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ABSTRACT

ARTICLE HISTORY

Objectives: Suppressor of TCR signaling-2 (STS-2) is one of the RA susceptibility genes identified in
genome-wide association studies (GWAS). We tried to verify the involvement of STS-2 on the develop-
ment of autoimmune arthritis in a mouse model.

Methods: STS-2 knock-out (KO) and wild type (WT) mice were immunized with chicken type Il collagen
(Cll). For CD4™ helper T cell (Th) subset analysis, intracellular cytokines in splenocytes and lymph node
cells were stained and analyzed by flow cytometry. Regulatory T cell (Treg) function was analyzed by
co-culturing effector CD4'T cells and Tregs collected from non-immunized mice.

Results: Cll-immunized STS-2 KO mice developed arthritis more frequently than WT mice. Although
the T cell activation profile and Th subset in spleen and LNs were similar between STS-2 KO and WT
mice, STS-2 KO mice showed increased IL-2-producing CD4"T cells in spleen when compared with WT
mice. Accordingly, STS-2 KO CD4'T cells promoted IL-2 production by TCR stimulation. However, STS-2
KO Tregs normally suppressed T cell proliferation.

Conclusion: We proved that STS-2 is involved in the arthritis development by collagen-induced
arthritis. Higher IL-2 production from STS-2 KO T cells is suggested to have a main pathogenic role in
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arthritis development.

Introduction

Rheumatoid arthritis (RA) is an autoimmune disease charac-
terized by chronic synovitis, which causes joint swelling,
pain and, if untreated, joint deformity. Genome-wide associ-
ation studies (GWAS) have revealed many RA susceptibility
loci, including major histocompatibility complex (MHC)
genes and >100 non-MHC genes. Suppressor of TCR signal-
ing-2 (STS-2) is one of the non-MHC RA susceptibility can-
didate genes that was identified by a meta-analysis of
GWAS in Caucasian and Japanese people [1]. STS-2 has also
been reported to be associated with various autoimmune
diseases, such as type-I diabetes [2-5], vitiligo vulgaris [6],
and systemic lupus erythematosus [7]. However, the role of
STS-2 in autoimmune diseases has not been clearly clarified.

STS-1 (also called UBASH3B or TULA2) and STS-2 (also
called UBASH3A or TULA) belong to STS family and con-
sist of the following three domains; the UBA domain, which
can bind to ubiquitins; the SH3 domain, which is used in
the interaction between STS-interacting proteins; and the
PGM domain, which has the phosphatase ability [8]. It has
been reported that both STS-1 and STS-2 negatively control
T cell receptor (TCR) signaling through dephosphorylation

of phosphorylated ZAP-70 [9,10]. Therefore, ZAP-70 was
hyperphosphorylated in STS-1/2 double knockout (KO) T
cells upon TCR stimulation and double KO T cells hyper-
proliferated, but the phosphorylation level of ZAP-70 in
STS-1 or STS-2 single KO T cells was restored, indicating
STS-1 and STS-2 have overlapping role in regulating ZAP-
70 signaling [10]. The difference between the abilities of
STS-1 and STS-2 to dephosphorylate ZAP-70 and Syk was
also reported [11,12]. Interestingly, only STS-2 was reported
as a disease susceptibility gene, although many reports dem-
onstrate that STS-1 has stronger ability as a regulator of
intracellular signaling than STS-2.

Here, we report that STS-2 KO mice were more prone to
develop arthritis than wild type (WT) mice when collagen-
induced arthritis (CIA) was induced, consistent with human RA.

Materials and methods
Mice

C57BL/6])cl (B6) mice were purchased from CLEA Japan,
Inc. (Tokyo, Japan). STS-1 KO and STS-2 KO mice on the
B6 background were established in Stony Brook University

CONTACT Koichiro Ohmura @ ohmurako@kuhp.kyoto-u.ac.jp e Department of Rheumatology and Clinical Immunology, Graduate School of Medicine, Kyoto

University, Kyoto 606-8507, Japan
@ Supplemental data for this article can be accessed here.
© 2017 Japan College of Rheumatology


http://crossmark.crossref.org/dialog/?doi=10.1080/14397595.2017.1380249&domain=pdf
http://orcid.org/0000-0003-3722-2646
http://orcid.org/0000-0003-2927-9159
http://orcid.org/0000-0002-9241-060X
http://orcid.org/0000-0002-8942-2933
https://doi.org/10.1080/14397595.2017.1380249
http://www.tandfonline.com

Downloaded by [Kyoto University] at 18:58 11 October 2017

2 N. OKABE ET AL.

(New York, NY) [13]. All mice were maintained under spe-
cific pathogen-free conditions at Kyoto University, which
were approved by the Institutional Committee for Animal
Care and Use.

Induction and assessment of collagen-induced arthritis
(CIA)

Native chicken type II collagen (CII; Chondrex Inc.,
Redmond, WA) was solubilized in 50 mM acetic acid at
2mg/ml and emulsified in equal volume of complete
Freund’s adjuvant (CFA) (Chondrex Inc.) containing 5mg/ml
of killed Mycobacterium tuberculosis. Eight-week-old male
mice were immunized with 100 ug CII dissolved in CFA via
subcutaneous injection into their shaved backs, at day 0 and
day 21.

Mice were scored for arthritis severity in each limb using
the following scale: 0, normal; 1, erythema and mild swelling
confined to the tarsals or ankle joint; 2, erythema and mild
swelling extending from the ankle to the tarsals; 3, erythema
and moderate swelling extending from the ankle to metatar-
sal joints; 4, erythema and severe swelling encompass the
ankle, foot and digits, or ankylosis of the limb, according to
nature protocol [14]. Scores for four limbs were summed,
and each mouse was given the resulting clinical score
(between 0 and 16).

ELISA for anti-Cll antibody titer

Anti-CII antibodies in the sera of mice at day 56 from the
first immunization were assessed. 96-well MAXISORP
NUNC-IMMUNO PLATEs (Thermo Fisher, Waltham, MA),
were coated with 20ng/well of chicken CII dissolved in
sodium hydrogen carbonate, blocked with 2% bovine serum
albumin (BSA)- phosphate buffered saline (PBS) for 3h at
room temperature, and incubated with diluted test sera for
2h. Then, 100 pl of diluted horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG (Abcam, Cambridge, MA)
were applied per well and incubated for 1.5h at room tem-
perature, followed by reaction with 3,3',5,5'-tetramethylben-
zidine (TMB; eBioscience, San Diego, CA) substrate. 5min
later, 1 M H,SO, was applied as stop solution, and absor-
bancy at 450 nm was measured with iMark'™ Microplate
Reader (Bio Rad, Hercules, CA). Test sera were diluted at
1/1500, and HRP-conjugated antibodies was diluted at
1/5000. The pooled sera of CII-immunized DBA1/] mice
were used as standard sera. 2% BSA-PBS was used for wash
buffer.

Real-time PCR (RT-PCR)

Cells for RT-PCR were sorted by a flow cytometer Aria II
(Becton Dickinson; BD, Franklin Lakes, NJ) as described
below. mRNA were extracted using RNeasy Plus Mini
(QIAGEN, Venlo, Netherlands), then reverse-transcribed to
cDNA with High Capacity cDNA Reverse Transcription Kits
(Applied Biosystem, Foster City, CA). Tagman probes
(Takara Bio, Shiga, Japan) were used for RT-PCR.

Hypoxanthine-guanine phosphoribosyltransferase (HPRT)
was used for a housekeeping gene.

Flow cytometry

For RT-PCR analysis, we obtained spleen and thymus from
10 week-old mice. Red blood cells in the spleen were des-
tructed with blood cell lysis buffer (Sigma-Aldrich, St. Louis,
MO). Splenocytes and thymocytes were stained with phyco-
erythrin (PE)-CD3, Pacific Blue-CD4, allophycocyanin
(APC)-CD8, PE-CD25 (Biolegend, San Diego, CA), APC-
B220, fluorescein isothiocyanate (FITC)-CD11b, then sorted
by Aria II.

For peripheral lymphocyte analysis, we obtained thymus,
spleen and inguinal or axillary lymph node (LN). Red blood
cells were lyzed with blood cell lysis buffer (SIGMA).
Hemolyzed splenocytes, thymocytes, and LN cells were sus-
pended in 2% fetal calf serum (FCS)-PBS, and their surface
markers were stained with fluorescent antibodies; APC-CD3
(Biolegend, San Diego, CA), PE-CD3 (Biolegend), APC-CD4
(Biolegend), FITC-CD4 (BD), APC-CD8 (Biolegend), APC-
CD19 (Biolegend), PE-CD62L (Biolegend), FITC-CD69
(Biolegend), APC-NK1.1 (Biolegend), or FITC-PD-1
(Biolegend), PE-CD25 (Biolegend), followed by washing
twice with 2% FCS-PBS, and analysis with FACS Caliber
HG (BD).

For detection of regulatory T cells (Treg), surface markers
were stained with FITC-CD4 (BD), PE-CD25 (Biolegend).
After washing twice, cells were fixed in 75% ethanol at
—30°C over night, and stained with APC-Foxp3
(eBioscience). Washed twice again, cells were analyzed by
flow cytometry.

For analysis of intracellular cytokines, hemolyzed spleno-
cytes and LN cells were suspended in RPMI-1640 medium
containing 10% FCS, penicillin, and streptomycin, and were
stimulated with 50 ng/ml of phorbol 12-myristate 13-acetate
(PMA), 500ng/ml of ionomycin, and monensin (BD) in a
48-well plate for 4h under conditions of 5% CO, at 37°C.
Then, cells were harvested, washed twice with 2%
FCS-PBS, and stained with APC-CD4. After Washing twice
again, cells were fixed with Fix/Perm solution (BD), washed
twice; then, intracellular cytokines were stained with PE- or
FITC- IL-2 (Biolegend), PE-IL-17A (BD) PE-IFN-y
(Biolegend), PE-IL-4 (Biolegend), or PE-IL-10 (Biolegend),
followed by washing twice and analysis by a flowcytometer
Calibur HG.

Treg suppression assay

Spleens were obtained from 8- to 10-week-old mice.
Hemolyzed splenocytes were suspended in 2% FCS-PBS.
Then, CD47CD25" T cells, CD4"CD25™ T cells, CD4™ cells
were isolated with CD47CD25" Regulatory T cell kit
(Miltenyi Biotec, Bergisch Gladbach, Germany). The purities
of the CD4"CD25" cells and CD47CD25™ cells were >90%
by flow cytometry. CD4" cells were irradiated at 20 Gy and
used as antigen presenting cells (APCs). CD4"CD25" cells
and CD47CD25" cells were used as regulatory T cells
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Figure 1. STS-2 KO mice show higher incidence of autoimmune arthritis than WT mice. STS-2 KO and WT mice were immunized with chicken type Il collagen (ClI)
at day 0 and day 21 subcutaneously. (A) CIA incidence was recorded for 56 d from the first immunization (STS-2 KO n =46, WT n = 41). (B) Clinical scores were eval-
uated in STS-2 KO and WT arthritic mice over time (STS-2 KO n=16, WT n=14). (C) Anti-Cll IgG titer in sera was measured by ELISA (STS-2 KO; n=8, WT; n=7).

*p < .05.

(Treg) and effector T cells (Teft), respectively. Teff were
labeled by carboxyfluorescein succinimidyl ester (CFSE). T
cells were resuspended in Iml 2uM CFSE buffer
(DOJINDO, Kumamoto, Japan) and incubated for 10 min at
room temperature; then, Iml FCS was applied, and incu-
bated for 2 min at room temperature. Next, 10 ml RPMI was
added to the cells, and they were centrifuged for 10 min at
4°C. After that, cells were washed twice with RPMI1640
(containing 10% FCS, penicillin, streptomycin, and 50 pM
2-mercaptoethanol). The numbers of Treg was 2.5 x 10* (at
the ratio Teff: Treg = 1:1), Teff was 2.5 x 10%, and APCs was
5x 10* per well, and they were stimulated in a 96-well
round-bottom plate with anti-CD3 antibodies (clone; 145-
2C11, BD) for 72h under conditions of 5% CO, at 37°C.
The cells were analyzed by flow cytometry.

CD4™T cell in vitro stimulation assay for IL-2 production

The spleen and LNs were removed from 8- to 10-week-old
male mice. Hemolyzed splenocytes and LN cells were sus-
pended in 2% FCS-PBS. Then, CD4" T cells were isolated
by MACS (Miltenyi Biotec). The purity of CD4" cells was
checked to >90% by flow cytometry. CD4~ cells were irra-
diated at 20Gy and used as APCs. 2.5 x 10* CD4" cells
and 5x 10* APCs per well were stimulated in a 96 well

round-bottom plate with anti-CD3 antibodies (BD) for 72h
under conditions of 5% CO, at 37 °C. The supernatant were
collected. ELISA kits were used for IL-2 detection (Diaclone,
Besancon, France).

Growth factor withdrawal cell death assay

Spleens were obtained from 8- to 10-week old mice.
Hemolyzed splenocytes were suspended in 2% FCS-PBS.
Then, CD4" T cells were isolated by MACS (Miltenyi
Biotec). The purity of CD4" cells was checked to >95% by
flow cytometry. 5x 10° CD4"T cells per well were stimu-
lated in 48 well plate with plate-bound anti-CD3 antibodies
(BD) and soluble anti-CD28 antibodies (BD) (2 pg/ml, each)
for 72h in RPMI1640 (containing 10% FCS, penicillin,
streptomycin, and 50 UM 2-mercaptoethanol). After stimula-
tion, cells were harvested and washed twice with fresh
medium, incubated for 3h at 37°C in fresh medium, and
washed again to completely remove IL-2 from the medium
and bound to IL-2R. Then, 5 x 10* CD4™T cells per well
were incubated with or without 100 U/ml of recombinant
murine IL-2 (PeproTech Inc., Rocky Hill, NJ), or 5uM eto-
poside (SIGMA) for 24 h. For apoptosis detection, cells were
stained with Alexa Fluor 647 Annexin V (Biolegend) and
Propidium Iodide (PI) (Biolegend).
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Figure 2. STS-2 is expressed in T cells but does not affect T cell differentiation. (A) RT-PCR analysis for STS-2 was performed using the sorted splenocytes and thy-
mocytes indicated in the figure; Treg, CD4*CD25™, SP, single positive, DP, CD4*CD8™" double positive, DN, CD4~CD8™ double negative cells. (B) Thymocytes (upper
panel) and splenocytes (middle and lower panel) of unimmunized STS-2 KO and WT mice were stained with indicated antibodies. Representative profiles of two
independent experiments are shown. Numbers in plots are the percentage of cells in indicated gated area.

Statistics

Arthritis incidence was tested by log-rank test. Arthritis
score was tested by Wilcoxon rank sum test. Other results
were tested by two-tailed student ¢ test.

Results

STS-2 KO mice develop collagen-induced arthritis more
frequently

To clarify whether STS-2 is involved in the pathogenesis of
autoimmune arthritis, we induced CIA, a mouse model of
human RA, to STS-2 KO mice, and WT mice. As shown in
Figure 1(A), the incidence of arthritis development in STS-2
KO mice was higher than in WT mice (51 vs. 34%, p <.05).
The clinical score of arthritic mice tended to be higher
(p=.109) in STS-2 KO mice, but did not differ significantly
(Figure 1(B)). Since the background of mice was B6, the
incidence of CIA was not as high as the case of DBA/1. We
also examined CIA incidence by using STS-1 KO mice, but
the arthritis incidence in STS-1 KO mice was similar to that

in WT mice (Supplemental Figure 1). To investigate the rea-
sons of the difference in arthritis incidence between STS-2
KO and WT, we measured anti-CII antibody titer. We col-
lected sera from ClI-immunized STS-2 KO and WT mice,
which include both arthritic and non-arthritic mice, at day
56 after immunization and measured antibody titer by
ELISA. STS-2 KO and WT mice showed similar anti-CII
antibody titer (Figure 1(C)). These data indicated that STS-2
is engaged in the pathogenesis of autoimmune arthritis, but
does not have so much impact on the severity.

STS-2 does not affect T cell development

To narrow down the target cells of STS-2, we examined
which cell subset expresses STS-2 by RT-PCR. As shown in
Figure 2(A), only T cells but not B cells or myeloid cells
expressed STS-2 in the spleen, and all fractions of thymo-
cytes expressed STS-2. Because STS-2 expresses only in T
cells, it suggests that STS-2 influences on T cell differenti-
ation and activation. However, CD4/CD8 patterns and cell
number of thymocytes and splenocytes were similar between
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Figure 3. Cll-immunized STS-2 KO and WT mice have similar peripheral immune cell numbers. Splenocytes were obtained from STS-2 KO and WT mice at day 56
from the first immunization. Cells were stained with surface markers shown in Methods. (A) Representative plots of splenocytes are shown. Numbers in plots are
the percentage of cells in indicated gated area. (B) Average cell numbers and SE of each fraction of STS-2 KO and WT spleens are shown. 4 independent experi-

ments were performed.

STS-2 KO and WT mice (Figure 2(B)), indicating STS-2 is
not essential in thymocyte selection and T cell development.

Next, we analyzed lymphocyte profile in arthritic mice of
STS-2 KO and WT mice immunized with CII. We obtained
spleen and inguinal and axillary LNs from arthritic CIA
mice at 56 d after the first immunization, and the FACS
profiles of CD4/CD8, CD3/CD19, and CD69/CD62L (gated
on CD4" cells of splenocytes) are shown in Figure 3(A).
The average cell numbers of CDh4%, CD8", CD3™, and
CD19" cells in the STS-2 KO and WT spleens are shown in
Figure 3(B). There were no substantial differences in CD4/
CD8 T cell numbers and activation statuses of CD4" T cells
between STS-2 KO and WT mice.

We also investigated CD4"CD25"FoxP3" Treg propor-
tion and function. The proportion of Treg cells was not
changed in the spleen and LNs from immunized mice
(Figure 4(A)), and Treg suppression assay revealed there
were no significant differences in the suppressive function of
Tregs between STS-2 KO and WT mice (Figure 4(B,C)),
indicating STS-2 is not essential in Treg function.

STS-2 KO T cells from arthritic mice produce more IL-2
in the spleen than WT

We further analyzed the T cell subsets in CII-immunized
STS-2 KO and WT mice. Splenocytes and LN cells were

collected from CII-immunized mice at day 35, when arthritis
was not evident yet, and at day 56, when the arthritis is
around its peak. Splenocytes or LN cells were stimulated
with PMA and ionomycin and were stained with antibodies
against surface CD4 and intracellular cytokines, followed by
flowcytometric analysis. There was significant difference in
the proportion of IL-2-producing CD4" T cells between
STS-2 KO and WT mice in the spleen (38.7 vs. 22.4%,
p<.05) but not in the LNs (19.4% vs. WT 18.1%).
However, there were no significant differences between
STS-2 KO and WT mice in the proportion of Thl (IFN-
yTCD4"), Th2 (IL-4"CD4"), or Th17 (IL-17tCD4%) sub-
sets at day 35 (data not shown) and day 56 (Figure 5(A,B)).
These results suggest STS-2 does not influence the differenti-
ation of CD4" T cells into specific effector subsets. We also
tested other inflammatory cytokines, such as TNF-o and
IL-6, but there were no significant differences (date not
shown).

To verify that STS-2 KO CD4'T cells promote IL-2 pro-
duction, we examined whether STS-2 KO CD4"T cells pro-
mote IL-2 production by anti-CD3 antibody stimulation. As
shown in Figure 5(C), STS-2 KO CD4"T cells obtained
from the spleen showed higher IL-2 production than WT,
but not CD4"T cells from the LNs. We also examined IL-2
production from ClI-specific CD4"T cells from immunized
mice at day 35 (Supplemental Figure 2). In accord with the
results of TCR stimulation, our results showed that STS-2
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Mean and SE from four independent experiments are shown.

KO CD4"T cells tended to produce more IL-2 by CII stimu-
lation, when the CD4"T cells were obtained from spleens
but not from LN.

To identify which T cell subset produces IL-2 in STS-2
KO mice, we counter-stained intracellular IL-2 with several
surface markers on CD4™T cells in the spleens from CII-
immunized mice. As shown in Figure 6, follicular helper T
cells (Tth, CD4"PD-1") or Treg cells (CD4"CD25") in
STS-2 KO mice do not substantially produce IL-2. There
were only a few NKT cells (CD4"NK1.1") which produce
IL-2 in the spleen, but there were no differences between in
STS-2 KO and WT mice.

STS-2 deficient CD4™ T cells are resistant to growth
factor withdrawal cell death

To explain the higher incidence of CIA in STS-2 KO mice,
we hypothesized that autoreactive T cells in STS-2 KO mice
survive longer by escaping apoptosis. STS-2 was reported to
bind apoptosis-inducing factor (AIF) and promote apoptosis
in vitro [15]. So, we examined whether STS-2 KO CD4" T
cells are more resistant to cell death. We tested growth fac-
tor withdrawal cell death of STS-2 KO and WT CD4" T
cells. As expected, STS-2 KO CD4" T cells were more resist-
ant to apoptosis when IL-2 was deprivated (Figure 7(A,B)).
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from the first immunization. (A) Representative plots of splenocytes and LN cells after stimulation with PMA/ionomycin, followed by staining with anti-CD4 antibod-
ies and antibodies against various intracellular cytokines. (B) Percentage of cytokine-producing CD4" T cells in spleen and LNs. Mean and SEM from five independent
experiments are shown. (C) CD4'T cells from non-immunized STS-2 KO and WT mice were incubated with irradiated splenocytes and anti-CD3 antibody for 3 d.
IL-2 in the supernatant was measured by ELISA. Mean and SE are shown from seven independent experiments. *p < .05, ¥¥p < .01.
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Figure 6. IL-2 production from NKT cells, Tfh, or Treg in STS-2 KO and WT mice. Splenocytes were prepared from STS-2 KO and WT mice at day 56 from the first
immunization. Splenocytes were stimulated with PMA/ionomycin, followed by staining with antibodies against CD4, other surface markers and intracellular

cytokines.

Therefore, STS-2 was found to be partially involved in pro-
moting T cell apoptosis.

Discussion

It has been reported that the genetic polymorphism in the
STS-2 locus is associated with RA development, and we vali-
dated the involvement of STS-2 in the pathogenesis of auto-
immune arthritis by using an animal model. We showed
STS-2 KO mice developed CIA with higher incidence than
WT mice. Since STS-2 is expressed only in T cells, we exam-
ined the difference of T cell subset and activation status for
STS-2 KO mice and WT mice. We found IL-2-producing
CD4" T cells are more abundant in STS-2 KO mice than
WT mice in the spleen but not in the draining LNs.

Such higher incidence of CIA and IL-2 production was not
observed in STS-1 KO mice (Supplemental Figure 1), sug-
gesting that STS-2, but not STS-1, is crucial in the pathogen-
esis of arthritis development.

It was of note that the overexpression of IL-2 from CD4"
T cells resulted in higher incidences of arthritis. This is con-
sistent with the fact that GWAS for RA revealed IL-2,
IL-2RA, and IL-2RB are the RA susceptibility genes [16].
The role of IL-2 in arthritis has been investigated in human
and animal models. IL-2 mRNA level in synovial fluid and
synovial tissue increased in the acute phase of RA [17,18].
In a mouse model of RA, IL-2 mRNA level dramatically
increased at the onset of CIA [19], and anti-IL-2 antibody
administration just before the onset of CIA resulted in
decreased CIA incidence [20]. While administration of
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Figure 7. STS-2 deficiency affects growth factor withdrawal cell death. CD4'T cells were prepared from STS-2 KO and WT mice and were stimulated with plate-
bound anti-CD3 antibody and soluble anti-CD28 antibody for 3 d. Then, IL-2 was deprivated from cell suspension and cells were incubated with culture medium
with or without IL-2, or with etoposide (ETP). After 24 h, cells were stained with Annexin V and Propidium lodide (Pl). Representative plots of flowcytometry are
shown in A and percentage of Annexin V™/PI™ cells (mean and SE) from four independent experiments are shown.

recombinant human IL-2 (rhIL-2) before the onset of CIA
inhibited disease severity and incidence, rhIL-2 treatment at
the established stage of CIA exacerbated CIA [21]. These
reports support the idea that IL-2 has distinct role at the dif-
ferent stage of arthritis and that STS-2 downregulation is
involved in IL-2 production from T cells, which results in
the development of autoimmune arthritis.

It was somewhat surprising that IL-2 was overexpressed in
T cells from spleen but not from LNs in the STS-2 KO mice.
To identify which CD4" T cell subsets produce IL-2 more in
the spleen of CII-immunized STS-2 KO mice than that of WT
mice, we co-stained IL-2 with other cytokines or some repre-
sentative surface markers of CD4" T cell subsets. In STS-2
KO mice, IL-17TL-2" or IEN-y"IL-2" T cells were increased,
while there were no IL-2 productions from NK1.1" cells, PD-
17 cells (Tth), and CD25™ cells (Treg) in either STS-2 KO or
WT mice. These data indicate that IL-2 production from Thl,
Th17, or undifferentiated CD4" T cells are the responsible
effector cells (data not shown). It seems the slight increase of
these cell types in the spleen of STS-2 KO mice resulted in the
difference of incidence of arthritis development. In experi-
mental autoimmune encephalomyelitis (EAE), a model of
multiple sclerosis, it was reported that when lymphocytes
obtained from the spleen or LNs in EAE-developing mice
were transferred into healthy mice, the recipient mice with
transferred LN cells dramatically developed EAE and died,
while recipient mice transferred splenocytes showed a more
delayed EAE development, and they relapsed into EAE later.
This phenomenon did not seem to be caused by the difference
of transferred CD4" T cell number in spleen and LN cells
[22]. Analysis of mice with transferred splenocytes showed

that they increased CD4" T cells which produce IL-2, IFN-y,
IL-10 only in LNs [23]. These data indicate that T cells in
spleen and LN have different functions for disease
pathogenesis.

Because IL-2 is a major T cell growth factor, it was
expected that STS-2 KO CD4"T cells proliferate more by
TCR stimulation. However, preliminary data indicated that
STS-2 KO and WT CD4"T cells proliferated in a similar
manner by anti-CD3/anti-CD28 stimulation in vitro (data
not shown). Furthermore, similar numbers of CD4™T cells
in CIl-immunized STS-2 KO and WT mice suggest that
STS-2 deficiency dose not influence antigen specific T cell
proliferation. It is possible that IL-2 production from STS-2
KO CD4'T cells is high enough to activate themselves, but
too little to promote proliferation.

STS-1 and STS-2 have been reported to have similar
functions and compensate each other [9,10]. However, in
human GWAS of some autoimmune diseases, only the SNPs
in the STS-2 locus were reported to be associated with dis-
ease development. This could be explained by the fact that
the reported SNP (rs1893592) in STS-2 locus influences
STS-2 expression (http://genenetwork.nl/bloodeqtlbrowser/),
but none of the SNPs in STS-1 locus do. Our preliminary
data showed that STS-1 KO mice developed arthritis as fre-
quently as the WT mice did (Supplementary Figure 1).
Because we moved animal facility between STS-2 KO and
STS-1 KO experiments, CIA incidence of the WT mice in
each facility was different. Therefore, we cannot directly
compare the result of STS-2 KO mice with that of STS-1
KO mice. However, our results showed that only STS-2 KO
mice, but not STS-1 KO mice, increased the incidence of


http://genenetwork.nl/bloodeqtlbrowser/
https://doi.org/10.1080/14397595.2017.1380249

Downloaded by [Kyoto University] at 18:58 11 October 2017

10 N. OKABE ET AL.

arthritis, suggesting STS-2 is playing more important role in
the development of autoimmune arthritis than STS-1.

Although STS-1 and STS-2 share the functions of sup-
pressing T cell activation through TCR, only STS-2 was
reported to bind AIF and promote caspase-independent
apoptosis in vitro [15]. AIF is a flavoprotein that acts as
NADH oxidase and regulates caspase-independent apoptosis
[24-26]. AIF is located in inner mitochondrial membrane at
steady state. Once AIF receives an apoptosis signal, it is
released from mitochondria and moves into nucleus, then
binds to DNA and induces aggregation and degradation of
chromatin, resulting in apoptosis [27]. STS-2 is thought to
promote interaction between released AIF and other co-fac-
tors in cytoplasm, and to promote apoptosis [15]. Our
results of apoptosis analysis are compatible with the previ-
ous results that STS-2 promoted growth factor withdrawal
cell death by enhancing AIF function.

Our results may indicate that autoreactive T cells survive
by escaping activation-induced cell death in CII-immunized
STS-2 KO mice. So far, the role of STS-1 and STS-2 in auto-
immune animal models was evaluated only in EAE [13]. In
this report, STS-1/2 double KO mice were used and developed
severer symptoms and showed higher mortality. The results of
STS-1 or STS-2 single KO mice were not evaluated.

In this study, we first demonstrated STS-2 has an import-
ant role in developing autoimmune arthritis by using an ani-
mal model. Our results indicate IL-2 is one of the critical
cytokines regulated by STS-2. The involvement and the
compensation of STS-1 in arthritis have to be clarified, espe-
cially when clinical applications are considered. The effects
of STS-1 single KO and STS-1/2 double KO mice on CIA
were ought to be elucidated.
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