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cells constrain lung fibrosis induced

by CD103" tissue-resident pathogenic CD4 Tcells

Tomomi Ichikawa'?'?, Kiyoshi Hirahara3'?, Kota Kokubo''?, Masahiro Kiuchi', Ami Aoki',
Yuki Morimoto’, Jin Kumagai', Atsushi Onodera*, Naoko Mato®, Damon J. Tumes®5,

Yoshiyuki Goto”8, Koichi Hagiwara®, Yutaka Inagaki

Toshinori Nakayama®'"*

%, Tim Sparwasser'®, Kazuyuki Tobe? and

Tissue-resident memory T cells (T, cells) are crucial mediators of adaptive immunity in nonlymphoid tissues. However,
the functional heterogeneity and pathogenic roles of CD4+ Ty, cells that reside within chronic inflammatory lesions remain
unknown. We found that CD69"CD103"° CD4+ T,,, cells produced effector cytokines and promoted the inflammation and fibrotic
responses induced by chronic exposure to Aspergillus fumigatus. Simultaneously, immunosuppressive CD69"CD103"Foxp3+
CD4+ regulatory T cells were induced and constrained the ability of pathogenic CD103" T, cells to cause fibrosis. Thus, lung
tissue-resident CD4+ T cells play crucial roles in the pathology of chronic lung inflammation, and CD103 expression defines
pathogenic effector and immunosuppressive tissue-resident cell subpopulations in the inflamed lung.

mmunological memory is central to acquired immunity'.

Memory T cells direct rapid and efficient protection against pre-

viously encountered pathogens”. Several subsets of memory T cell
have been identified (that is, effector memory T cells (T, cells)
and central memory T cells (T, cells))’. Ty cells are abundant
in nonlymphoid tissues and express low levels of the chemokine
receptor CCR7 and CD62L, whereas Ty, cells express both CCR7
and CD62L°. Another subset of memory T cells—tissue-resident
memory T cells (Tyy cells)—have been defined and are charac-
terized by expression of the C-type lectin CD69 and the integrin
CD103 (refs. *7). Tyy cells preferentially localize in epithelial barrier
tissues and are required for protection at mucosal sites, such as the
respiratory tract, gastrointestinal tract, reproductive tract and skin,
in both mice and humans®"°.

Heterogeneity of effector T cell populations, including circulat-
ing memory T cells, has been well defined"'~'*. In the case of CD8*
Try cells, distinct populations of CD8* Ty, cells play important
roles in the pathology of T cell-mediated inflammatory diseases'>'°.
CD49a*CD8* Ty, cells are enriched in the skin of patients with vit-
iligo, whereas interleukin-17 (IL-17)-producing CD49a~CD8" Ty,
cells are frequently detected in patients with psoriasis'.

CD4* T cells in the lung aid the development of CD103"CD8*
Ty cells after influenza virus infection'”. In a mouse model of vag-
inal herpes simplex virus infection, CD4" Ty, cells in the genital
mucosa are required for full protection from herpes simplex virus'®.
Tissue regulatory T cells (T, cells) reside in nonlymphoid tissue and
contribute to the maintenance of host homeostasis'**'. Pathogenic
roles for memory CD4" T cells, which particularly memory-type
pathogenic T;2 cells that produce high levels of IL-5, have been
identified'***. Similar pathogenic T};2 cells producing high levels of

IL-5 have been reported in the skin of patients with atopic derma-
titis*’, as well as the peripheral blood of patients with eosinophilic
gastrointestinal and allergic diseases* . Amphiregulin-producing
fibrosis-inducing pathogenic Ty2 cells have been identified in
eosinophilic airway inflammation®’. However, the functional het-
erogeneity and pathogenic roles of CD4" Ty, cells that reside within
chronic inflammatory lesions remain unknown. Moreover, the
molecular mechanisms through which CD4* Ty, cells are gener-
ated are largely undefined.

Fungi are the most widespread microbes encountered by mam-
malian hosts®. Sensitization to fungi plays a major role in the
development, persistence and severity of lower airway diseases in
patients with asthma®. Sensitivity to Aspergillus fumigatus, which
is one of the most common environmental fungi, is associated with
an increased risk of adult-onset asthma®. The underlying cellular
and molecular mechanisms that control the chronic inflammation
induced by fungal infection are poorly understood.

Herein, we investigate the function of CD4" Ty, cells involved in
the pathogenesis of fibrotic responses during chronic lung inflam-
mation induced by repeated exposure to A. fumigatus. We found
that tissue-resident CD44"CD69" CD4* T cells had high expres-
sion of fibrosis-related genes, relative to circulating CD44" or
CD44MCD69" CD4* T cells. Moreover, low expression of CD103
defined pathogenic effector CD4+ Ty, cells, and high expression
of CD103 defined tissue-resident immunosuppressive T, cells that
possessed distinct transcriptional and epigenetic programs in the
inflamed lung. Among CD44"CD69" CD4* T cells, CD103" CD4*
Ty cells promoted the pathology of fibrotic responses in the lung
through the enhanced production of effector cytokines such as
IL-5 and IL-13. In contrast, CD103" tissue-resident T,, cells that
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expressed Foxp3 ameliorated fibrotic responses. Thus, functionally
distinct tissue-resident CD4* T cell populations regulate the pathol-
ogy of chronic inflammatory responses, including fungal-induced
fibrotic responses in the lung.

Results

Repeated exposure to Aspergillus antigen resulted in chronic lung
inflammation and lung fibrotic responses. Dysregulated inflam-
mation promotes fibrotic changes in various organs, including the
lung®. To investigate the immunological events that occur during
fibrotic changes in the lung, we developed an experimental model in
which mice were repeatedly exposed intranasally to Aspergillus anti-
gen for 7 weeks (Supplementary Fig. 1a). A histological analysis of
the lungs revealed massive infiltration of inflammatory cells around
the bronchi (Fig. la). Repeated antigen exposure also induced
fibrotic responses in the peri-bronchial region, as evidenced by
increased staining by Sirius Red, as well as increased collagen levels
in the lung compared with those in controls (Fig. 1b,c). The expres-
sion of the fibrotic signature gene collagen type 1 alpha 1 (Collal)
was enhanced in the lungs of mice with repeated exposure to fun-
gal antigen (Supplementary Fig. 1b). In addition, transgenic mice
containing the enhancer and promoter sequences of the Colla2
gene linked to green fluorescent protein (collagen 1a2-GFP mice)
showed increased GFP-positive cells that produced collagen in the
lung (Supplementary Fig. 1c). Effector cytokines—particularly IL-5
and IL-13—were substantially increased in the bronchoalveolar
lavage (BAL) fluid of mice repeatedly exposed to Aspergillus antigen
(Supplementary Fig. 1d), and were associated with the infiltration of
inflammatory cells, including eosinophils, neutrophils and lympho-
cytes, and enhanced airway hyper-responsiveness (Supplementary
Fig. le,f). Thus, repeated exposure to Aspergillus antigen resulted
in chronic lung inflammation accompanied by increased lung
fibrotic responses.

Increased numbers of CD4" T cells were detected in the lungs,
but not the spleen, of Aspergillus antigen-exposed mice, and
the lung CD4* T cells had increased proportions of cells with a
CD44"CD62L" phenotype, suggesting that memory-type CD4*
T cells may be involved in the induction of fibrotic responses
in this model of chronic lung inflammation (Supplementary
Fig. 1g-i). Moreover, in T cell-deficient FoxnI™ mice, the lung
inflammation and fibrotic responses were significantly ameliorated,
indicating that T cells play an important role in the lung pathology
(Supplementary Fig. 1j,k).

Repeated exposure to Aspergillus antigen induced CD69" CD4+
tissue-resident T cells in the inflamed lung. Repeated exposure
to the fungus antigen induced a subpopulation of CD44"CD62L"
CD4* T cells in the lungs that expressed high levels of CD69
(Fig. 1d). CD69 expression on CD44"CD62L° CD4* T cells
in the spleen was unchanged by fungal exposure in the lungs
(Supplementary Fig. 2a). To characterize the CD44"CD62L°CD69"
CD4* T cells in the lungs, we performed an unbiased flow cytometry
screening analysis. We identified 12 upregulated cell surface markers
and one downregulated cell surface marker (Supplementary Fig. 2b).
Among these molecules, CD103 (a ligand for E-cadherin) exhibited
a bimodal expression pattern, while the other cell surface molecules
did not (Fig. le and Supplementary Fig. 2c). CD44"CD62L"CD69"
CD4" T cells from the inflamed lung, but not the spleen, exhib-
ited increased numbers of CD103" T cells compared with controls
(Fig. 1f and Supplementary Fig. 2d-f). Since both CD69 and CD103
have recently been defined as markers for CD8* tissue Ty, cells’,
we analyzed whether the CD44"CD62L°CD69" CD4* T cells
were tissue resident. After repeated exposure to the Aspergillus
antigen for 7weeks, the mice were intravascularly injected with
CD4-PE antibody and sacrificed 3 min later to distinguish between
tissue-localized cells and blood-borne cells* (Supplementary

Fig. 2g,h). Exposure to the fungal antigen induced substantial
numbers of tissue-resident CD44" CD4* T cells in the inflamed
lung (Supplementary Fig. 2i), but not the spleen (Supplementary
Fig. 2j). In the control group, approximately 40% of the CD44"CD69"
CD4" T cells were protected from in vivo labeling of by the CD4
antibody, and more than 95% were protected in the Aspergillus anti-
gen-treated group (Fig. 1g,h and Supplementary Fig. 2k). In both
the control and Aspergillus antigen-treated groups, the majority of
CD44°CD69" CD4* T cells were circulating cells. Next, we analyzed
the flow cytometry data using t-distributed stochastic linear embed-
ding (t-SNE) plots—a dimensionality reduction method”. ¢-SNE
plots confirmed that almost all of the CD44"CD69" CD4* T cells
in the Aspergillus antigen-treated group were within the popula-
tion protected from intravascular labeling of CD4 (Supplementary
Fig. 21). Consistent with these results, histological analysis of the
inflamed lung exhibited massive infiltration of CD69" CD4* T cells,
as well as collagen deposition (Fig. 1i,j and Supplementary Fig. 2m).
Thus, repeated exposure to fungal antigen induced CD69" CD4*
tissue-resident T cells in the inflamed lung.

Tissue-resident CD69" CD4+ T cells expressed high levels of
fibrosis-related genes. To determine the characteristics of CD4*
T cells induced by fungal antigen stimulation, we isolated four sub-
populations of CD4* T cells (CD44%, CD44"CD69", CD44"CD69"™
CD103" and CD44"CD69MCD103" T cells) from the inflamed
lung and examined the global gene expression profile by RNA
sequencing (RNA-Seq; Fig. 2a and Supplementary Fig. 3a,b).
Principal component analysis revealed that each subpopulation of
CD4" T cells exhibited a distinct transcriptional profile (Fig. 2a,
bottom). In total, 27 and 56 genes were specifically expressed in
CD44MCD69"CD103" and CD44"CD69"CD103" T cells, respec-
tively (Supplementary Fig. 3c). Effector cytokines such as I117a, Ifng,
114, 1113 and II5 were upregulated in CD69"CD103" T cells but not
in CD69"CD103" T cells (Fig. 2b, left). The specifically upregulated
genes in CD69"CD103" T cells included Foxp3, Klrgl, Prdm1 and
Rorc, which indicated that CD69™CD103" T cells express genes char-
acteristic of T, cells">*"** (Fig. 2b, right). Pdcdl, Rora and a series
of chemokine receptors including Cxcr6, Ccr4, Ccr2, Cer5 and Ccr8
were upregulated in both CD69"CD103" and CD69"CD103" T cells
compared with CD44"° and CD44"CD69" T cells (Supplementary
Fig. 3d). Both CD44"CD69"CD103" and CD44"CD69MCD103M
T cells expressed significantly less SIprl than CD44"° and CD44"
CD69° T cells, and the low expression of SIprl is required for the
establishment of CD8" Ty, cells” (Supplementary Fig. 3e,f). Both
CD69"CD103" and CD69"CD103" T cells also exhibited down-
regulation of the chemokine receptor Ccr7, which is required for
T cell exit from peripheral tissues®® (Supplementary Fig. 3f). To
validate the differential transcriptomes between CD69"CD103%
and CD69"CD103" T cells, we performed a co-expression network
analysis using CD44"°, CD69"CD103" and CD69"CD103" T cells
using a previously published method” (Fig. 2c). Overlaying the
expression differences of the included genes revealed that one
cluster was defined by CD69"CD103" T cells, and the other was
defined by CD69"CD103" T cell-associated genes (Supplementary
Fig. 3g). Fibrosis-related genes were upregulated in both tis-
sue-resident CD44"CD69"CD103"° and CD44"CD69"CD103"
T cells compared with CD44"° or CD44"CD69" T cells (Fig. 2d-f,
Supplementary Fig. 3h and Supplementary Table 1) . Distinct sets of
upregulated genes were observed in the CD44"CD69"CD103" and
CD44MCD69"CD103" T cells. These results indicated that tissue-
resident CD69" CD4* T cells were distinct in the transcriptome
profile from circulating CD4* T cells.

Tissue-resident CD69"CD103" CD4* T cells exhibit enhanced
cytokine production. Approximately 12% of CD69™CD103"
T cells expressed GATA3 (the master regulator of T2 cells),
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Fig. 1| Repeated exposure to Aspergillus antigen induced tissue-resident CD4+ T cells in the inflamed lung. a, Representative histological sections of the
lungs from control BALB/c mice (left) and Aspergillus antigen-exposed BALB/c mice (Asp-Ag; right). Sections were stained with hematoxylin and eosin.
Ten mice per group were analyzed. b, Representative histological sections of the lungs from control and Asp-Ag mice. Sections were stained with Sirius
Red. Ten mice per group were analyzed. ¢, Quantification of collagen protein in the lungs from control (n=6) and Asp-Ag mice (n=11). Pooled findings
from two independent experiments are shown. d, Cell surface markers of CD44NMCD62L"° CD4* T cells in the lungs of control (blue lines) and Asp-Ag mice
(red), along with the isotype-matched control antibody (gray). Representative findings from two independent experiments are shown. e, Cell surface
markers on CD44"CD62L°CD69" CD4+ T cells in the lungs of control (blue lines) and Asp-Ag mice (red), along with the isotype-matched control
antibody (gray). f, Pooled data showing the proportion of CD103" T cells in CD44"CD62L'°CD69" CD4+ T cells from control (n=5) and Asp-Ag mice
(n=6). Representative findings from two independent experiments are shown. g, Representative plots of intravenous staining of anti-CD4 and anti-CD103
staining in CD44MCD69" CD4+ T cells (top) and CD44°CD69" CD4+ T cells (bottom) in the lungs of control and Asp-Ag mice. iv, intravenous injection.

h, Percentage of tissue-resident CD4* T cells in the CD44"CD69" CD4+ T cell population (red) and CD44°CD69" CD4+ T cell population (blue) from
control (open symbols; n=9) and Asp-Ag mice (filled symbols; n==8). i, Representative confocal micrograph images of the lung stained with anti-CD4
(red), anti-CD69 (green) and anti-type | collagen (blue) from Asp-Ag mice. Representative findings of three independent experiments are shown.

j, Absolute numbers of CD69"CD4+ T cells in the lungs of control and Asp-Ag mice (n=_8 mice per group). Data are presented as means+s.d. in

¢, f, handj. Pvalues were calculated by two-sided Mann-Whitney U-test in ¢, f, h and j.
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Fig. 2 | Tissue-resident CD69" T cells showed unique profibrotic features. a, Top: cell-sorting strategy for the four groups of CD4+ T cells in the lungs
of Asp-Ag mice. Bottom: principal component analysis plot of RNA-Seq data from four groups of CD4+ T cells (n=8). Duplicates of pooled samples are
shown. b, Heat maps of genes with a greater than eightfold change in expression unique to CD44"CD69"CD103" (left; n=27) or CD44"CD69"CD103"
T cells (right; n=56), compared with CD44"° T cells, based on the mean value of each duplicate. ¢, Visualization of the co-regulation network based on
the 487 genes selected using the criteria in the Methods. Red and blue nodes represent CD44"CD69"CD103" CD4+ T cell-specific genes (n=25) and
CD44"CD69"CD103" CD4+ T cell-specific genes (n=54), respectively, as determined in Supplementary Fig. 2¢c. Red and blue ellipses reveal specific
modules of CD44"CD69M"CD103" and CD44"CD69MCD103" CD4+ T cells, respectively. d, Network visualization of fibrosis-related Gene Ontology
terms (n=91). Dots indicate genes that were upregulated in CD44"CD69" (green), CD44"CD69"CD103" (red) and CD44"CD69MCD103" T cells
(blue), compared with CD44"° T cells. e, Heat map depicting fibrosis-related genes that were substantially upregulated among four groups of CD4+

T cells in the lungs of Asp-Ag mice. f, Numbers of genes encoding fibrosis-related factors in each pathway among four groups of CD4+ T cells in the
lungs of Asp-Ag mice.
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Fig. 3| CD69"CD103" CD4+ T cells were the effector cytokine producers in the inflamed lung. a, Representative intracellular staining profiles of

Foxp3, GATA3 and Roryt in CD69"CD103" CD4* T, cells (top) and CD69"CD103" CD4* T cells (bottom) in the lungs of Asp-Ag mice. More than

three independent experiments were performed, with similar results. b,c, Pooled data of intracellular staining profiles of Foxp3, GATA3 and Roryt in
CD69"CD103° CD4* T cells (b) and CD69"CD103" CD4* T, cells (c) in the lungs of Asp-Ag wild-type mice (n=16 samples stained with Foxp3 and
GATA3; n=11 samples stained with Foxp3 and Roryt). Data represent means +s.d. d, Representative intracellular staining profiles of IL-5, IL-4, IL-13, IFN-y
and IL-17 in CD69"CD103" CD4+ T, cells (top) and CD69"CD103" CD4+ T cells (bottom) in the lungs of Asp-Ag mice. More than three independent
experiments were performed, with similar results. e, Percentages of the indicated cytokines in CD69"CD103" CD4+ T cells (red) and CD69"CD103" CD4+
T, cells (blue) in the lungs of Asp-Ag mice. The findings of five pooled independent experiments are shown. Data represent means +s.d. Pvalues were
calculated by two-sided Mann-Whitney U-test.

and 12% expressed Roryt (the master regulator of Tyl17 cells) of T, cells) (0.9 and 5.2%, respectively). In contrast, between 60
(Fig. 3a,b and Supplementary Fig. 4a), with few cells co-express- and 80% of CD69"CD103" T cells expressed Foxp3, with approxi-
ing GATA3 or Roryt together with Foxp3 (the master regulator mately 50% of these co-expressing Roryt, and 10% co-expressing
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GATA3 (Fig. 3a,c and Supplementary Fig. 4b). On stimulation
with phorbol 12-myristate 13-acetate (PMA) and ionomycin for
4h, CD69M"CD103"° T cells exhibited significantly higher pro-
duction of effector cytokines, such as IL-4, IL-5, IL-13, IL-17A
and interferon-y (IFN-y), compared with CD69"CD103" T cells
(Fig. 3d,e and Supplementary Fig. 4c). These results indicate that
tissue-resident CD69"CD103" CD4* T cells produce effector cyto-
kines in the Aspergillus antigen-induced chronically inflamed lung.
Foxp3* T, cells suppress the pathology of chronic lung inflam-
mation. Next, we investigated the immunological function of
Foxp3* CD4" T cells during chronic lung inflammation. Foxp3°™®
mice, which express the diphtheria toxin receptor (DTR) under
the control of the Foxp3 gene locus, were repeatedly exposed
to Aspergillus antigen followed by intranasal administration of
Diphtheria toxin to deplete Foxp3" CD4* T cells (Supplementary
Fig. 5a). The intranasal administration of Diphtheria toxin resulted
in a significant decrease of Foxp3" CD4* T cells in the lung, but not
in the spleen (Supplementary Fig. 5b,c). As expected, the percentage
of CD69MCD103" T cells was significantly decreased as a result of
the deletion of Foxp3*™ CD4* T cells (Supplementary Fig. 5d). A co-
expression network analysis showed alterations in the gene expres-
sion of the remaining CD69"CD103" T cells from the lungs of
Aspergillus antigen-exposed Foxp3°™ mice after the administration
of Diphtheria toxin (Fig. 4a, right). The remaining CD69"CD103"
T cells showed increased expression of effector cytokine genes, such
as Il4, 115, 1113 and Ifng (Fig. 4a, boxes in right panel), accompanied
by an increase in the Foxp3"°GATA3" cell subpopulation (Fig. 4b
and Supplementary Fig. 5e) The administration of Diphtheria toxin
also resulted in a significant increase in CD103"Foxp3°GATA3M
T cells and a significant decrease in CD103"Foxp3"Roryt" T cells
(Supplementary Fig. 5f,g). CD69"CD103" T cells in Foxp3P™®
mice showed enhanced expression of IL-5 and IL-13 (Fig. 4c and
Supplementary Fig. 5h). A histological analysis of the lungs of
Foxp3P™ mice revealed a further increase in the infiltration of
inflammatory cells around the bronchi (Fig. 4d). The absolute
numbers of infiltrating inflammatory cells in BAL fluid were sig-
nificantly increased in Foxp3°™ mice compared with wild-type
mice (Fig. 4e). Foxp3P™ mice showed substantially higher levels of
fibrosis compared with those in control groups, as assessed by Sirius
Red staining and collagen levels (Fig. 4f,g). These results indicate
that Foxp3* T, cells suppress the pathology of Aspergillus antigen-
induced chronic inflammation in the lung. Moreover, we investi-
gated whether Foxp3*Roryt" T,, cells regulated the Aspergillus
antigen-induced lung inflammation in vivo (Supplementary
Fig. 5i,j). Rorc"Foxp3-cre mice showed similar numbers of infiltrat-
ing inflammatory cells in BAL fluid compared with those in Rorc"
T mice after the administration of Aspergillus antigen for 7 weeks
(Fig. 4h). These data indicate that Foxp3*Roryt* T, cells do not
contribute to the suppression of Aspergillus antigen-induced chronic
inflammation in the lung.

Global views of the chromatin landscapes in CD103" Ty, and
CD103" tissue-resident T, cells reveal their differential regu-
lomes. To assess whether the tissue-resident CD44"CD69" CD4*
T cells induced by chronic Aspergillus antigen exposure are CD4*
Ty cells, we performed parabiosis experiments using Thyl.1
and Thyl.2 mice that were subjected to a 7-week challenge with
Aspergillus antigen followed by a 7-week rest period to allow
memory T cell formation (Fig. 5a). Pairs of naive Thyl.1 mice and
allergen-challenged Thyl.2 mice with a 7-week rest period were
surgically joined, and the pairs of mice were analyzed 2 weeks later.
After intravenous staining with anti-CD4 antibody, we found that
congenically marked CD4" T cells were mixed, almost equivalently,
in the circulating CD4* T cells of both the naive and challenged
parabionts (Fig. 5b,c). In contrast, in the tissue-resident CD4*

T cells, the population of Thy1.2* cells in the lungs of the challenged
Thyl.2 parabionts was significantly larger than that in the naive
Thyl.1 parabionts. These parabiosis experiments using mice with
a 7-week rest period indicate that chronic Aspergillus antigen expo-
sure induced CD4* Ty, cells (Fig. 5b,c).

Analysis of chromatin accessibility can give detailed and highly
informative data about gene regulation and the functional state
of cells. We performed an assay to detect transposase-accessible
chromatin using sequencing (ATAC-Seq), using lung CD4* T cells
recovered from mice subjected to a 7-week Aspergillus antigen
challenge with a 7-week rest period (Fig. 6a and Supplementary
Fig. 6a). A gating strategy based on the expression of CD44, CD69
and CD103 was again used (see Fig. 2a, top). Principal component
analysis revealed that each subpopulation of CD4* T cells exhibited
a distinct regulome profile (Fig. 6b). Among a total of 26,449 acces-
sible regulatory elements from four subpopulations of CD4* T cells
in the lung, approximately 37% were common to all subpopulations,
whereas the majority (63%) of the regions were either unique to a
single subpopulation (CD69"CD103" T cell-specific region: 7.93%;
CD69MCD103" T cell-specific region: 11.00%) or shared by two
subpopulations of CD4* T cells (common region: 11.39%) (Fig. 6¢).
The enrichment of consensus transcription factor motifs showed
that specific transcription factors were differentially enriched
in each subpopulation of CD4* T cells (Supplementary Fig. 6b).
For example, Tcf7 and Lefl were enriched in CD44° T cells, and
Stat6 and GATA3 were enriched in CD44"CD69"CD103" T cells,
whereas Foxp3 was enriched in CD44"CD69"CD103" T cells.
More importantly, we found that the signature genes in each sub-
population were epigenetically regulated (Fig. 6d-f). For example,
the regulatory elements of effector cytokines such as II4, 1113 and
1117a, which were ranked in the top 10% (Fig. 6d, left), were prefer-
entially accessible in CD44"CD69"CD103" T cells (Supplementary
Fig. 6¢,d). In contrast, regulatory elements of Foxp3 and Itgae, which
were ranked in top 10% (Fig. 6e, left), were selectively accessible in
CD44MCD69"CD103" T cells (Supplementary Fig. 6e,f). The spe-
cific regulatory elements of fibrosis-related genes were highly acces-
sible in both CD44MCD69"CD103* and CD44“CD69"CD103"
CD4* T cells compared with CD44"° or CD44MCD69° CD4*
T cells (Fig. 6g and Supplementary Fig. 6g,h). More importantly,
the enriched pathways of the fibrosis-related genes revealed by
ATAC-Seq were similar to those identified by RNA-Seq analysis.
Thus, high-resolution profiling of chromatin landscapes by ATAC-
Seq identified subpopulation-specific regulatory elements near
genes that may specify the function of CD44"CD69"CD103" and
CD44MCD69"CD103" T cells.

Tissue-resident CD4* T cells in the lungs shape the inflamma-
tion accompanied by fibrotic responses. Next, we investigated the
pathophysiological roles of CD103" Ty, cells and CD103" tissue-
resident T, cells in vivo. Mice subjected to the 7-week Aspergillus
antigen challenge followed by a 7-week rest period were rechal-
lenged with a single dose of antigen, and the infiltration of inflam-
matory cells in BAL fluid was found to be increased compared with
that in mice without the antigen rechallenge in vivo (Fig. 7a and
Supplementary Fig. 7a). Increased infiltration of inflammatory cells
in the lung parenchyma, and enhanced collagen deposition around
the bronchi, were also observed 24 and 48h after rechallenge of
Aspergillus antigen (Supplementary Fig. 7b,c).

To prevent T cells from repositioning from secondary lymphoid
organs to the tissue, we administered FT'Y720 (ref. *) (Supplementary
Fig. 7d). As expected, FTY720 treatment resulted in a dramatic
decrease in CD4" T cells in the peripheral blood mononuclear cells
(Fig. 7b). FTY720 treatment followed by a single Aspergillus antigen
challenge induced a significant decrease of circulating CD4* T cells,
but not in tissue-resident CD4" T cells in the lungs (Fig. 7c). At the
same time, comparable numbers of inflammatory cells infiltrated in
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the BAL fluid, accompanied by fibrotic responses in the lungs of the
mice with FTY720 treatment (Fig. 7d,e). These results indicate that
lung inflammation induced by rechallenge of the Aspergillus antigen
was induced by CD4* Ty, cells.

Finally, we performed a set of experiments using the admin-
istration of FT'Y720 and a single challenge of Aspergillus antigen,
with or without intraperitoneal injection of anti-CD103 antibodies
(Supplementary Fig. 7e). The administration of anti-CD103 anti-
bodies resulted in a substantial depletion of CD44"CD69"CD103"
circulating CD4* T cells (Supplementary Fig. 7f,g). The adminis-
tration of a single dose of Aspergillus antigen to mice that received

anti-CD103 antibody treatment resulted in exacerbation of lung
inflammation, accompanied by increased inflammatory cell infil-
tration and fibrotic responses compared with mice treated with
control antibodies (Fig. 7f,g). Thus, the CD103" subpopulation of
CD44MCD69" CD4* T cells constrains lung inflammation and the
extent of fibrotic responses.

Discussion

We have demonstrated that repeated fungal exposure induced lung
inflammation and fibrotic responses, and the presence of two func-
tionally distinct CD4 Ty, populations in the lung. CD69"CD103"
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CD4* Ty, cells produced effector cytokines such as IL-5 and IL-13,  of CD103" CD8* Ty, cells'®, CD103" tissue-resident CD4* T cells
and were directly involved in the pathology of fungus-induced frequently expressed Foxp3, and depletion of Foxp3* CD4* T, cells

reg

fibrotic responses in the lung. In contrast with the reported functions ~ or CD103" CD4* T cells resulted in enhanced fibrotic responses in
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the lung. Moreover, we found that CD44"CD69"CD103" pathogenic
effector CD4* Ty, cells and CD44MCD69"CD103" tissue-resident
CD4* T,, cells are transcriptionally, epigenetically and function-
ally distinct. Thus, this study highlights novel tissue-resident CD4*
T cell populations in the chronically inflamed lung that play crucial
roles in the establishment of fibrotic responses in the lung.

In the current study, we identified that the lung tissue-resi-
dent CD44MCD69" CD4* T cells induced by repeated exposure
to fungal antigens consist of CD69"CD103" CD4* Ty, cells and
CD69"CD103" T, cells, both of which showed enhanced expres-
sion of fibrosis-related genes compared with circulating CD44"
naive or CD44"CD69° CD4* T cells. The fibrosis-related gene
signature appeared to be acquired during the differentiation into
tissue-resident CD4* T cells. Among the fibrosis-related genes
upregulated in tissue-resident CD44"CD69" CD4* T cells, signifi-
cant differences were observed between CD103* CD4* Ty, cells
and CD103" T, cells. The profibrotic cytokine genes II5 and I/13
were selectively expressed in CD69"CDI103" CD4* Ty, cells. In
contrast, CD69"CD103"Foxp3* T, cells expressed high levels of
Itgae and Foxp3 and constrained the fungal antigen-induced fibrotic
responses in the inflamed lung. Interestingly, both Itgae and Foxp3
are induced by the fibrosis-associated cytokine transforming growth
factor-p (TGF-f), indicating that they may act as a rheostat limiting
fibrotic responses. We identified CD69"CD103" CD4* Ty, cells as
a pathogenic cell population promoting massive lung inflammation
with fibrotic responses after repeated exposure to fungal antigens.
The CD69MCD103" CD4* Ty, cells exhibited unique genome-wide
transcriptomes and regulomes, with enhanced production of effec-
tor cytokines, including IL-4, IL-5, IL-13, IL-17A and IFN-y. It has
been reported that amphiregulin (encoded by Areg, and produced
from pathogenic T2 cells) plays a crucial role in fibrotic responses
in eosinophilic inflammation in the lung via the production of
osteopontin by eosinophils*. Amphiregulin produced from T,
cells is also reported to be important for tissue repair processes?*"*.
In the current study, we found that both CD69"CD103" CD4* Ty
and CD69"CD103" T,,, cells expressed high levels of Areg. Although
it is not known whether tissue repair processes occur in the current
experimental model of fungus-induced inflammation, a profibrotic
function of amphiregulin may play a distinct role. Importantly, the
fibrosis-related genes upregulated in CD69"CD103" T,,, cells were
distinct from those upregulated in CD69"CD103" Ty, cells. Blimp1
(encoded by Prdm1) is known to be crucial for both the appropri-
ate function of T,,, cells and stabilization of Foxp3 expression in
T, cells***'. We found high expression of both Foxp3 and Prdm1
in CD69"CD103" T,, cells, which indicates an immunosuppressive
role, rather than a profibrotic role, in the inflammatory tissue.

We demonstrated that repeated fungal antigen stimulation
induced CD69"CD103" CD4* T cells, a substantial proportion of
which were Foxp3"Roryt" cells. Surprisingly, Rorc deletion in Foxp3-
positive cells resulted in little impact on the extent of lung inflamma-
tion, which indicates that Foxp3"Roryt" T, cells might not have an
inhibitory function in the lung inflammation induced by repetitive
exposure to the Aspergillus antigen. In contrast, gut microbiota-
induced Foxp3"Roryt" T,, cells were reported to regulate type 2
immune responses in the intestine'**>. Although microbiota-induced
Foxp3"Roryt" CD4* T cells are maintained in the intestine under
normal steady-state conditions, lung CD69"CD103"Foxp3"Roryt"
T, cells were only detected after repeated exposure to fungal anti-
gens. Thus, these two populations appeared to be induced by distinct
mechanisms, and might have different functions in vivo, although
both populations express Roryt and Foxp3.

An important finding from the present study is that CD103
is a key molecule that can distinguish the function of lung CD4*
Ty cells. CD103 is well appreciated as a key molecule for the epi-
thelial localization of CD8" Ty, cells**’. The binding of CD103 to
E-cadherin increases T cell adherence to epithelial cells*, suggesting
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that CD103 may compartmentalize CD69"CD103" CD4* T cells
from CD69MCD103%* CD4* Ty, cells within the mucosal tissue in the
lung. In addition, the localization of CD69"CD103" CD4* T cells
adjacent to epithelial cells may confer the suppressive function of
CD69MCD103" CD4+ T cells, because epithelial cells are known to
be the main source of TGF-p in the lung®. At the same time, TGF-f
is known to be important for upregulation of CD103 expression and
repression of KIf2 expression®. Indeed, CD69"CD103" CD4* T cells
downregulated expression of KIf2. Interestingly, CD69"CD103"
CD4" T cells also had high expression of Kirgl, which encodes
KLRG]I, another binding partner of E-cadherin®. Thus, tissue-local-
ization in vivo may be closely related to the unique characteristics of
tissue-resident CD4* T cell subpopulations.

Patients with severe persistent asthma and allergic broncho-
pulmonary aspergillosis often show airway remodeling, structural
alterations of the airway wall (such as subepithelial thickening),
vascular changes and fibrosis*’~*’. High sensitivity to fungi—espe-
cially to Aspergillus—increases the risk of adult-onset asthma®™.
Our findings indicate that CD4" Ty, cells could be potential thera-
peutic targets for patients with chronic fungal inflammation and
fibrotic responses.

In summary, we identified pathogenic and immunosuppressive
tissue-resident CD4* T cell subpopulations (CD69"CD103" CD4*
Tgy cells and CD69"CD103"Foxp3* CD4* T, cells, respectively)
in the chronically inflamed lung with fibrotic responses. We have
highlighted the epigenetically regulated functional dichotomy
of the tissue-resident CD4* T cell subpopulations that govern
the pathophysiology of the fungus-induced fibrotic responses.
Understanding cellular and molecular mechanisms through which
distinct tissue-resident CD4* T cells are generated will be essential
for the development of new therapeutic strategies for intractable
inflammation-associated fibrotic diseases.
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Methods

Mice. The animals used in this study were backcrossed to C57BL/6] or BALB/
cAJcl mice more than ten times. Collagen 1a2-GFP transgenic mice (C57BL/6]
background) have been reported previously™. ‘Depletion of regulatory T cell
(DEREG) mice (BALB/cAJcl background) were provided by T. Sparwasser
(Johannes Gutenberg University). Foxp3-YFP-IRES-Cre mice (C57BL/6]
background) were provided by A. Y. Rudensky (Memorial Sloan Kettering Cancer
Center)”'. All mice were used at 6-8 weeks of age and were maintained under
specific-pathogen-free conditions. BALB/cAJcl, BALB/c Foxnl™ and C57BL/6]
mice were purchased from CLEA Japan. Rorc" mice (C57BL/6] background)
were purchased from The Jackson Laboratory. All of the Rorc" and Foxp3-
YFP-IRES-Cre mice used in this study were male. The DREG mice used in this
study were both male and female. All other mice used in this study were female.
Same-sex littermates were randomly assigned to experimental groups. The research
proposals were reviewed by the ethics committee for animals at Chiba University
(registration numbers 29-98 and 29-99).

Induction of chronic lung inflammation by repeated intranasal administration
of Aspergillus antigen. A. fumigatus antigen (Greer) was administered intranasally
for 7 weeks in a modified protocol based on the protocol described by Kerzerho

et al.”. For the first 3 weeks, 50 pg of antigen was administered once a week. For
the following 4 weeks, 20 pg of antigen was administered twice a week. In some
experiments, mice were analyzed 7 weeks after the last antigen administration.
Assays were performed 24 h after the last antigen administration.

Histology and immunofluorescence. Pathological changes were evaluated by
hematoxylin and eosin, periodic acid-Schiff, Sirius Red and immunofluorescence
staining, as previously described*>**. Cryostat sections of the lungs were stained
and mounted with Fluorescent Mounting Medium (DakoCytomation). All
immunofluorescence and histological analyses were carried out with a confocal
laser microscope (LSM710; Carl Zeiss). Anti-CD4 (RM4-5; 552775; BD), anti-
CD3e (2C11; 12-0031-82; eBioscience), anti-CD69 (AF2386; R&D Systems)

and anti-type 1 collagen (LB-1102; LSL-LB-1102; LSL) were used for staining

lung samples.

Isolation of CD4* T cells from the lung. After euthanasia, mice were perfused
with 5ml cold phosphate buffered saline (PBS) solution through the left and right
ventricle, respectively. Lungs were dissociated in a C tube (Miltenyi Biotec) in
digestion buffer (RPMI 1640 supplemented with collagenase type III (200 U ml™";
Worthington) and DNase I (200 pg ml~'; Sigma-Aldrich)) using a gentleMACS
tissue dissociator (Miltenyi Biotec). After 30 min at 37 °C, samples were treated
with final gentleMACS dissociation. Cell suspensions were passed through a
70-pum cell strainer (Greiner Bio-One). Lung mononuclear cells were separated
using by Percoll solution (GE Healthcare).

Ex vivo analysis of CD4* T cells from the inflamed lung. Anti-CD3e (145-2C11;
553061; BD), anti-CD4 (RM4-5; 552775; BD), anti-CD8a (53-6.7; 100725;
BioLegend), anti-CD44 (IM7; 103020; Biolegend), anti-CD62L (MEL-14;
553150, 553152 and 560514; BD), anti-TCR (H57-597; 553174; BD), anti-CD69
(H1.2F3; 561932 and 560689; BD), anti-CD103 (2E7; 121421; BioLegend; and
M290; 557494 and 557495; BD), anti-CD25 (PC61; 553866 and 561048; BD),
anti-CD122 (IL-2Rp; TM-Beta 1; 553362 and 564762; BD), anti-CD127 (IL7Ra;
SB/199; 552543 and 564175; BD), anti-CD30L (RM153; 559232; BD), anti-I-COS
(7E.17G9; 552146; BD), anti-CD200 (OX-90; 565543; BD), anti-PSGL-1 (2PH1;
555306; BD), anti-CD11a (2D7; 553121; BD), anti-CD180 (RP/14; 117706;
BioLegend), anti-LAG3 (C9B7W; 552380; BD), anti-IL10Ra (2B11/CXCR4;
551966; BD), anti-CCR7 (4B12; 560682; BD), anti-RANK-L (IK22-5; 560295;
BD), anti-CD309 (Avas12; 136403; BioLegend), anti-NKG2D (CX5; 558403;
BD), anti-Thyl.2 (30-H12; 105312; BioLegend), anti-Thy1.1 (OX-7; 202504;
BioLegend), anti-GATA3 (L50-823; 560074 and 560163; BD), anti-Foxp3 (MF23;
560408 and 560401; BD) and anti-Roryt (Q31-378; 562607 and 562894; BD) were
used to stain the samples.

For unbiased fluorescence-activated cell sorting (FACS) screening, CD4*
T cells isolated from the lung were stained with antibodies against markers (Mouse
Cell Surface Marker Screening Panel; BD) or corresponding isotype-matched
antibodies. A FACS Verse or FACS Canto 1l was used for the multi-parameter
analysis, and data were analyzed using the FlowJo software program (Tree Star).

Intravenous staining of CD4* T cells localized in the vasculature of the lung.
Intravenous staining of CD4* T cells was carried out as previously described*. For
intravascular cell staining of CD4* cells, mice were intravenously injected with

0.5 pg anti-CD4 antibody (RM4-4; 116006 and 116004; BioLegend) diluted in

100 pl PBS, 3 min before sampling.

Depletion of Foxp3* T cells by intranasal administration of Diphtheria toxin.
For the depletion of Foxp3™ cells, Foxp3-DTR transgenic or wild-type mice were
treated with the intranasal administration of 100 ng Diphtheria toxin (Sigma—
Aldrich) in 30 pl PBS, 1h before the administration of Aspergillus antigen during
the last 3 weeks of antigen administration.
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Flow cytometry for the analysis of cytokine production. CD4* T cells isolated
from the lung were stimulated with phorbol 12-myristate 13-acetate (50 ngml-")
and ionomycin (500ngml™) for 4h in the presence of monensin (2 pM). Anti-IL-4
(11B11; 554436 and 562915; BD), anti-IL-5 (TRFKS5; 554396; BD; and 504304;
BioLegend), anti-IL-13 (eBiol3A; 12-7133-41 and 53-7133-82; eBioscience), anti-
IL-17 (TC11-18H10.1; 559502 and 563354; BD; and 506910; BioLegend) and anti-
IFNy (XMG1.2; 554411 and 554412; BD; and 17-7311-81; eBioscience) were used
for intracellular staining of mouse samples.

t-SNE analysis. t-SNE analysis was performed using the FlowJo software program
(version 10.2; FlowJo).

Quantitative real-time PCR. Total RNA isolation, complementary DNA synthesis
and quantitative real-time PCR were described previously*. Primers and Roche
Universal probes were purchased from Sigma-Aldrich and Roche, respectively. The
gene expression was normalized with the B-actin messenger RNA signals.

RNA-Seq. RNA-Seq was carried out as previously described”. Total cellular RNA
was extracted with TRIzol reagent (Invitrogen). For complementary DNA library
construction, we used a SMARTer Stranded Total RNA-Seq Kit v2-Pico Input
Mammalian (Clontech) according to the manufacturer’s protocol. Sequencing of
library fragments was performed on the HiSeq 1500 System. For the data analysis,
read sequences (50 base pairs) were aligned to the mm10 mouse reference genome
(University of California, Santa Cruz; December 2011) using Bowtie 2 (version
2.0.0) and TopHat (version 1.3.2). The fragments per kilobase of exon per million
mapped reads for each gene were calculated using Cufflinks (version 2.0.2).

Analysis and graphic display of RNA-Seq data. A total of 9,085 genes for which

the maximum fragments per kilobase of exon per million mapped reads value in all
samples was >1.0 were subjected to further analyses. A principal component analysis
was performed using R (https://www.r-project.org/). Clustering was performed using
APCluster (an R Package for Affinity Propagation Clustering). The transcriptional
signatures of CD44"CD69", CD44"CD69"CD103" and CD44"CD69"CD103" CD4*
T cells were defined with genes for which the expression was eightfold higher or
fourfold lower than that in CD44°CD69° CD4* T cells.

For the visualization of the co-regulation network, the 500 genes in the CD44"
CD4+ T cell groups that showed the greatest variation compared with the naive
(CD44"°CD69"°) CD4* T cell group were subjected to further analyses. The first-
neighbor genes were determined using the following two criteria: (1) a correlation
of >0.8; and (2) a ratio of norm of 0.8-1.25. The network graph of 483 genes was
visualized using Cytoscape (http://www.cytoscape.org/).

The genes specifically upregulated in CD44"CD69"°, CD44"CD69"CD103" or
CD44"CD69"CD103" CD4* T cells were determined as fibrosis-related genes when
they were included in the gene lists of the indicated Gene Ontology terms. The first-
neighbor Gene Ontology terms were determined using the following criterion: a
Simpson coefficient of >0.2. Node connections were determined based on the overlap
of related to elemental gene products among the Gene Ontology terms. The network
graph of 483 genes and Gene Ontology terms was visualized using Cytoscape.

ATAC-Seq. ATAC-Seq was carried out as previously described, with minor
modification’*. Some 50,000 cells were pelleted and washed with 50 pl 1x PBS,
followed by treatment with 50 pl lysis buffer. The nuclei were re-suspended in a
40-pl transposition reaction with 2 pl Tn5 transposase (15027865 and 15027866;
Tllumina) to tag and fragmentize the accessible chromatin. The reaction was
incubated at 37 °C with shaking at 300 r.p.m. for 30 min. The fragmentized DNA
was purified using a QIAGEN MinElute kit and amplified with 11 or 12 PCR
cycles, based on the amplification curve. The libraries were sequenced for 50 cycles
(paired-end reads) on a HiSeq 1500.

Analysis of ATAC-Seq data. The ATAC-Seq data were mapped to the mouse
genome build NCBI37/mm9 using the Bowtie (version 2.4.2.6; http://bowtie-bio.
sourceforge.net/index.shtml) and HOMER tag directories, which were created

by the HOMER platform® (makeTagDirectory). Reproducible ATAC peaks were
annotated to the closest gene or transcriptional start site with proximity-based
annotation using HOMER annotatePeaks.pl (mm9 genome build)®. BigWig files
were generated from the aligned SAM or BED file formats using SAMtools®',
BEDTools* and the University of California, Santa Cruz genomeGoverageBed
and bedGraphToBigWig, and normalized to 1 million reads. Only regions called
in both replicates were used in the downstream analysis. Peak intensities (‘tags’
column) were normalized as tags per 10 million reads in the original library.

A downstream analysis and heat map generation were performed. The Integrative
Genomics Viewer software program (https://software.broadinstitute.org/software/
igv/) was used for the visualization of BiGWig files. A motif enrichment analysis
was performed with the findMotifsGenome.pl command in the HOMER package
using a 200-base pair window.

Measurement of the collagen level in the lung tissue. Quantification of
the collagen level of the left lung was performed using a Sircol collagen
assay (Biocolor).
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Airway hyper-responsiveness. The airway function was assessed by measuring the
changes in lung resistance in response to increasing doses of inhaled methacholine,
as described previously™.

Parabiosis. Mice were anesthetized, and the corresponding lateral aspects were
shaved. These aspects were then incised from the hip to behind the ear, and
sutured together with a surgical needle (91-2124; Sansyo) and suture thread
(DEBB0404; Akiyama-Seisakusyo).

FTY720 treatment. From 10d to 1d before the assay, 25 pug FTY720 (10006292;
Cayman) dissolved in 200 pl saline was administered intraperitoneally to each
mouse once a day.

Anti-CD103 antibody treatment. At 8, 6, 4 and 2 d before the assay, 100 ug
InVivoMAD anti-mouse CD103 (M290; BE0026; Bio X Cell) was administered
intraperitoneally to each mouse once a day.

Statistical analysis. Data were analyzed with the GraphPad Prism software
program (version 6). Comparisons were performed using the Mann-Whitney
U-test (two tailed), an unpaired t-test, one-way analysis of variance (ANOVA) with
Tukey’s multiple comparisons test, or two-way ANOVA with Bonferroni’s multiple
comparisons test. P<0.05 was considered to indicate statistical significance.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request. The RNA-Seq and ATAC-Seq data
reported in this paper are available under Gene Expression Omnibus accession
number GSE133399.

Code availability
The code that supports the findings of this study is available from the
corresponding author upon reasonable request.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

0005
X

X

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

O O OK
X [

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X
OO

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection A FACS Verse (BD), FACSCantoll (BD), and FACSArialll (BD) were used for flow cytometry data collection. ZEISS LSM710 and KEYENCE BZ-
X710 were used for acquisition of microscopy data. ABI StepONEPlus was used for quantitative real-time PCR.

Data analysis Flowjo10.5.3 or 10.2 was used for flow cytometry analysis. Prism v6 or v7.0d(GraphPad) was used for statistical analysis. illumina's
bclfastq v2.19, bowtie2(v2.3.4.3 ,v2.0.0 or v2.4.2.6), Samtools v1.3, Bamtools v2.5.1, tophat(v2 or v1.3.2), Cufflinks(v2.2.0 or v2.0.2),
MACS2 v2.1.2, deepTools v3.1, Homer v4.10 and R v3.6.0 were used for RNA-sequenceing and ATAC-sequenceing analysis. R v3.6.0, julia
v1.1.1 and Cytoscape v3.7.1 were used for network analysis. ImageJ) v1.8.0_172 was used for microscopic analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

RNA-seq and ATAC-seq dataset were deposited in the Gene Expression Omnibus(GEO) with the accession number GSE133399. The remaining data that support the
findings of this study are available from the corresponding authors upon request. Materials will be provided with material transfer agreements in place as
appropriate.
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Data exclusions  No data were excluded from the analysis.

Replication Biological replicates were used for the confirmation of the reproducibility of the study. All experiments were performed independently more
than 2 times, and all results described in the study could be reproduced. When representative results were shown, the experimental results
were reproduced independently with similar results. The reproducibility of bulk RNA-seq results were evaluated in supplementary figure 3a
and 3b.All replicates in bulk RNA-seq and ATAC-seq experiments were collected from different cohorts of mice in separate experiments.

Randomization  Age- and sex-matched mice were used in experiments to control the covariates. Rorcfl/fl mice and Rorcfl/fl Foxp3-cre mice were littermates.

Blinding Before the assay, one of our lab members, who was not going to join the assay, numbered the mice. The analyst performed the experiments
with the notion about only the identification number of each mouse.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

|:| Antibodies |Z |:| ChiIP-seq

|Z |:| Eukaryotic cell lines |:| Flow cytometry

|Z |:| Palaeontology |Z |:| MRI-based neuroimaging
|:| Animals and other organisms

|:| Human research participants

X|[] clinical data
Antibodies

Antibodies used Antibodies flowcytometry:

Anti-CD3e (145-2C11, 553061, BD, 1:100),

anti-CD4 (RM4-5, 552775, lot#5254740, BD, 1:200),
anti-CD8a(53-6.7, 100725, lot#B225983, BioLegend, 1:100),
anti-CD44 (IM7, 103020, BioLegend, 1:100),

anti-CD62L (MEL-14, 553150, lot#0000040523, 553152, 560514, BD, 1:100),
anti-TCRb (H57-597, 553174, BD, 1:100),

anti-CD69 (H1.2F3, 561932, 560689, BD, 1:100),

anti-CD103 (2E7, 121421, BioLegend and M290, 557494, 557495, lot#5107887, BD, 1:100),
anti-CD25 (PC61, 553866, 561048, BD, 1:100),

anti-CD122 (IL-2Rb; TM-Beta 1, 553362, 564762, BD, 1:100),
anti-CD127 (IL7Ra; SB/199, 552543, 564175, BD, 1:100),
anti-CD30L (RM153, 559232, lot#39584, BD, 1:100),
anti-I-COS (7E.17G9, 552146, BD, 1:100),

anti-CD200 (OX-90, 565543, BD, 1:100),

anti-PSGL-1 (2PH1, 555306, lot#3354852, BD, 1:100),
anti-CD11a (2D7, 553121, BD, 1:100),

anti-CD180 (RP/14, 117706, lot#B193126, BioLegend, 1:100),
anti-LAG3 (C9B7W, 552380, BD, 1:100),

anti-IL10Ra (2B11/CXCR4, 551966, BD, 1:100),

anti-CCR7 (4B12, 560682, lot#63528, BD, 1:100),
anti-RANK-L (IK22-5, 560295, BD, 1:100),




anti-CD309 (Avas12, 136403, BioLegend, 1:100),

anti-NKG2D (CX5, 558403, BD, 1:100),

anti-Thy1.2 (30-H12, 105312, BioLegend, 1:100),

anti-Thy1.1 (OX-7, 202504, BioLegend, 1:100),

anti-GATA3 (L50-823, 560074, lot#5309556, 560163, lot#4094756, BD, 1:5),

anti-Foxp3 (MF23, 560408, 560401, lot#7093878, BD, 1:5),

and anti-Rorgt (Q31-378, 562607, 562894, lot#4164538, lot#5198797, BD, 1:5),

anti-IL-4 (11B11, 554436, TONBO, 562915, BD, 1:200),

anti-IL-5 (TRFK5, 554396, lot#5079752, BD, 504304, lot#B220005, Biolegend, 1:50),

anti-1L-13 (eBio13A, 12-7133-41, lot#E02110-1633, 53-7133-82, lot#4318974, eBioscience, 1:50),
anti-1L-17 (TC11-18H10.1, 559502, 563354, BD, 506910, BioLegend, 1:100),

anti-IFNg (XMG1.2, 554411, lot#6078731, 554412, lot#4307883, BD, 17-7311-81, eBioscience, 1:200)

For unbiased-FACS screening, CD4+ T cells isolated from the lung were stained with antibodies against markers (Mouse Cell
Surface Marker Screening Panel, BD) or corresponding isotype-matched antibodies adjusted in same concentration.
Isotype antibody Pacific Blue (RTK2071, 400419, lot#B185139, BioLegend),

Isotype antibody Brilliant Violet 421 (RTK2071, 400439, BioLegend)

Isotype antibody Brilliant Violet 510 (MOPC-21, 400172, lot#B248103, BioLegend)

Isotype antibody FITC (eBRG1, 11-4301-85, lot#E00562-1631, eBioscience),

Isotype antibody Alexa Fluor488 (RTK2758, 400525, lot#B228070, BioLegend),

Isotype antibody PE (RTK2071, 400408, lot#B237565, BioLegend),

Isotype antibody PE/Cy7 (RTK2758, 400522, lot#B269631, BioLegend)

Isotype antibody APC (eBRG1, 17-4301-82, eBioscience)

Isotype antibody Alexa Fluor647 (RTK2071, 400418, lot#B200197, BioLegend)
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Histology and immunofluorescence:

anti-CD4 (RM4-5, 552775, lot#5254740, BD, 1:200),
anti-CD3e (2C11, 12-0031-82, eBioscience, 1:100),
anti-CD69 (AF2386, R&D, 1:100),

anti-Type | collagen (LB-1102, LSL-LB-1102, LSL, 1:1000)

Intravenous staining:
anti-CD4 antibody (clone, RM4-4, 116006, lot#B211830, 116004, BioLegend, 0.5ug/mouse)

Anti-CD103 antibody treatment:
InVivoMAb anti-mouse CD103 (M290, BEOO26, Bio X Cell, lot#700018)3, 100ug/mouse)

Validation All of the antibodies in this study are commercially available. All antibodies have been validated by the vendors on their official
website, and previous studies from other groups and our laboratory.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals BALB/c, BALB/c Foxnlnu, C57BL/6, Collagen 1a2-GFP transgenic (C57BL/6 background), CD4-Cre (C57BL/6 background), Thy1.1
(BALB/c background) females of 6-8 weeks were used. Foxp3-YFP-IRES-Cre (C57BL/6 background), Rorcfl/fl (C57BL/6
background), of 6-8 weeks were used. "Depletion of regulatory T cell” (DEREG) (BALB/c background) males and females of 6-8
weeks were used.

Wild animals This study did not involve wild animals.
Field-collected samples This study did not involve samples collected from the field.
Ethics oversight The research proposals were reviewed by the ethics committee for animals at Chiba University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.




Methodology
Sample preparation The isolation of CD4+ T cells from the lung:
After euthanasia, mice were perfused with 5 ml of cold PBS solution through the left and right ventricle respectively. Lungs were
dissociated in a C-tube (Miltenyi Biotec) in digestion buffer (RPMI 1640 supplemented with collagenase type 11l (200 U/mL;
Worthington) and DNase | (200 ug/mL; Sigma-Aldrich)) using a GentleMACS tissue dissociator (Miltenyi Biotec). After 30 min at

37°C, samples were treated with final GentleMACS dissociation. Cell suspensions were passed through a 70-um cell strainer
(Greiner Bio-One). Lung mononuclear cells were separated using by Percoll solution (GE Healthcare).

Instrument A FACS Verse (BD) and a FACS Canto Il (BD) were used for multi-parameter analysis. Cell sorting was performed on Aria lll (BD).
Software Data were analyzed with FlowJo software (Treestar, Ashland, Ore).
Cell population abundance  CD4+T cell populations were sorted to >95% purity post sort, as determined by flow cytometry.

Gating strategy We provided the representative gating strategy in the paper.
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Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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