and resuspended in nuclease-freewater and analyzed by

quantitative PCR. SYBR green master mix (Applied Biosystems, Foster City,

Calif) was used to measure amplification of DNAwith a 7500 Fast Real-Time

PCR system (Applied Biosystems). After normalization to the input DNA, the

amount of outputDNAof each target proteinwas calculated by subtracting that

of the IgG control. ChIP antibodies and primer sequences are listed in Table E3

(in the Online Repository available at www.jacionline.org).
RNA sequencing library preparation and

sequencing
cDNA libraries were prepared with 1 ng of RNA per sample by using a

Clontech SMART-Seq v4 Ultra Low Input RNA Kit (TaKaRa, Shiga, Japan).

Libraries were sequenced with a 2 3 75-bp paired-end configuration on a

HiSeq4000 sequencer (Illumina, San Diego, Calif) by using a HiSeq 3000/

4000 PE SBS Kit. A Phred quality score (Q score) was used to measure the

quality of sequencing. More than 90% of the sequencing reads reached Q30

(99.9% base call accuracy).
RNA-seq alignment and analysis
The sequencing data were first assessed by using FastQC (Babraham

Bioinformatics, Cambridge, United Kingdom) for quality control. All

sequenced libraries were then mapped to the mouse genome (University of

California Santa Cruz mm10) by using the STAR RNA-sequencing (RNA-

seq) aligner.24 The reads distribution across the genomewas assessed by using

bamutils (from ngsutils).25 Uniquely mapped sequencing reads were assigned

to mm10 refGene genes by using featureCounts.26 Differential expression an-

alyses were performed by using edgeR v3.22.3 implemented in the Bio-

conductor package27 to identify differentially expressed mRNAs between

ST21 and ST2– samples. Biologic coefficients of variation between the sam-

ples were estimated by using an empiric Bayes approach under the assumption
that the data follow a negative binomial distribution. We filtered out low-

expression transcripts based on percentage of samples (<50%) and a count

per million cutoff of 0.5. A total of 14,943 mRNAs remained after filtering

and were used in the differential expression analysis by edgeR. Statistical sig-

nificance was defined as a false discovery rate P value of .05 or less and a fold

change of 2 or more comparing expression level between knockout cells and

controls. The heatmap and locus-by-locus volcano plot were generated by us-

ing the R software package. Gene set enrichment analysis28 was used for the

whole genome functional enrichment analysis based on annotation files from

theMolecular Signatures Database immunologic gene sets to identify biologic

pathways that were significantly enriched after 3000 permutations.
Heatmap generation and functional enrichment
For visualizing the expression data obtained from the RNA-seq analysis,

heatmaps were generated. Normalized counts for the most differentially

expressed genes (P <.05 and false discovery rate of <0.05) between ST21 and

ST2– Treg-cell subtypes were given as input to generate clustered heatmaps

based on functional themes using the Morpheus platform29 and heatmapper.30

Ontology analysis of genes was performed by using gProfiler31 to generate

summaries of the enriched biologic processes.
RESULTS

Tfr-cell deficiency results in exacerbated airway

inflammation
To define the regulatory effects of Bcl6 deficiency on allergic

airway inflammation, wild-type (WT) andBcl6fl/fl mice crossed to
either Foxp3-cre or CD4-cre transgenic mice, which had previ-
ously been shown to lack Bcl6 in specific cell populations,2,32-38

were exposed to HDM extract every other day for 16 days (Fig 1,
A). Tfr-cell populations were decreased in the mLNs of the Bcl6fl/
fl Foxp3-cre mice, consistent with a previous report,32 in the
absence of altered Treg-cell populations (Fig 1, B and C and
see also Fig E1, A in this article’s Online Repository at www.
jacionline.org). Unexpectedly, the Tfh-cell and GC B-cell popu-
lations were also significantly decreased in Bcl6fl/fl Foxp3-cre
mice (Fig 1, D-G). Despite a marked decrease in GC B cells,
Bcl6fl/fl Foxp3-cre mice produced increased concentrations of
HDM-specific IgE and total IgE compared with WT mice (Fig
1, H). Bcl6fl/fl CD4-cre mice do not produce IgE concurrent
with the lack of a GC response (Fig 1,D-H). The numbers of total
cells, eosinophils, neutrophils, total CD41 T cells, and TH2
cytokine–producing T cells in the BAL were significantly
increased in Bcl6fl/fl Foxp3-cre mice compared with in WT and
Bcl6fl/fl CD4-cre mice (Fig 1, I and J and see also Fig E1, B and
E). Similar to in the BAL, Bcl6fl/fl Foxp3-cre mice showed
increased total cells and TH2 cytokine–producing T cells in
lung tissue (Fig 1, K and see also Fig E1, C and E). However,
the numbers of IL-10–producing T cells in the BAL and lungs
were similar between the 2 conditional mutant strains (see Fig
E1, D). Consistent with a previous report,23 Bcl6fl/fl CD4-cre
mice had numbers of BAL cells comparable to those in WT
mice, but increased inflammation in lung tissue (Fig 1, I and K)
despite impaired IgE production. These data indicated that the
lack of Bcl6 in Foxp3-expressing cells resulted in dysregulated
type 2 responses and exacerbated airway inflammation.
Bcl6 deficiency in Treg cells leads to increased ST21

Treg–cell development
The mechanism for increased airway inflammation in Bcl6fl/fl

Foxp3-cre mice was unclear. A previous report demonstrated
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FIG 1. Tfr-cell deficiency results in exacerbated airway inflammation. WT, Bcl6fl/fl Foxp3-cre and CD4-cre

mice were challenged with 25 mg of HDM extract every other day for 16 days. A, Schematic of HDM

extract–induced airway inflammationmodel. B-E, Flow cytometric analysis of CXCR5 and PD-1 on Tfr (gated
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that Bcl6-deficient splenic Treg cells expressed more Il1rl1, en-
coding the IL-33 receptor ST2, than WT Treg cells did.22 More-
over, recent studies revealed that ST21 Treg cells in the lung lost
their suppressive function and promoted severe airway inflamma-
tion in response to IL-33 treatment.39 Therefore, we hypothesized
that Bcl6fl/fl Foxp3-cre mice might have more ST21 Treg cells
that could be responsible for exacerbated airway inflammation.
To test this, we analyzed ST21 Treg cells in lungs and mLNs
from HDM-challenged mice. Interestingly, both Bcl6fl/fl Foxp3-
cre and CD4-cre mice had significantly greater percentages of
the ST21 Treg–cell population in Treg-cell or total CD41 T-
cell populations than WT mice did (Fig 2, A and B). There was
an increase in the overall Treg-cell population in the lung in
Bcl6fl/fl Foxp3-cre mice compared with inWTmice; this included
an increase in the ST2– Treg–cell population (Fig 2, C). More-
over, ST2 expression was considerably higher on ST21 Treg cells
from Bcl6fl/fl Foxp3-cre mice than on those fromWTmice (Fig 2,
D). ST21 Treg cells are highly activated, and ST2 expression is
enhanced by Gata3.40-43 We confirmed higher Gata3 expression
in lung and mLN ST21 Treg cells and an activated phenotype
marked by increased expression of CD44 and decreased expres-
sion of CD62L compared with in ST2– Treg cells (see Fig E2,
A-C in this article’s Online Repository at www.jacionline.org).

Consistent with data in Fig 1, J and K, the numbers of ST21

conventional T cells (Tconv cells), which include TH2 cells in
both lungs and mLNs, were increased in Bcl6fl/fl Foxp3-cre and
CD4-cre mice (Fig 2, E and F). Increased ST21 Treg–cell popu-
lations in the lungs and mLNs of Bcl6fl/fl Foxp3-cre mice devel-
oped in the absence of altered ST21 Tconv cells, and this effect
of Bcl6 deficiency in Foxp3-expressing cells was also detected
in unchallenged mice (see Fig E2, D). Importantly, in WT mice,
Bcl6 expression is mutually exclusive to the ST21 Treg–cell pop-
ulation (see Fig E2, E and F). Bcl6fl/fl Foxp3-cre mice had
increased ST21 Treg–cell and ST21 Tconv–cell populations in
mesenteric lymph nodes compared with those in WT mice (see
Fig E2, G), suggesting that the effects of Bcl6 deficiency on the
ST21 Treg–cell population were systemic. The majority of
ST21 Treg cells in lung express Helios, suggesting that most
ST21 Treg cells are thymus-derived Treg cells (see Fig E2, H).
These data suggest that Bcl6 negatively regulates ST21 Treg–
cell development and that in the absence of Bcl6 there is an accu-
mulation of ST21 Treg cells in the lung during allergic airway
inflammation.

Next, we tested whether ST21 Treg–cell development varies
with genetic background by comparing ST21 Treg–cell genera-
tion in HDM-challenged C57BL/6 and BALB/c mice, the latter
of which are more susceptible to allergic inflammation.44,45

Although the numbers of ST21 Treg cells and Tconv cells in
lung were significantly higher in BALB/c mice, the percentages
of these cell types were similar between the groups (see Fig E3,
A in this article’s Online Repository at www.jacionline.org).
CD41 Foxp31) cells and Tfh (CD41Foxp3–) cells in mLN

percentage (C and E) of Tfr cells and Tfh cells. (F an

B220 B cells in mLNs. Representative dot plot (F) and av

of HDM-specific IgE, IgG1, and total IgE in the serum, as

sinophils; neutrophils (I); and IL-4–, IL-13–, or IL-17–pro

and lung (K). BAL and lung cells were restimulated with

for 5 hours to measure cytokine production by using int

were gated for lymphocyte size and granularity and for

to 10 mice per group and representative of 3 independ

was used to generate P values. *P < .05; **P < .01; ***
The numbers and percentages of ST21 Treg cells and Tconv cells
in mLNs were similar between the groups (see Fig E, B). In spite
of the difference between the numbers of ST21 Treg cells and
Tconv cells in the lung, the fold changes in the numbers of total
lung and mLN cells after HDM challenge were similar between
the groups (see Fig E3, C), suggesting that the development
and function of ST21 Treg cells are independent of genetic
background.
Proinflammatory transcriptional profile of ST21

Treg cells in allergic airway inflammation
To further define the phenotype of ST21Treg cells in themLNs

that develop in the allergic airway model, we sorted Treg cells
from mLNs of HDM-challenged WT mice based on the expres-
sion of YFP (Foxp3-reporter) and activation markers to identify
Tfr cells (CXCR51 PD-11), ST21 Treg cells (CD44high and
CD62Llow ST21), ST2– Treg cells (CD44high and CD62Llow

ST2–), and naive Treg cells (CD44low and CD62Lhigh). In Tfr
cells, there was a high ratio of Bcl6 to Prdm1 (encoding Blimp1)
expression that was reversed in ST21 Treg cells (Fig 3, A). We
confirmed the Bcl6 gene expression pattern by protein expression
(Fig 3, B). This is similar to the correlation between Blimp1 and
ST2 expression in visceral adipose tissue (VAT) Treg cells.46

Expression of Bach2, a repressor of inflammatory cytokine
expression in Treg cells,47,48 was decreased in ST21 Treg cells.
However, the enhanced Foxp3 expression in ST21 Treg cells sug-
gested that these cells are not intrinsically unstable. Ccr7, encod-
ing a chemokine receptor for homing to secondary lymphoid
organs,49,50 and Cxcr3, encoding a chemokine receptor for
migrating to sites of type1 inflammation,51,52 were significantly
decreased in ST21 Treg cells compared with in ST2– Treg cells
(Fig 3, A). CCR8-expressing Treg cells are capable of migrating
to sites of TH2 cell-mediated inflammation,53 and Ccr8 mRNA
was significantly enriched in ST21 Treg cells. Importantly, TH2
cytokine genes were enriched in ST21 Treg cells (Fig 3, C).
Although Il4 expression was greatest in Tfr cells, ST21 Treg cells
still expressed Il4 in greater amounts than other Treg-cell subsets
did. Thus, ST21 Treg cells acquired a profile associated with type
2 inflammation.

To further explore the ST21 Treg–cell signature in allergic
airway inflammation, we performed RNA-seq on sorted ST21

and ST2– Treg cells isolated from lung. We observed significant
differences in the gene expression patterns between the 2 Foxp31

populations (Fig 3, D). Among the significant differences in the
ST21 populationwere increased type 2 cytokine and transcription
factor levels and decreased expression of genes encoding RORgt
and T-bet (Fig 3, E [left]). We confirmed increased TH2 cytokine
production in ST21Treg cells at the protein level (see Fig E4,A in
this article’s Online Repository at www.jacionline.org). We
observed similar patterns of differential gene expression when
s. Representative dot plots (B and D) and average

d G) Flow cytometric analysis of GL7 and Fas on

erage percentage (G) of GC B cells. H, Concentration

measured by ELISA. I-K, Numbers of total cells; eo-

ducing CD41 T cells and eosinophils in the BAL (J)

phorbol 12–myristate 13–acetate (PMA)/ionomycin

racellular staining. Cells for flow cytometric analysis

the expression of CD4. Data are means6 SEMs for 8

ent experiments. A Student unpaired 2-tailed t test
P < .001; ****P < .0001.
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FIG 2. Bcl6 deficiency in Treg cells leads to increased ST21 Treg–cell development. Mice were challenged as

in Fig 1. A and B, Flow cytometric analysis of ST21 Treg cells in lungs and mLNs. C, Number of ST2– Treg

cells (comparison marked by an asterisk) and ST21 Treg cells (comparison marked by a dagger) in lung. D,

ST2 geometric mean fluorescence intensity of ST21 Treg cells in lung. E and B, Flow cytometric analysis of

ST21 Tconv cells in lungs and mLNs. Staining for CXCR5 and ST2 is shown on cells gated for lymphocyte

size and granularity, CD4, and either Foxp31 (A and B) or Foxp3– (E and F) populations. Representative dot

plots (A and E) and average percentages of ST21 Treg cells in Treg cells (left) and in total CD41 T cells (right)
(B) or ST21 Tconv cells in CD41 Tconv cells (left) and in total CD41 T cells (right) (F) are shown. Data are

means 6 SEMs for 8 to 10 mice per group and representative of 3 independent experiments. A Student un-

paired 2-tailed t test was used to generate P values. *P < .05; **P < .01; ***P < .001; ****P < .0001; ��P < .01;

���P < .001.
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we analyzed ST21 and ST2– Treg cells isolated from the lung by
qRT-PCR (see Fig E4, B-D). Gene set enrichment analysis iden-
tified the VAT Treg-cell signature in the ST21 Treg cells (Fig 3,
F). Indeed, there was a clear distinction in the transcriptional sig-
natures of ST21 and ST2– Treg cells that respectively aligned
with VAT Treg cells and peripheral Treg cells (Fig 3, E [right]).
Ontology analysis of genes’ enrichment in ST21 Treg cells re-
vealed that ST21 Treg cells are more sensitive to environmental
cytokines and produce effector cytokines during airway inflam-
mation (Fig 3, G). Together, these data demonstrate that ST21

Treg cells in the context of allergic lung inflammation have a
pro–type 2 inflammatory phenotype and share a genetic signature
with VAT Treg cells.
Bcl6 inhibits and Blimp1 promotes ST2 expression

in Treg cells
To directly test whether Bcl6 is a negative regulator of ST21

Treg–cell development, splenic Treg cells from WT and Bcl6fl/fl

Foxp3-cre mice were sorted and stimulated in the presence or
absence of IL-33 for 3 days. Treatment with IL-33 significantly
increased the frequency of ST21KLRG11 Treg cells in WT and
Bcl6-deficient cultures (Fig 4, A-C). The induction of ST2 and
KLRG1 on Treg cells by IL-33 is consistent with previous re-
ports,40-43 and double-positive Treg cells were more prevalent in
resting or IL-33–treated Bcl6-deficient cultures. Interestingly,
IL-33 treatment decreased Bcl6 expression while increasing
Prdm1 expression (Fig 4, D). Similar to ex vivo Treg cells,
in vitro–cultured Treg (iTreg) cells cultured with IL-33 displayed
increased Il1rl1 expression and concomitantly decreasing Bcl6
mRNA (see Fig E5, A and B in this article’s Online Repository
at www.jacionline.org). Bcl6-deficient iTreg cells expressed
more Il1rl1 than in WT iTreg cells under all conditions. We
then tested whether the ST21 Treg–cell population responded to
exogenous IL-33 by intranasal challenge. In WT and Bcl6fl/fl

Foxp3-cremice therewas a significant increase in ST21Treg cells
recovered from the lungs comparedwith untreatedmice, as well as
a significantly higher percentage inBcl6fl/fl Foxp3-cremice than in
WT mice (Fig 4, E). We then sorted ST21 and ST2– Treg cells
from IL-33–treated WT mice and observed enriched Gata3
expression in ST21 Treg cells and enriched Bcl6 expression in
ST2– Treg cells (see Fig E5, C). Bcl6-deficient splenic Treg cells
did not produce TH2 cytokines in the absence of IL-33 signaling
despite expressing comparable levels of Gata3 in the presence
or absence of IL-33 signaling (see Fig E5, D). Treatment of
ex vivo Treg cells with IL-33 increased the H3K27ac modification
at the Il1rl1 andPrdm1 gene loci (see Fig E5,E andF). These data
suggest that the IL-33/ST2 signaling pathway promotes ST21

Treg–cell development by suppressing Bcl6 and promoting
Blimp1 expression. Consistent with a previous report,40 Gata3
expression was not altered after IL-33 treatment but was increased
in Bcl6-deficient Treg cells compared with in WT cells, irrespec-
tive of IL-33 treatment (Fig 4, D). IL-33 treatment of ex vivo Treg
cells fromBALB/cJ andC57BL/6mice showed comparable ST21

Treg–cell development (see Fig E5, G and H). Overall, these data
suggest that Bcl6 negatively regulates ST21 Treg–cell develop-
ment by repressing the expression of the ST21 Treg–cell promot-
ing transcription factors Prdm1 and Gata3.

Naive Il33–/– mice have normal ST21 Treg–cell numbers and
populations in both lymphoid and nonlymphoid tissues.41 On
the basis of that data, IL-33 may be dispensable for generation
of ST21 Treg cells.41 Similarly, IL-33 failed to induce ST2
expression in ST2– Treg cells.42 We then explored potential
drivers of ST21 Treg–cell development. The IL-2/STAT5
pathway is critical for development and maintenance of Treg
cells54-58 and the IL-2/STAT5/Blimp-1 axis represses Tfr-cell
development by inhibiting Bcl6 expression.59 In addition to
Bcl6 antagonistic functions,5,59 the preferential expression of
Blimp1 in ST21 Treg cells suggested that Blimp1 might be a
key player. To directly test this, we stimulated splenic Treg cells
fromWTand Prdm1fl/fl Foxp3-cre mice with or without IL-33 for
3 days. Interestingly, Blimp1 deficiency nearly eliminated the
KLRG11 population and significantly reduced the ST21 popula-
tion in basal and IL-33–treated conditions (Fig 4, F-H). Consis-
tent with the in vitro results, Blimp1-deficient mice had reduced
ST21 Treg–cell percentages in naive mice and during HDM-
induced airway inflammation (Fig 4, I). Moreover, Bcl6-
expressing Treg cells in lung were increased in Blimp1-
deficient mice (see Fig E5, I). We confirmed the positive effects
of Blimp-1 deficiency on Tfr-cell development in mLNs2 (see
Fig E5, J and K). These data suggest that Blimp1 positively reg-
ulates ST21 Treg–cell development, possibly by antagonizing
Bcl6 expression.
Bcl6-deficient ST21 Treg cells promote airway

inflammation
To discriminate the effects of Bcl6 deficiency in Treg cells and

Tconv cells (which are not Bcl6-deficient in Bcl6fl/fl Foxp3-cre
mice), we adoptively transferred sorted lung ST21 Treg cells or
Tconv cells from WT or Bcl6fl/fl Foxp3-cre HDM-challenged
mice to naive WT recipient mice. After 3 challenges with
HDM, we analyzed the numbers of inflammatory cells in BAL
and lung (Fig 5, A). Interestingly, although the total numbers of
BAL cells were similar among groups, which is indicative of
the acute challenge (Fig 5, B), the mice that received Bcl6-
deficient ST21 Treg cells had the greatest increases in the
numbers of lung cells, neutrophils, eosinophils, and CD41 T cells
whereas the WT ST21 Treg–cell recipient mice had cell numbers
comparable with those of the PBS control (Fig 5, C-D). Trans-
ferred ST21 Tconv cells did not induce inflammation. In Bcl6-
deficient ST21 Treg–cell recipient mice, the vast majority of
ST21 donor cells were Foxp31, although a subpopulation lost
Foxp3 expression, suggesting that Bcl6-deficient Treg cells might
be unstable in this model (Fig 5, E).60 These data suggest that
Bcl6 plays important roles in regulating both development and
function of ST21 Treg cells, which directly mediate airway
inflammation.

Although the mechanistic basis of the capacity of Bcl6-
deficient ST21 Treg cells to mediate inflammation is unclear, it
is likely linked to greater expression of ST2 itself (Fig 2, D)
and the effects of Bcl6 on expression of ST21 Treg–cell effector
molecules61 that include Areg, Lilrb4, and Ccl3 but not type 2 cy-
tokines such as Il5 and Il13 (Fig 5, F). This suggests that the abil-
ity of Bcl6-deficient Treg cells to promote inflammation,
including neutrophils, is due to increased proinflammatory activ-
ity and chemokine production. We also observed that Bcl6 defi-
ciency resulted in increased Prdm1 in ST2– Treg cells (Fig 5,
F), suggesting that Blimp1 might be an important target in the
acquisition of ST2 expression.
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FIG 3. Proinflammatory transcriptional profile of ST21 Treg cells in allergic airway inflammation. Treg cells

in mLNs of HDM-challenged WT mice were sorted on the basis of expression of CD4, Foxp3-YFP, and acti-

vation markers. A, TF gene expression was measured by using quantitative PCR. B, The Bcl6-expressing

Treg–cell population was measured by using intracellular staining. C, TH2 cytokine gene expression was

measured by using quantitative PCR. All gene expression was normalized to b2m expression. A Student un-

paired 2-tailed t test was used to generate P values. *P < .05; **P < .01; ***P < .001; ****P < .0001. D-G, ST21

Treg cells and ST2– Treg cells in lungs of HDM-challenged WT mice were sorted according to expression of
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ST2 deficiency compensates for the lack of Bcl6 in

Treg cells during allergic airway inflammation
In a previous study, Il1rl1–/– mice showed attenuated allergic

airway inflammation with impaired GATA31 TH2-like Treg–
cell development.39 The authors suggested that ST2 is indispens-
able for TH2-like Treg–cell development. In parallel, our data
indicate that ST2 is important for IL-33–mediated Bcl6 repres-
sion. Therefore, we questioned whether ST2–deficiency would
limit the effects of Bcl6 deficiency in Treg cells during allergic
airway inflammation. To answer this question, we generated
Il1rl1–/–Bcl6fl/fl Foxp3-cre mice and induced HDM airway
inflammation. As expected, ST2 expression was not detected on
Treg cells or Tconv cells in either Il1rl1–/– or Il1rl1–/–Bcl6fl/fl

Foxp3-cre mice (see Fig E6, A in this article’s Online Repository
at www.jacionline.org). ST2-deficient mice also had a defect in
the generation of Tfh-cell, Tfr-cell, and GC B-cell development
(Fig 6, A). Importantly, ST2 deficiency did not compensate for
the lack of Bcl6 in the Tfr-cell population, and the Tfr-cell popu-
lation in Il1rl1–/–Bcl6fl/fl Foxp3-cre mice was similar to that in
Bcl6fl/fl Foxp3-cre mice, but significantly less than that in control
mice (Fig 6, A). Accordingly, the increased total and antigen-
specific IgE that resulted from Tfr cell deficiency was not
compensated by simultaneous deficiency in ST2 (Fig 6, B). These
results suggested that Il1rl1–/–Bcl6fl/fl Foxp3-cre mice maintain
the effects of Tfr cell deficiency and provided the opportunity
to assess the loss of IL-33 responsiveness on the increased allergic
airway inflammation in Bcl6fl/fl Foxp3-cre mice.

To test this, we analyzed airway inflammation and observed that
Il1rl1–/– and Il1rl1–/–Bcl6fl/fl Foxp3-cre mice have comparable
numbers of cells in the BAL and lung to those in WT mice (Fig
6, C and D). The numbers of IL-13–producing CD41 and
GATA31 Tconv cells were significantly decreased in
Il1rl1–/–Bcl6fl/fl Foxp3-cre mice compared with those in Bcl6fl/fl

Foxp3-cre mice and similar to the levels observed in WT mice
(Fig 6, E and F). Despite diminished inflammation and TH2 cyto-
kine production, lung Treg cells from Il1rl1–/–Bcl6fl/fl Foxp3-cre
mice expressed more GATA3 than did Treg cells from WT mice
(Fig 6, G), suggesting that Bcl6 is required for Gata3 repression.
Importantly, the percentages of cells that were Foxp31 KLRG11

(a surrogate for ST2 because the majority of KLRG11 Treg cells
are also ST21) were similar in the absence ST2 (see Fig E6, B and
C). This suggests that the diminished inflammation in Il1rl1–/– and
Il1rl1–/–Bcl6fl/fl Foxp3-cre mice is due to the lack of ST2 but not to
the lack of a Treg-cell compartment. Together, these data suggest
that the absence of ST2 attenuates the exacerbated allergic airway
inflammation that occurs in mice with Bcl6-deficient Treg cells
and distinguishes the effects of Bcl6 in Tfr cells from the effects
in Treg cells that control allergic inflammation.
DISCUSSION
Bcl6-expressing Tfr cells are important for the humoral

immune response through regulation of GC reactions.8-10
CD4, Foxp3-YFP, and ST2. B-E,Analysis of RNA-seq of s

samples) from lung tissues of HDM-challenged WT m

ST21 Treg cells with that in ST2– Treg cells. E, Heatma

to functions (left) and genes aligned with VAT Treg cells

F, Gene set enrichment analysis of ST21 Treg cells vers

cells gene list. G, Ontology analysis of gene enrichmen
Depending on the inflammatory milieu, Tfr cells can function
as repressors or helpers of the GC reaction.18 Dysregulated
functions of Tfr cells can lead to autoimmune diseases.62 Yet,
the function of Bcl6 in Treg cells in the context of allergic
airway inflammation is not fully understood. In this article, we
have defined critical roles for Tfr cells in regulating the produc-
tion of antigen-specific IgE in an HDM extract–induced
airway inflammation model. This observation confirms
similar observations regarding the function of Tfr cells in
controlling IgE that were made in a recent report using a distinct
genetic model.63

Our article defines an additional role for the balance of Bcl6
and Blimp-1 activity in Treg cells. Bcl6 represses and Blimp-1
activates ST2 expression in Treg cells in a cell-intrinsic manner.
The adoptive transfer studies highlight the cell-intrinsic nature of
this phenomenon because Bcl6 is deleted only in Foxp3-
expressing cells in this model and would not affect the function
of Tconv cells. The data suggest that Bcl6 is important in ST2–

Treg cells to maintain the ST2– phenotype. In the absence of
Bcl6, Blimp-1 expression is increased and there is an increase
in the percentage of ST21 Treg cells, as well as an increase in
the amount of ST2 expressed per Treg cell. The ST2high Treg cells
would be more sensitive to an allergic environment, and with
increased expression of other effector molecules, Bcl6-deficient
Treg cells are potent at promoting allergic inflammation. The abil-
ity of Bcl6-deficient Treg cells to recruit additional effectors of
allergic inflammation further amplifies this activity. It is also
possible that increased ST2 expression decreases the stability of
the Treg cells and an inflammatory environment converts them
into ST21 Tconv cells that could also potentially affect the gen-
eration of inflammation.

There has been significant characterization of the ST2-
expressing Treg–cell population in the colon and lung.40,41,43

ST21 Treg cells are highly activated TH2-like Treg cells that
retain Foxp3 expression and have increased GATA3 and produc-
tion of TH2 cytokines in response to IL-33. IL-33 enhances the
differentiation, accumulation, and maintenance of ST21 Treg
cells in inflamed tissues.40-42 ST21 Treg cells are effective in sup-
pressing TH1 or TH17 cell inflammation in a colitis model and
T-cell proliferation, but they fail to suppress, and potentially exac-
erbate, TH2-type responses in an allergic airway disease
model.39,40,61 In support of a key role for Bcl6 in controlling
this Treg-cell population, Treg cells from germline Bcl6-deficient
mice have increased ST2 expression, suppress TH1/TH17 cell–
driven colitis, and inhibit T-cell proliferation but promote TH2-
type allergic airway inflammation.22 Human ST21 Treg cells
are found in the skin of patients with systemic sclerosis.64 Similar
to murine ST21 Treg cells, these human ST21 Treg cells and
in vitro–cultured human Treg cells produce TH2 cytokines in
response to IL-33.64,65 Moreover, human Treg cells from HDM-
sensitized children with asthma have suppressive function on
TH1 cells but fail to suppress allergen-specific TH2 cytokine
expression and amplify TH2 cytokines in response to IL-33.66
orted ST21 and ST2– Treg cells (each from 2 biologic

ice. D, Volcano plot comparing gene expression in

ps showing differential expression of genes related

and peripheral regulatory Treg (pTreg) cells (right).
us ST2– Treg cells and VAT Treg cells versus pTreg

t in biologic process in ST21 Treg cells.
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FIG 4. Bcl6 inhibits and Blimp1 promotes ST2 expression in Treg cells. Splenic Treg cells from WT and

Bcl6fl/fl Foxp3-cre mice were sorted and stimulated with anti-CD3, anti-CD28, and IL-2 with or without IL-33

(10 ng/mL) for 3 days. Representative dot plots (A) and average percentage (B) of ST21 Treg cells. C and D,

Quantitative PCR analysis of Il1rl1 and transcription factor gene expression. E, WT and Bcl6fl/fl Foxp3-cre

mice were challenged intranasally with 0.5 mg of IL-33 for 3 consecutive days. Average percentage of

ST21 Treg cells in lung. F-H, Splenic Treg cells fromWT and Prdm1fl/fl Foxp3-cre mice were sorted and stim-

ulated with anti-CD3, anti-CD28, and IL-2 with or without IL-33 (10 ng/mL) for 3 days. Representative dot

plots (F) and average percentages (G) of ST21 Treg cells. H, Quantitative PCR analysis of Il1rl1. I, WT and

Prdm1fl/fl Foxp3-cre mice were HDM-challenged as in Fig 1. Average percentage of ST21 Treg cells in

lung. C, D, and H, Gene expression was normalized to b2m expression. A Student unpaired 2-tailed t test
was used to generate P values. *P < .05; **P < .01; ***P < .001; ****P < .0001. Data are means 6 SEMs

for 3 to 5 mice per group and representative of 2 independent experiments.
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FIG 5. ST21 Treg cells promote airway inflammation. ST21 Treg cells and Tconv cells were sorted from the

lungs of HDM-challenged WT or Bcl6fl/fl Foxp3-cre and adoptively transferred to recipient mice. Following

transfer, mice were challenged 3 times with HDM. A, Schematic adoptive transfer experiment. B, Total

BAL cells. C and D, Total lung cells, neutrophils, and eosinophils (C) and total CD41 T cells (D) in lung. E,

Percentage of donor CD41 T cells, ST21 Treg cells, and ST21 Tconv cells in lungs of recipient mice. F,

ST21 and ST2– Treg cells in lungs of HDM-challengedWT or Bcl6fl/fl Foxp3-cre mice were sorted on the basis

of expression of CD4, Foxp3-YFP, and ST2. Gene expression was measured by using quantitative PCR and

normalized to b2m expression. B,A Student unpaired 2-tailed t test was used to compareWT PBSwith other

groups. C-E, One-way ANOVA with a post hoc Tukey test was used to generate P values for multiple com-

parisons. ***P < .001; ****P < .0001. Data are means 6 SEMs for 6 mice per group pooled from separate

analyses. F, A Student unpaired 2-tailed t test was used to generate P values. *P < 0.05; **P < .01; ***P <

.001; ****P < .0001.
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FIG 6. ST2 deficiency compensates for the lack of Bcl6 in Treg cells during allergic airway inflammation.

WT, Bcl6fl/fl Foxp3-cre, Il1rl1–/–, and Il1rl1–/– Bcl6fl/fl Foxp3-cre mice were challenged as in Fig 1. A, Flow cy-

tometric analysis of Tfr cells, Tfh cells, and GC B cells in mLNs. B, Concentration of HDM-specific IgE and

IgG1 and total IgE in the serummeasured by ELISA. Number of total BAL cells and eosinophils (C), lung cells

(D), percentage of IL-13–producing CD41 T cells (E), and GATA3-expressing Tconv cells (F) in lung tissues.

G,GATA3-expressing Treg cells in lung. Lung cells were restimulated with phorbol 12–myristate 13–acetate

(PMA)/ionomycin for 5 hours to measure cytokine production by using intracellular staining. Cells for flow

cytometric analysis were gated for lymphocyte size and granularity and for the expression of CD4. Data are

means 6 SEMs for 8 to 10 mice per group and representative of 3 independent experiments. The Student

unpaired 2-tailed t test was used to generate P values. *P < .05; **P < .01; ***P < .001; ****P < .0001.
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However, the mechanisms controlling ST21 Treg–cell develop-
ment are still not fully defined.

In the RNA-seq analysis we identified a transcriptional
signature associated with the ST21 Treg cells in allergic lung
inflammation. There is an enrichment of genes associated with
type 2 immunity in the ST21Treg–cell population, whereas genes
associated with type 1 and type 17 immunity are enhanced in the
ST2– Treg cells. There is remarkable overlap between the tran-
scriptional signature in the allergic ST21 Treg cells and the
VAT ST21 Treg cells. Whereas VAT ST21 Treg cells maintain



FIG 7. Schematic diagram to describe the roles of Bcl6 in the regulation of IL-33–mediated ST21 Treg–cell

development exacerbating allergic airway inflammation.
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insulin sensitivity through control of inflammation in adipose tis-
sue,67 ST21 Treg cells in lung promote allergic airway inflamma-
tion.39 The function of VAT ST21 Treg cells might be to promote
modest type 2 inflammation, but we have not examined whether
this might be amplified in the Bcl6 fl/fl Foxp3-Cre mice. Whether
ST21 Treg cells control cellular metabolism in the lung also re-
mains to be tested. The development and accumulation of VAT
Treg cells depend on PPAR-g, which is regulated by the IL-33/
ST2 pathway and mediated by IRF4 and BATF expression.46

The IL-33/ST2 pathway subsequently activates GATA3, leading
to expansion of ST21 Treg cells and expression of TH2 cyto-
kines.40,41 However, naive Il33-deficient mice develop ST21

Treg cells,41 suggesting that there are unidentified signaling path-
ways for ST21 Treg–cell development. In this study, we defined
Blimp1 as a key player for ST21 Treg–cell development. ST2
is preferentially expressed in Blimp11 Treg cells,46 and we
confirmed preferential expression of Blimp1 in ST21 Treg cells.
Blimp1 deficiency impairs ST21 Treg–cell development in vitro
and in vivo. Although there is a decreased number of ST21

Treg cells in Prdm1fl/fl Foxp3-Cre mice, these mice have airway
inflammation to comparable to that ofWTmice (data not shown).
This observation could be due to several factors, including
Blimp1 playing a critical role in the functions of Treg cells68

and the fact that TH2 cytokine production is already very low in
WT Treg cells and cannot be lowered further by the absence of
Blimp1. Blimp1 is a well-known repressor of Bcl6 transcription,
and increased Bcl6 expression in Blimp1-deficient Treg cells
likely contributes to the decreased development of ST21 Treg
cells from Blimp1-deficient Treg cells. Bcl6 negatively regulates
a subset of genes associated with the ST21 Treg cell subset,
including Prdm1 and Il1rl1, both of which contribute to the
ST21 Treg–cell phenotype. Thus, Bcl6 and Blimp1 are reciprocal
regulators of Treg-cell fate, similar to their reciprocal regulation
of TH-cell and B-cell differentiation.
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The functions of Bcl6 in regulating type 2 responses are
complex. One of the first observations in Bcl6–/– mice was an in-
crease in TH2 responses.19,20 However, this occurs through Bcl6
function in a number of cell types. One potential mechanism is
through the repression of GATA3, which has been observed in
conventional and Treg cells.22,69 In our studies using mice that
lacked Bcl6 specifically in Foxp3-expressing cells, we did not
observe differences in GATA3 and ST2 expression in the ST21

Treg–cell population. Rather, we observed expansion of the
ST21 Treg–cell population. Moreover, adoptively transferred
Bcl6-deficient ST21 Treg cells induced airway inflammation in
recipient mice after limited challenges, whereas ST21 Bcl6-
deficient Tconv cells or either subset of WT ST21 T cells did
not. These data suggest that Bcl6 is important for the suppressive
function of ST21 Treg cells, and this study provides a first step to
defining the mechanism. As deletion of ST2 normalized the
increased TH2 inflammation observed in the Bcl6fl/fl Foxp3-Cre
mice, it suggests that the IL-33/ST2 pathway represents a major
Bcl6 target that contributes to the control of allergic
inflammation.

The effects of ST2 deficiency can vary with the model
examined. In our study, ST2 deficiency did not alter overall
inflammation or TH2 cells compared with that in control mice. In
the Ova/Alum model, ST2-deficient mice developed attenuated
airway inflammation that was linked to impaired DC activation.70

In the HDM model, ST2-deficient mice showed varying pheno-
types depending on the dose of HDM, sensitization protocol,
and analysis time point after last challenge. In a chronic HDM
model, reduced airway remodeling, airway hyperresponsiveness,
and airway inflammation were observed in ST2-deficient mice.71

However, in another HDM model, TSLP and IL-25 compensate
for the loss of ST2 and diminished TH2 cells by expanding
ILC2.72,73 Thus, the effects of IL-33 signaling are sensitive to
the context of the response. Regardless, the lack of a phenotype
of ST2 deficiency in our studies allowed us to examine the effects
in the context of cell-specific Bcl6 deficiency. ST2 deficiency in
our studies resulted in decreased GC responses. This could be
linked to the effects of ST2 deficiency on DC function70,74 rather
than to an intrinsic effect in Tfr cells.

Our studies further define the complex roles of Tfr cells in
regulating antibody responses, particularly IgE. Tfr-cell defi-
ciency did not alter influenza-specific IgG production in an
influenza infection model.59,62 However, Tfr cells suppress
antigen-specific B-cell function in several models.8-10 In our
HDM-induced airway inflammation model, Treg-cell–specific
Bcl6-deficient mice (Bcl6fl/fl Foxp3-cre) similarly had reduced
Tfr-cell numbers but produced higher concentrations of HDM-
specific IgE and total IgE than did WT mice while producing
comparable concentrations of HDM-specific IgG1. These data
suggest that Tfr cells function as a repressor of IgE production.
A recent report based on a study using an approach to delete
Foxp3- and Cxcr5-expressing cells suggested that Tfr cells also
limit allergic inflammation.63 This raises another important
aspect of these 2 models in comparing the deletion of Tfr cells
versus the loss of Tfr-cell and other Treg-cell functions by genetic
deletion of Bcl6. Importantly, the effects of Bcl6 in the Tfr-cell
and Treg-cell compartments are distinguished by the effects of
ST2 deficiency, as Tfr cells are ST2–. Comparing these and other
models will be required to refine the distinct function of Tfr cells
and ST21 Treg cells.
In this article we have defined specific functions for Bcl6 in the
Foxp3-expressing CD41 T-cell subset (Fig 7). In the context of
HDM-induced allergic airway inflammation, Bcl6 is required
for Tfr cells to develop and repress IgE production. In Treg cells,
Bcl6 represses ST2,Gata3, andBlimp1, and in the absence ofBcl6
there is an expansion of the ST21 Treg–cell population, increased
TH2 cell development, and increased allergic airway inflamma-
tion. Importantly, codeficiency of ST2 and Bcl6 distinguishes
these 2 activities ofBcl6 in Foxp3-expressing cells by normalizing
the airway inflammation without having an effect on the produc-
tion of IgE. The presence of the KLRG11 Treg–cell population
in the ST2-deficient mice suggests that the impact is specifically
from IL-33 signaling rather than from a loss of the entire popula-
tion. Each of these functions will be important to understand the
detailed mechanisms of allergic airway inflammation.

Key messages

d Tfr cells limit IgE production in mice challenged by
airway allergen.

d Bcl6 and Blimp1 reciprocally regulate ST21 Treg-cell
development.

d ST21 Treg cells promote allergic airway inflammation.
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FIG E1. Tfr-cell deficiency results in exacerbated airway inflammation. Mice were sensitized and challenged

with HDM as in Fig 1. A, Representative dot plot (left) and average percentage (right) of Foxp31 Treg cells in

CD41 T cells in mLNs. Percentage of IL-4–, IL-13–, or IL-17–producing CD41 T cells in BAL (B) and lung (C). D,

Numbers of IL-10–producing CD41 T cells in BAL and lung. E, Representative dot plots of IL-4– or IL-13–pro-

ducing CD41 T cells. Data are means6 SEMs for 8 to 10mice per group and representative of 3 independent

experiments. A Student unpaired 2-tailed t test was used to generate P values. **P < .01; ***P < .001; ****P <

.0001.
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FIG E2. Bcl6 deficiency in Treg cells leads to increased ST21 Treg–cell development. Mice were sensitized

and challenged with HDM as in Fig 1 (A-C and E-H). A, Average percentage of GATA3-positive cells in ST21

or ST2– Treg cells in lungs andmLNs of WTmice. B and C, Activation status, CD44high and CD62Llow, of Treg
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cells in mLNs and lungs. Representative dot plots (B) and average percentage (C) of activated Treg cells. D,

Percentages ST21 Treg cells and ST21 Tconv cells in lungs ormLNs of naiveWT and Bcl6fl/fl Foxp3-Cremice.

Representative dot plots (E) and average percentage (F) of BCL6-expressing Treg cells in ST21 or ST2– Treg

cells in lungs and mLNs of WT mice. G, ST21 Treg cells and ST21 Tconv cells in mesenteric lymph nodes

(mesLNs). H, Percentage of Helios-positive Treg cells in lungs and mLNs. A-H, Data are means6 SEMs for 4

to 6mice per group and representative of 2 independent experiments. A Student unpaired 2-tailed t test was

used to generate P values. **P < .01; ***P < .001; ****P < .0001.
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FIG E3. ST21Foxp31 Treg cells are present in multiple strains of mice. Mice were sensitized and challenged

to HDM as in Fig 1. Flow cytometric analysis of ST21 Treg cells and ST21 Tconv cells in the lungs (A) and

mLNs (B) of naive and HDM-challenged BALB/cJ and C57BL/6 mice. C, Increase in cellularity between naive

and HDM-challenged mice represented as fold change for each strain tested. A Student unpaired 2-tailed t
test was used to generate P values. **P < .01.
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FIG E4. Proinflammatory transcriptional profile of ST21 Treg cells in allergic airway inflammation.A, Repre-

sentative dot plot (left) and percentage (right) of intracellular staining of TH2 cytokines in ST21 or ST2– Treg

cells. B-D, ST21 and ST2– Foxp3/YFP1 Treg cells were sorted from the lungs of HDM-challenged WT mice.

Gene expression was measured by using quantitative PCR and normalized to b2m expression. A Student

unpaired 2-tailed t test was used to generate P values. *P < .05; **P < .01; ***P < .001; ****P < .0001.
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FIG E5. Bcl6 inhibits and Blimp1 promotes ST2 expression in Treg cells. A and B, Naive CD41 T cells were

isolated from spleen of WT and Bcl6fl/fl Foxp3-cre mice and stimulated with anti-CD3, anti-CD28, IL-2, and

TGF-b with or without IL-33 (1 or 10 ng/mL) for 3 days. Quantitative PCR (qPCR) analysis of Il1rl1 (A) and

Bcl6 expression (B). All gene expression was normalized to b2m expression. C, WT mice were challenged

with 0.5 mg of IL-33 intranasally for 3 consecutive days. ST21 or ST2– Treg cells were sorted from lung on the

basis of CD4, Foxp3-YFP, and ST2 expression. Transcription factor gene expression in ST21 or ST2– Treg
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cells measured by using qPCR and normalized to b2m expression. D, Splenic Treg cells from Il1rl1–/– and
Il1rl1–/–Bcl6fl/fl Foxp3-cre mice were sorted and stimulated with anti-CD3, anti-CD28, and IL-2 with or without

IL-33 (10 ng/mL) for 3 days. Il13, Il4, andGata3 expressionwasmeasured by using qPCR. E and F,WT splenic

Treg cells were sorted and stimulated with anti-CD3, anti-CD28, and IL-2 with or without IL-33 (10 ng/mL) for

3 days. On day 3, cells were harvested for ChIP analysis for H3K27ac at the Il1rl1 (E) and Prdm1 (F) gene loci.

G and H, Splenic Treg cells from WT C57BL/6 and BALB/cJ mice were sorted and stimulated with anti-CD3,

anti-CD28, and IL-2 with or without IL-33 (10 ng/mL) for 3 days. Representative dot plots (G) and average

percentage (H) of ST21 Treg cells. I-K, WT and Prdm1fl/fl Foxp3-cre mice were sensitized and challenged

to HDM as in Fig 1. I, Average percentages of BCL61 Treg cells in lung. Representative dot plots (J) and

average percentage (K) of Tfr cells in mLNs. Data are means 6 SEMs for 3 to 5 mice per group and repre-

sentative of 2 independent experiments. A Student unpaired 2-tailed t test was used to generate P values.

*P < .05; **P < .01; ****P < .0001.
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FIG E6. ST2 deficiency compensates for the lack of Bcl6 in Treg cells during allergic airway inflammation. A,

Flow cytometric analysis of ST21 Treg cells and Tconv cells in lungs and mLNs. B, Flow cytometric analysis

of ST2 and KLRG1 expression and total KLRG1-expressing Treg cells in lung (C). Data are means6 SEMs for

8 to 10 mice per group and representative of 3 independent experiments. A Student unpaired 2-tailed t test

was used to generate P values. *P < .05; **P < .01; ***P < .001; ****P < .0001.
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TABLE E1. Taqman probes for quantitative PCR

Gene Catalog No.

Areg Mm00437583_m1

b2m Mm00437762_m1

Bach2 Mm00464379_m1

Bcl6 Mm00477633_m1

Ccl3 Mm00441259_g1

Ccr7 Mm00432608_m1

Ccr8 Mm00843415_s1

Ctla4 Mm00486849_m1

Cxcr3 Mm00438259_m1

Foxp3 Mm00475165_m1

Gata3 Mm00484683_m1

Il10 Mm00439614_m1

Il13 Mm00434204_m1

Il1rl1 Mm00516117_m1

Il4 Mm00445259_m1

Il5 Mm00439646_m1

Klrg1 Mm00516879_m1

Lilrb4 Mm01614371_m1

Prdm1 Mm00476128_m1

Tnfrsf18 Mm00437136_m1
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TABLE E2. Fluorescent antibodies for flow cytometric analysis

Antigen/name Clone Fluorochrome Company Catalog No.

B220 RA3-6B2 PerCP-Cy5.5 BioLegend 103236

BCL-6 K112-91 BV421 BD Biosciences 563363

CD11b M1/70 PerCP-Cy5.5 eBioscience 45-0112-82

CD11c N418 PE-Cy7 eBioscience 25-0114-82

CD4 GK1.5 PerCP-Cy5.5 BioLegend 100434

APC-Cy7 BioLegend 552051

CD44 IM7 BV510 BD Biosciences 563114

CD62L MEL-14 APC BD Biosciences 553152

CXCR5 L138D7 PE-Cy7 BioLegend 145516

F4/80 BM8 FITC BioLegend 123108

FAS (CD95) SA367H8 PE BioLegend 152608

Foxp3 MF23 FITC BD Biosciences 560403

GATA3 L50-823 AF647 BD Biosciences 560068

GL7 GL7 APC BioLegend 144617

IFN-g XMG 1.2 PerCP-Cy5.5 eBioscience 45-7311-82

IL-10 JES5-16E3 FITC BioLegend 505006

IL-13 eBio13A PE eBioscience 12-7133-82

IL-17A eBio17B7 PE-Cy7 eBioscience 25-7177-82

IL-4 11B11 AF647 BioLegend 504110

KLRG1 2F1 BV510 BD Biosciences 740156

APC BD Biosciences 561620

Ly6G 1A8 APC BioLegend 127613

PD-1 29F.1A12 PerCP-Cy5.5 BioLegend 135208

SiglecF E50-2440 PE BD Biosciences 552126

ST2 U29-93 PE BD Biosciences 566309

Fixable Viability Dye eFluor 780 eBioscience 65-0865-14
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TABLE E3. Sequence of ChIP primers

Primer Forward (5’-3’) Reverse (5’-3’)

Il1rl1 enhancer GCCAACCACAACAGCAGATGGGGAAA ACTGAGATCCTGCCCTGGCTTCCCT

Il1rl1 promoter TGGCCTCCTTGGAAAGGCTTGGT AGTGCAGGAGGGGCATGGAGATGA

Prdm1 intron TGCTTTCTCGGTTTCAGTTGA GAGTGAGCTGCTTTGGAAGG

Prdm1 promoter CCAGTAGGCCTTTCATGGCT TGCTCAGGTTGAGAAAGCAGT
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