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T-bet represses collagen-induced
arthritis by suppressing

Th17 lineage commitment
through inhibition of RORyt
expression and function

Masaru Shimizu?, Yuya Kondo?, Reona Tanimura?, Kotona Furuyama?, Masahiro Yokosawa?,
Hiromitsu Asashima?, Hiroto Tsuboi?, Isao Matsumoto* & Takayuki Sumida**

T-bet is a key transcription factor for the T helper 1 lineage and its expression level is negatively
correlated to inflammation in patients with rheumatoid arthritis (RA). Our previous study using T-bet
transgenic mice revealed over-expression of T-bet completely suppressed collagen-induced arthritis
(CIA), a murine model of RA, indicating a potential suppressive role of T-bet in the pathogenesis of
autoimmune arthritis. Here, we show T-bet-deficiency exacerbated CIA. T-bet in CD4 +T cells, but

not in CD11c + dendritic cells, was critical for regulating the production of IL-17A, IL-17F, IL-22, and
TNFa from CD4 +T cells. T-bet-deficient CD4 +T cells showed higher RORyt expression and increased
IL-17A production in RORyt-positive cells after Cll immunization. In addition, T-bet-deficient naive
CD4 +T cells showed accelerated Th17 differentiation in vitro. CIA induced in CD4-Cre T-betf (cKO)
mice was more severe and T-bet-deficient CD4 +T cells in the arthritic joints of cKO mice showed higher
RORyt expression and increased IL-17A production. Transcriptome analysis of T-bet-deficient CD4 +T
cells revealed that expression levels of Th17-related genes were selectively increased. Our results
indicate that T-bet in CD4 +T cells repressed RORyt expression and function resulting in suppression of
arthritogenic Th17 cells and CIA.

Rheumatoid arthritis (RA) is a chronic inflammatory disease characteristic of polyarthritis and, if uncontrolled,
the subsequent joint destruction leads to impaired quality of life. The pathology of affected joints shows inflamed
synovial membrane with leukocyte infiltration, cartilage destruction, and bone erosion. Although the precise
mechanism of RA remains elusive, CD4 +T cells, especially their subsets and the transcriptional regulation of
their differentiation into specific subsets, seem to play a critical role in the pathogenesis of autoimmune arthritis.

Differentiation of naive CD4+ T cells is dependent on a lineage-specific transcription factor. For example,
T-bet is the key transcription factor for T helper 1 (Th1) cells, a subset of CD4 + T cells that produce interferon-y
(IFNY)™. Retinoic acid-related orphan receptor (ROR) yt is another important transcription factor for T helper 17
(Th17) cells, a subset of CD4 + T cells characterized by the production of interleukin (IL)-17A2 In the peripheral
blood of patients with RA, the expression levels of thx21 (which encodes T-bet) and ifng negatively correlates with
C reactive protein, a serum protein that represents systemic inflammation’. Additionally, the expression level of
rorc, which encodes RORyt, in CD4 + T cells from the peripheral blood of patients with RA is significantly higher
and the frequency of Th17 cells is increased in those with active arthritis*. Thus, imbalance of T-bet and RORyt
leading to commitment to Th17 lineage seems to be deeply involved in the pathogenesis of autoimmune arthritis.

Collagen-induced arthritis (CIA) is a murine model of human RA induced by immunization with collagen
type II (CII). Development of CIA is dependent on certain cytokines. Loss of IFNy signaling increases the sever-
ity of CIA®7, but IL-17 receptor A-deficient mice are resistant to CIA®. Transcriptional regulation of lineage
commitment of CD4+ T cells is also important. We previously reported that T-bet transgenic (T-bet Tg) mice
were resistant to CIA with a reduction of rorc and ahr expression levels of CD4 + T cells leading to impaired
ClI-reactive IL-17A production from CD4 + T cells*!°. Although T-bet seemed to have a suppressive role in CIA
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through Th17 cell inhibition, T-bet Tg mice had abnormality in the development of T cells in the thymus’, which
might have impinged on the pathogenesis of CIA. Thus, the precise role of T-bet in the pathogenesis of CIA from
the perspective of lineage commitment of CD4 + T cells remains to be elucidated.

To determine the role of T-bet in murine autoimmune arthritis, CIA was induced in wild-type C57BL/6 (WT)
mice and T-bet knockout (T-bet KO) mice and was found to be more severe in T-bet KO mice. T-bet-deficient
CD4+T cells showed higher RORyt expression and increased IL-17A production in RORyt + cells. Expression
levels of rorc and its target genes including il17a were higher in T-bet-deficient CD4 + T cells. T-bet-deficient
naive CD4 + T cells showed accelerated Th17 differentiation. CIA induced in cKO mice was more severe and the
percentage of Th17 cells was higher in the arthritic joints. Transcriptome analysis of CD4+ T cells from ¢cKO
mice revealed that expression levels of Th17 cell-related genes were selectively increased. Our findings indicate
that T-bet in CD4 + T cells negatively regulates autoimmune arthritis by selective inhibition of Th17 differentia-
tion through suppression of RORyt expression and function resulting in inhibition of arthritogenic Th17 cells.

Results

The development of T cells in the thymus was normal in T-bet KO mice. As T-bet deficiency
might affect T cell development in the thymus, we analyzed the fractions of T precursor cells in the thymus
(Fig. S1). Total number of thymocytes and the proportion of T precursor cells was comparable between the two
strains. This allowed for analysis of the role of T-bet in T cells with normal development.

CIA was exacerbated in T-bet KO mice. To evaluate the role of T-bet on the development and pathogen-
esis of arthritis, we compared the severity and incidence of CIA in T-bet KO mice and WT mice. The arthritis
induced in T-bet KO mice was markedly more severe compared with WT mice (Fig. 1A). Similarly, the inci-
dence was also significantly higher in T-bet KO mice than WT mice (P<0.001) (Fig. 1B). Histological analysis
of arthritic joints showed marked infiltration of inflammatory cells (P<0.001) and widespread bone erosion
(P=0.01) throughout joint tissues of T-bet KO mice, but those of WT mice was milder (Fig. 1C,D). The levels
of total CII-specific IgG (P=0.006) and IgG1 (P<0.001) were significantly higher, but those of IgG2¢ (P<0.001)
were lower in T-bet KO mice than WT mice, as determined using ELISA (Fig. 1E). These results indicated that
T-bet had a suppressive role in CIA.

T-bet-deficient CD4+T cells showed increased RORyt expression and Thl7 cell-related
cytokine production independent of T-bet expression in dendritic cells. Since previous study
reported that CIA was a Th17 cell-driven disease, we speculated T-bet deficiency might deteriorate the sever-
ity of CIA through enhanced Th17 cell response against CII. Because T-bet was expressed in CD11c+DCs
after CII immunization (Fig. S2), we also evaluated the effect of T-bet in CD11c+DCs on cytokine production
from CD4+T cells using multiplex cytokine assay (Fig. 2A and Fig. S3). Production of the cytokines from WT
CD4+T cells was not affected by T-bet in CD11c+DCs. Production of IFNy and IL-10 from T-bet-deficient
CD4+T cells was lower, but production of Th17 cell-related cytokines, namely IL-17A, IL-17F, IL-22, and TNFa
from T-bet-deficient CD4 + T cells was higher independent of T-bet in CD11c+DCs, compared to WT CD4+T
cells cocultured with WT CD11c+DCs. IL-4 production from T-bet-deficient CD4+T cells was higher than
WT CD4+T cells cocultured with WT CD11c+DCs only when cocultured with T-bet-deficient CD11c+DCs
(P=0.001). Intriguingly, production of IL-10 from T-bet-deficient CD4+T cells was lower than WT CD4+T
cells. Regarding lineage commitment from the perspective of the transcription factors or cell surface markers,
fluorescence activated cell sorter (FACS) analysis of CD4 + T cells from draining LNs revealed an increased per-
centage of RORyt + cells (P=0.008) and a comparable percentage of CD25 + Foxp3 + or CXCR5 +ICOS + cells in
T-bet KO mice after CII immunization (Fig. 2B-D). In addition, the percentage of IL-17A + cells was low and
comparable in RORyt-negative fraction, but the percentage of IL-17A + cells was significantly higher in T-bet
KO mice in RORyt +fraction (P<0.001) (Fig. 2E).

Opverall, these results imply that T-bet in CD4 + T cells is critical in the regulation of cytokine production,
particularly Th17 cell-related cytokine production and represses not only expression, but also function of RORyt
in CD4+T cells.

T-bet-deficient CD4+T cells showed higher expression levels of rorc and its target genes
including il17a, il17f, and il22 after Cll immunization. We investigated effects of T-bet deficiency on
gene expression levels related to Thl or Th17 cells in CD4 +T cells after CII immunization (Fig. 3). The expres-
sion levels of thx21 (P<0.001), ifng (P<0.001), and il10 (P<0.001) was lower in T-bet-deficient CD4+T cells.
Consistent with the above result, the expression levels of rorc (P<0.001) and its target genes, including il17a
(P<0.001), il17f. (P<0.001), and il22 (P=0.003) were higher in T-bet-deficient CD4+T cells. The expression
levels of ccr6 (P=0.001) and ccl20 (P=0.01) were also elevated. However, expression levels of the genes which are
known to be involved in Th17 differentiation such as irf4, ahr, and rora were also comparable.

T-bet-deficient CD4+T cells showed a higher percentage of IL-17A + cells with a comparable
percentage of RORyt +cells to WT CD4+T cells when cultured under Th17 polarizing condi-
tion. We evaluated whether T-bet deficiency promotes Th17 differentiation in vitro. The expression levels of
rorc or il17a in naive CD4+T cells were comparable between the two strains excluding a possibility that T-bet
deficiency had some effects on Th17 cell-related gene expression levels before Th17 polarization (Fig. 4A). When
cultured under Th17 polarizing condition, T-bet-deficient CD4 + T cells showed a significantly higher percent-
age of IL-17A + cells (P<0.001). We did not observe a substantial difference in the percentage of RORyt + cells
over time (Fig. 4B-D). These results show that T-bet inhibits Th17 differentiation without repressing the expres-
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Figure 1. T-bet has a protective role in CIA. WT mice (n=15) and T-bet KO mice (n=14) were immunized
intradermally with chicken CII emulsified with CFA on days 0 and 21. (A) Severity of CIA. (B) Cumulative
incidence of arthritis. (C,D) At day 60 post first CII immunization, pathological severity was evaluated for
decalcified hematoxylin and eosin-stained sections. Inflammation and bone erosion scores were assessed in both
groups. (E) At day 60 post first CII immunization, serum samples were collected from WT mice (n=15) and
T-bet KO mice (n=14) for measurement of CII-specific total IgG, IgG1, and IgG2c levels. Data are presented as
mean + SEM. Statistical tests: Welch’s t test (A,C,D), and Log-rank test (B). (*P<0.05, **P<0.01, ***P<0.001).
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Figure 2. T-bet in CD4+T cells was critical for the regulation of cytokine production from CD4+T cells and

T-bet suppressed expression and function of RORyt. At day 10 post first CII immunization, CD4 + T cells and
CD11c+dendritic cells were purified from the draining LNs of WT mice (n=6-8) and T-bet KO mice (n=6-8) and
were cultured with 100 pg/mL of denatured CII for 96 h. (A) Levels of the cytokines in supernatants were measured
using multiplex cytokine assay. The origin of CD4 + T cells or CD11c+dendritic cells is indicated below the bar graphs.
(B-D) Expression of T-bet, RORyt, Foxp3, CD25, CXCR5, and ICOS in CD4 + T cells was analyzed using FACS. For
intracellular staining of cytokines, isolated CD4 +T cells from the draining LNs were stimulated with 50 ng/ml of
phorbol myristate acetate and 1 ug/ml of ionomycin. (E) IL-17A expression in CD4 + T cells was analyzed using FACS.
Data are presented as mean = SEM. The FACS plots were generated using FlowJo (version 8.8.7, https://www.flowjo.
com/), and the bar graphs were generated using GraphPad Prism 9 (version 9.1.2, https://www.graphpad.com/scien
tific-software/prism/). Statistical tests: one-way ANOVA with Dunnett’s post hoc test (A), Welch’s t test (B-D), and
Welch’s t test with Bonferroni correction (E). (*P<0.05, **P<0.01, **P<0.001).
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Figure 3. T-bet suppressed expression of rorc and its target genes including il17a, il17f, and i[22 in CD4+T
cells. At day 10 post first immunization with CII, CD4 + T cells were isolated from the draining LNs of WT mice
(n=8) and T-bet KO mice (n=8). The expression levels of the genes were analyzed using QRT-PCR. Data are
presented as mean + SEM. Statistical tests: Welch’s t test. (**P<0.01, **P<0.001).

sion of RORyt in vitro, which is consistent with the results of the previous ex vivo experiment which revealed
that T-bet inhibited IL-17A production from RORyt+CD4 + T cells after CII immunization.

CIA was exacerbated in CD4-Cre T-bet™ mice with a higher percentage of Th17 cells infiltrat-
ing into the arthritic joints. To evaluate the role of T-bet in CD4 + T cells on the pathogenesis of arthritis,
we generated T-bet conditional KO (cKO) mice by crossing CD4-Cre mice with T-bet”! mice (which selectively
lose the T-bet gene in T cells) (Fig. S4), and compared the severity of CIA in T-bet" control mice and ¢KO mice.
The severity of arthritis induced in cKO mice was significantly more severe and its incidence was also signifi-
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Figure 4. T-bet suppressed Th17 differentiation in vitro. Naive CD4 + T cells from WT mice (n=6-7) and
T-bet KO mice (n=6-7) were isolated. (A) Gene expression levels were analyzed using qRT-PCR. (B-D)
Naive CD4 +T cells were cultured under Th17 polarizing conditions and the percentage of IL-17A + cells,
RORyt + cells, and T-bet + cells was analyzed using FACS. Data are presented as mean + SEM. (A,C,D) was
generated using GraphPad Prism 9 (version 9.1.2, https://www.graphpad.com/scientific-software/prism/), and
(B) were generated using Flow]Jo (version 8.8.7, https://www.flowjo.com/). Statistical tests: Welch’s t test (A,C).
(*P<0.01, **P<0.001).

cantly higher than that of T-bet" mice (P=0.02) (Fig. 5A,B). FACS analysis of infiltrating cells into the arthritic
joints revealed that RORyt expression (P=0.01) and IL-17A production (P=0.02) was significantly increased
in T-bet-deficient CD4 + T cells of cKO mice in comparison with T-bet"! mice in which T-bet was expressed
51£7.5% of CD4 + T cells (Fig. 5C,D). These results indicate that T-bet in CD4 + T cells is critical for the regula-
tion of arthritogenic Th17 cells.
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Figure 5. CIA in CD4-Cre T-bet™ mice was exacerbated and CD4 +T cells in the arthritic joints of cKO mice
showed higher RORyt expression and increased IL-17A production. T-bet”! mice (n=12) and CD4-Cre T-bet¥
1 (cKO) mice (n=14) were immunized intradermally with chicken CII emulsified with CFA on days 0 and 21.
(A) Severity of CIA. (B) Cumulative incidence of arthritis. Ankle joints with active arthritis at day 35 post first
immunization were removed from T-bet!" mice (n=8) and cKO mice (n=5) (C,D) The percentage of IL-17A,
RORyt, or T-bet + cells. Data are presented as mean + SEM. Statistical tests: Welch’s t test (A,C), and Log-rank
test (B). (*P<0.05, **P<0.001).

RNA sequencing analysis revealed T-bet in CD4+T cells selectively inhibited expression of
Th17 cell-related genes, but not other subsets of CD4 +T cells. To clarify the change in transcrip-
tome of CD4+T cells caused by T-bet deficiency, we performed RNA sequencing and profiled the transcrip-
tome in CD4 + T cells of T-bet and cKO mice. We observed different gene expression between the two strains
(Fig. 6A). T-bet deficiency in CD4+T cells altered the expression of 52 genes with fold change more than 2.0
and false discovery rate (FDR) adjusted P-value of less than 0.05. Up-regulated 29 genes included several Th17
cell-related genes, while 23 down-regulated genes included several Th1 cell-related genes in ¢cKO mice (Fig. 6B).
Gene Ontology (GO) analysis of the differentially expressed genes showed a significant enrichment for inflam-
matory response, lymphocyte migration, and IL-17 production (Fig. 6C). Since T-bet deficiency might alter
expression of other Th cell subsets, we generated a heatmap that included many of the Th cell signature genes''.
The heatmap indicated decreased expression of Thl cell-related genes and increased expression of Th17 cell-
related genes. Intriguingly, the expression levels of Th2 cell-related genes were comparable between the two
strains (Fig. 6D and Fig. S5). Taken together, these results show that T-bet in CD4+T cells selectively inhibits
Th17 cell-related genes, but not other subsets of CD4 + T cells. We searched our RNA-seq dataset of CD4 + T cells
for the genes responsible for the enhanced commitment to the Th17 lineage by T-bet deficiency. Although tran-
scriptional regulation of Th17 cells and the related transcription factors were extensively studied and reviewed in
the literature’*', we found no difference in the expression levels of the candidate genes (Fig. S6).

Scientific Reports |

(2021) 11:17357 | https://doi.org/10.1038/541598-021-96699-5 nature portfolio



www.nature.com/scientificreports/

A D
e row min row max
of M As T-bet”  CD4-Cre T-bet"
EEECE Roc
8 BN N R
5 Bl B nra

1 LT T T T
] A
y I | 1122
— , . L ] BEEE
B BRI ox21
B ENEMN g
B B ces
[ | | | EEX
B Bl st
B B Gatas
H B Bl
HEE Bl
HEEEEN

HEEEEN
[ B stat6

-10

10000

1r1

m\
Rore
1000
1123r
I|17re\
1122 3
100 | Ltbart \
\Cxcri&
IL12rb2
Thx21

Ifng

M7F-2

|I17a\ ; ¢

C

Gene ontology term Count P value
Inflammatory response 9 8.7E-7
Chemotaxis 5 0.00014
Positive regulation of tumor necrosis factor 0.0045
(ligand) superfamily member 11 production ’
Lymphocyte migration 3 0.009
Interleukin-17 production 2 0.009

Figure 6. RNA sequencing revealed T-bet selectively inhibited expression of Th17 cell-related genes, but not
other subsets of CD4 +T cells. At day 10 post first immunization with CII, CD4+ T cells were isolated from

the draining LNs of T-bet™! mice (n=3) and CD4-Cre T-bet"? (cKO) mice (n=3) and the transcriptome was
analyzed. (A) Principal component analysis of RNA-seq data. Each point represents one sample with blue
points indicating T-bet?® mice and red points cKO mice. (B) Scatter plot. (C) GO analysis of genes differentially
expressed in CD4 + T cells from T-bet”! and cKO mice. (D) Heatmap of Th cell signature genes.

Discussion

T-bet is the master transcription factor of Th1 lineage and promotes the expression of ifng, which is the signature
cytokine of Th1 cells’. Previous studies suggested that over-expression of T-bet or IFNy suppressed murine auto-
immune arthritis®”° and that T-bet or IFNy negatively correlated with inflammation in RA>. In this study, we
discovered that T-bet in CD4 +T cells repressed expression and function of RORyt and inhibited development
of arthritogenic Th17 cells and pathogenesis of CIA.

We propose three possible mechanisms for T-bet-mediated regulation of CIA: inhibition of CII-reactive
Th17 cells, suppression of autoantibody formation, or up-regulation of regulatory T (Treg) cells. Previous stud-
ies suggested that CD4+ T cells had different properties in the pathogenesis of CIA depending on their lineage:
Thl cells®”7, or Treg cells'>'® had a suppressive role, while Th17 cells'” or T follicular helper (Tth) cells'®!* had a
pathogenic role in CIA. Our results showed that T-bet-deficient CD4+ T cells produce a larger amount of Th17
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cell-related cytokines with a smaller amount of IFNy and IL-10, whose transcription is promoted by T-bet.
This cytokine production profile of T-bet-deficient CD4+ T cells was compatible with the previous studies which
showed T-bet was critical for commitment to the Th1 lineage and their production of IFNy, which regulated
susceptibility to CIA through suppression of IL-17A7, and also indicated T-bet inhibited pathogenic potential
of Th17 cells by promoting IL-10 production?"*2. Consequently, our results strongly suggest that T-bet regulates
autoimmune arthritis via suppression of commitment to the Th17 lineage. Next, titers of serum CII-specific IgG,
which correlated with the severity of arthritis®’, were higher in T-bet KO mice. Although CXCR5+ICOS+ Tth
cells positively regulated CII-specific antibody formation'® and their development was suppressed by T-bet*,
the percentage of Tth cells was equivalent between WT and T-bet KO mice. Meanwhile, in addition to smaller
IFNYy and larger Th17 cell-related cytokine production, T-bet-deficient CD4+ T cells produced a mildly larger
amount of Th2 cell-related cytokines, which was compatible with the previous study which showed that T-bet
inhibited commitment to the Th2 lineage by directly silencing i/4*. This was consistent with higher titers of serum
ClI-specific IgG1, which is increased by Th2 cells?® and Th17 cells?’, and lower titers of serum CII-specific [gG2c,
whose production is promoted by Th1 cells®, in T-bet KO mice. Finally, there was an equivalent percentage of
CD25+Foxp3+ Treg cells, which were implicated in the control of CIA. Taken together, our results strongly sug-
gest that T-bet regulates autoimmune arthritis via modulation of lineage commitment of CD4+ T cells, especially
suppression of commitment to the Th17 lineage.

How does T-bet inhibit commitment to the Th17 lineage? Our results show that the expression levels of rorc
and il17a in T-bet-deficient naive CD4 + T cells is equivalent to those of WT naive CD4 + T cells and T-bet-
deficient naive CD4 + T cells show promoted Th17 differentiation in vitro, which indicates that T-bet inhibits
commitment to Th17 lineage from the beginning of Th17 differentiation. Moreover, the heatmap and GO analy-
ses, using RNA-seq dataset of CD4 +T cells, indicate that T-bet deficiency in CD4 + T cells results exclusively
in commitment to the Th17 lineage after CII immunization. Regarding the mechanism by which T-bet inhibits
transcription of Th17-related genes, we formulated the following three hypotheses. The first hypothesis was that
T-bet directly inhibits il17a expression; however, our observation that T-bet did not affect IL-17A production in
RORyt-negative CD4 + T cells suggests that direct inhibition of il17a is unlikely. The second hypothesis was that
T-bet inhibits rorc expression. T-bet-deficient CD4 + T cells exhibited up-regulation of not only rorc, but also
il17a, il17f., and il22, whose expression levels are directly regulated by RORyt'>***. In addition, IL-17A produc-
tion from T-bet-deficient CD4 + T cells was increased in RORyt + T-bet-deficient CD4 + T cells, suggesting that
T-bet also inhibited the function of RORyt in CD4 + T cells. The third hypothesis was that T-bet modulated the
expression levels of known regulators of rorc or il17a; however, our RNA-seq dataset of CD4 + T cells revealed
that T-bet had no effect on the expression levels of the genes responsible for regulating rorc or il17a. Overall,
our findings support the notion that T-bet inhibits commitment to the Th17 lineage through the inhibition of
expression and function of RORyt. The precise molecular mechanism by which T-bet inhibits the expression
and function of RORYyt was not identified in our research; however, our results raised the possibility that T-bet
might modulate the function, but not the expression levels of the regulators of rorc or il17a. One of the mecha-
nisms of functional modulation of the regulator of rorc or il17a is that T-bet forms a complex with RUNX1 and
impairs the functions of RUNX1, which directly promotes rorc expression and works as a coactivator of RORyt
to upregulates il17a expression®'. This might explain our results to some extent.

What is the role of T-bet in CD4 + T cells in the arthritic joints? Our crisscross coculture experiment using
CD4+T cells and CD11c + dendritic cells clearly showed that T-bet in CD4 + T cells was critical in CII-reactive
IL-17A production. To address the question above, we induced CIA in CD4-Cre T-bet? (cKO) mice, which had
T cell-specific T-bet ablation and confirmed aggravation of CIA in cKO mice. T-bet was expressed in about half of
the CD4 +T cells in the arthritic joints of T-bet™ mice. T-bet-deficient CD4 + T cells in the arthritic joints of cKO
mice showed higher RORyt expression and IL-17A production. IL-17A induces the production of chemokines,
such as CXCL2%* and CCL20* from synovial fibroblasts and enhances the accumulation of inflammatory cells
including neutrophils®** and Th17 cells®, respectively. Moreover, Th17 cells express receptor activator of NF-«xB
ligand (RANKL) on their surface and induce RANKL from osteoblasts and synovial fibroblasts via IL-17A
production in the arthritic joints®**”. Therefore, our results suggest that T-bet in CD4 + T cells represses joint
inflammation and bone destruction as a consequence of inhibiting the development of arthritogenic Th17 cells.

However, T-bet in CD4 + T cells alone cannot entirely account for aggravation of CIA in T-bet KO mice.
CIA induced in cKO mice seems to be somewhat weaker than T-bet KO mice, suggesting that T-bet in other
immune cells may also have a suppressive role for autoimmune arthritis. In our study, T-bet in CD11c+DCs
was dispensable for ClI-reactive cytokine production from CD4 + T cells, but it was involved in cytokine or
chemokine production from DCs such as IL-1a, macrophage inflammatory protein-la (MIP-1a), or thymus-
and activation-related chemokine (TARC)*® and might have impinged on the severity of CIA. Moreover, since
T-bet positivity in CD4 + T cells seemed to be low in comparison to CD8 + T cells and comparable to CD19+B
cells in Figure S2, it was possible that T-bet in CD8+ T cells and B cells has a role in the pathogenesis of CIA.
T-bet is critical for activated CD8 + T cells to differentiate into short-lived effector cells or memory precursor
cells*. However, the role of T-bet in CD8 + T cells in CIA might be limited as CD8+ T cells are dispensable to
induce CIA unlike CD4 + T cells***! though further studies are necessary. In B cells, T-bet is induced in response
to signaling by Toll-like receptor 9*2, whose agonist is included in complete freund’s adjuvant®’, which was used
in our experiment. Although exact role of T-bet in B cells remains unclear in our analysis, one study reported
that T-bet in marginal zone B cells is related to IL-10 production and remission of CIA*%. Further studies are
necessary to elucidate the whole contribution of T-bet in autoimmune arthritis.

In conclusion, our observations suggest that T-bet in CD4 + T cells has a suppressive role for autoimmune
arthritis through inhibition of the development of arthritogenic Th17 cells via suppression of RORyt expression
and function. Thus, the T-bet-RORyt-Th17 axis would be a novel therapeutic target for autoimmune arthritis.
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Materials and methods

Ethical approval. All experiments described in this report were performed according to the Guide for the
Care and Use of Laboratory Animals at the University of Tsukuba and were approved by the Animal Ethics
Review Committee of the University of Tsukuba. All experiments described in this report were also performed
in accordance with ARRIVE guidelines.

Mice. Age-matched male C57BL/6 WT mice, T-bet knockout C57BL/6 (T-bet KO) mice*, T-bet?! C57BL/6
(T-bet™) mice and C57BL/6 CD4-Cre T-bet (conditional knockout; cKO) mice (age: 8-11 weeks) were used
in our experiments. T-bet KO mice and T-bet mice were purchased from Jackson Laboratory Co. (Bar Harbor,
ME, USA). CD4-Cre mice were provided by Professor S. Takahashi (University of Tsukuba, Ibaraki, Japan). cKO
mice were generated by crossing CD4-Cre mice with T-bet"" mice. All mice were maintained under specific
pathogen-free conditions.

Induction of collagen-induced arthritis. Induction of CIA was performed as previously described’.
2 mg native chicken CII (Sigma-Aldrich, MO, USA) was dissolved in 500 pl 0.01 M acetic acid and emulsified in
complete freund’s adjuvant (CFA). CFA was prepared by mixing 2.5 mg heat-killed Mycobacterium tuberculosis
(H37Ra) (Difco Laboratories, MI, USA) and 500 ul incomplete freund’s adjuvant (Sigma-Aldrich, MO, USA).
Mice were anesthetized with isoflurane and were intradermally injected at the base of the tail with 200 ug CII in
CFA on days 0 and 21. Arthritis was evaluated visually, and findings in each paw were scored on a scale of 0-3
as follows; 0 =normal, 1 =slight swelling and/or erythema, 2 =moderate swelling, 3 = pronounced swelling and/
or ankylosis. Scores for each limb were totaled (maximum score=12). For histological assessment, mice were
sacrificed 60 days post first CII immunization, and both ankle joints were removed. After fixation and decalci-
fication, the ankle joints were cut into sections and stained with hematoxylin and eosin. Histological findings
of each ankle joint were quantified by a blinded observer based on the degree of synovitis and bone erosion, as
described previously*S.

Measurement of collagen-specific IgG titers. 100 pl of 10 pg/ml CII in 0.1 M Na,CO, was added to
the wells of a 96-well plate and incubated at 4 °C overnight. The wells were washed 3 times with 300 pul of PBS
containing 0.05% polysorbate 20 and incubated with 300 pl of PBS containing 1% bovine serum albumin (BSA)
for 1 h. After washing the wells, 100 pl of sera diluted 5000 times with PBS containing 1% BSA was added to
each well and incubated for 1 h at room temperature. After washing the wells, 100 pl of HRP-conjugated anti-
mouse IgG, IgG1(Bethyl laboratories, TX, USA), or IgG2c (Abcam, Cambridge, UK) antibody diluted 5000
times with 1% BSA in PBS was added and incubated for 1 h at room temperature. After washing the wells, 100 pl
of 3,3,5,5-tetramethylbenzidine was added to each well. After incubation for 5 to 10 min, 50 ul of 1 M H,SO,
was added, and the optical density was read at 450 nm using a microplate reader.

Surface and intracellular staining and FACS analysis. Surface and intracellular staining of CD4+T
cells was performed to evaluate T-bet or RORyt. Cells were stained with anti-CD4-peridinin chlorophyll/cya-
nin 5.5 (PerCP/Cy5.5) (BioLegend, CA, USA) extracellularly, and fixed and permeabilized with forkhead box
protein 3 (Foxp3)/transcription factor, fixation/permeabilization concentrate, and diluent (Thermo Fisher Sci-
entific, MA, USA). Anti-T-bet-allophycocyanin (APC) (BioLegend, CA, USA) and anti-RORyt- phycoerythrin
(PE) (Becton Dickinson, NJ, USA) were used for the intracellular staining.

Surface and intracellular staining of CD4 + T cells was performed to evaluate CD25 and Foxp3. Cells were
stained with anti-CD4-PerCP/Cy5.5 and anti-CD25-APC (BioLegend, CA, USA) extracellularly, and fixed and
permeabilized as mentioned above. Anti-Foxp3-Alexa Fluor (AF488) (BioLegend, CA, USA) was used for the
intracellular staining.

Surface staining of CD4 + T cells was performed to evaluate CXCR5 or ICOS. First, the cells were stained
with anti-CD4-PerCP/Cy5.5 and anti-ICOS-APC (BioLegend, CA, USA) and incubated with biotin-conjugated
anti-CXCR5 (Becton Dickinson, NJ, USA). Next they were stained with PE-conjugated streptavidin.

For intracellular staining of cytokines, cells were cultured for 4 h in the presence of 50 ng/ml of phorbol
myristate acetate (PMA), 1 pg/ml of ionomycin, and 1 pg/ml of GolgiStop (Becton Dickinson, NJ, USA). First,
dead cells were stained with fixable viability dye eFlour 780. Next the cells were stained with anti-CD4-PerCP/
Cy5.5 extracellularly and fixed and permeabilized as described above. Anti-IFNy-fluorescein isothiocyanate
(FITC) (BioLegend, CA, USA), anti-T-bet- APC, anti-IL-17A-phycoerythrin/cyanin 7 (PE/Cy7) (BioLegend,
CA, USA), and anti-RORyt-PE was used for the intracellular cytokine staining.

Samples were analyzed with a FACSVerse flow cytometer (Becton Dickinson, NJ, USA), and the data were
analyzed with Flow]Jo software (Tree Star, OR, USA).

Crisscross coculture with CD4 +T cells and CD11c + dendritic cells. CD4+T cells and CD11c+den-
dritic cells (DCs) in the draining LNs were isolated by positive selection using the magnetic activated cell sorting
(MACS) system with anti-CD4 monoclonal antibody (mAb) and anti-CD11c mAb (Miltenyi Biotec, Bergisch
Gladbach, Germany) respectively. The prepared cells were 98.8+0.15% pure CD4 + T cells and 97.4 +0.35% pure
CD11c+DCs.

1x10° CD4+T cells and 2 x 10* CD11c+ DCs were cultured in the presence of 100 pg/mL of denatured CII for
96 h. Culture medium was RPMI 1640 medium (Sigma-Aldrich, MO, USA) containing 10% fetal bovine serum
(FBS), 100 units/mL of penicillin, 100 pg/mL of streptomycin, and 50 uM 2-mercaptoethanol.
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Analysis of Cll-reactive cytokine production. The supernatants were collected after 96 h of cell culture
with CII. The cytokine levels were analyzed using the LEGENDplex bead-based immunoassay (BioLegend, CA,
USA), according to the protocol supplied by the manufacturer. In brief, 20 pl of assay buffer, standard or sample,
and mixed capture beads was added to the wells of a 96-well plate and the plate was shaken at 800 rpm for 2 h.
The beads were washed with 200 pl of wash buffer. 20 pl of detection antibodies was added to the wells and the
plate was shaken at 800 rpm for 1 h. Then, 20 ul of PE-conjugated streptavidin was added to the wells and the
plate was shaken at 800 rpm for 30 min. After washing the beads with wash buffer, the standard and samples
were read on a FACSVerse flow cytometer, and the data were analyzed with the software provided by BioLegend.

Quantitative real-time polymerase chain reaction (QRT-PCR). Total ribonucleic acid (RNA) was
extracted with Isogen (Nippon Gene, Tokyo, Japan) according to the instructions provided by the manufac-
turer. Reverse transcription was used to obtain complementary DNA (cDNA) with a commercially available kit
(TaKaRa Bio, Otsu, Japan). A TagMan Assay-on-Demand gene expression product (Thermo Fisher Scientific,
MA, USA) was used for primers and qRT-PCR was performed with QuantStudio 3 (Thermo Fisher Scientific,
MA, USA). The expression levels were normalized relative to the expression of gapdh.

Isolation of naive CD4+T cells. Single cell suspensions from the spleen were prepared, and
CD4+ CD62L + naive T cells were isolated using a CD4 + CD62L + T cell MACS cell solation kit (Miltenyi Biotec,
Bergisch Gladbach, Germany), according to the instructions provided by the manufacturer. The prepared cells
were 95.1+3.5% pure naive CD4 + T cells, as confirmed via FACS analysis.

In-vitro Th17 polarization of naive CD4 +T cells. Naive CD4+T cells (2 x 10° cells/well on the 96-well
plate) were cultured for 72 h with 2 ug/ml plate-bound anti-CD3e mAb, 1 ug/ml soluble anti-CD28, 2.5 ng/ml
human TGF-, 50 ng/ml of mouse IL-6, and 10 ng/ml of mouse IL-23 in the culture medium described above.

Separation of infiltrating cells of arthritic joints. Arthritic ankle joints were harvested 35 days post
first CII immunization and were incubated with 0.08 Wunsch unit/ml of Liberase at 37 °C for 1 h. Muscles or
connective tissues surrounding the ankle joint was removed manually and ankle joint capsule was cut open. The
joint capsule was washed with culture medium suspending the infiltrating cells.

RNA sequencing. CD4+T cells in the draining LNs 10 days post first CIl immunization were isolated using
MACS. Total RNA was extracted from ten-thousand cells using TRIzol (Thermo Fisher Scientific, MA, USA).
NEBNext rRNA Depletion Kit (New England Biolabs, MA, USA) was used for rRNA-depletion with 500 ng of
total RNA. This was followed by directional library synthesis using the NEBNext Ultra Directional RNA Library
Prep Kit. The libraries were sequenced with Illumina NextSeq500 (illumina, CA, USA). The reads were mapped
to reference with gene and transcript annotation using Ensemble gene annotation system. Total count for each
gene was normalized using the quantile method and was used to perform principal component analysis, to gen-
erate the scatter plot, and to plot the heatmap with Morpheus (provided by the Broad Institute). Gene Ontology
analysis was performed using DAVID (Laboratoy of Human Retrovirology and Informatics).

Statistical analysis. Statistical analysis was performed using IBM SPSS statistics version 25 (IBM, NY,
USA). Data are expressed as mean + standard error of the mean (SEM). Differences between groups were exam-
ined for statistical significance using the Welch’s t-test, Dunnett’s test or Log-rank test. P values less than 0.05
were considered significant.

Data availability
RNA sequencing data are available at the DNA Data Bank of Japan (DDBJ) under DRA accession number:
DRAO011788.
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