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SerpinB1, a protease inhibitor and neutrophil survival factor, was
recently linked with IL-17-expressing T cells. Here, we show that
serpinB1 (Sb1) is dramatically induced in a subset of effector
CD4 cells in experimental autoimmune encephalomyelitis (EAE).
Despite normal T cell priming, Sh1~'~ mice are resistant to EAE
with a paucity of T helper (Ty) cells that produce two or more of
the cytokines, IFNy, GM-CSF, and IL-17. These multiple cytokine-
producing CD4 cells proliferate extremely rapidly; highly express
the cytolytic granule proteins perforin-A, granzyme C (GzmC),
and GzmA and surface receptors IL-23R, IL-7R«, and IL-1R1; and
can be identified by the surface marker CXCR6. In Sb71~/~ mice,
CXCR6™ Ty cells are generated but fail to expand due to en-
hanced granule protease-mediated mitochondrial damage lead-
ing to suicidal cell death. Finally, anti-CXCR6 antibody treatment,
like Sh1 deletion, dramatically reverts EAE, strongly indicating
that the CXCR6™ T cells are the drivers of encephalitis.
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ultiple sclerosis (MS) and murine experimental autoim-

mune encephalomyelitis (EAE) are chronic demyelinating
disorders of the central nervous system driven by self-reactive TH
cells (1). The disease-inducing autoimmune T cells, which are
present at low numbers in the periphery and as expanded pop-
ulations in the central nervous system (CNS), were initially thought
to be Tyl cells because disease is abrogated by deletion of the
interleukin (IL)-12 subunit p40 (2, 3). With the discoveries that
p40 is also a subunit of IL-23 and IL-23 plays a pivotal role in
mediating disease (4-7), MS was reinterpreted as Ty17-driven (8,
9). More recent studies established that Ty17 cells themselves are
not pathogenic but are converted in vivo under the priming of
myeloid cell-derived IL-1p and IL-23 into pathogenic (encephali-
togenic) TH cells, the true drivers of disease (4, 10-14). These cells
produce interferon (IFN)y and granulocyte-macrophage colony-
stimulating factor (GM-CSF) (10, 15-18), the latter required for
encephalitogenicity (16-18). Despite the importance of the en-
cephalitogenic TH cells, little else is known about their nature or
the factors and pathway that drive their development.

In cytolytic CDS8 cells and NK cells, powerful granule serine
proteases that are regulated by endogenous inhibitors called serpins
play pivotal roles in immune surveillance against tumors and
viral infection while simultaneously maintaining immune homeo-
stasis (19-26). Whether analogous granzyme-serpin regulation
exists in CD4 cells is not known. SerpinB1 (Sbl), previously called
MNEI (monocyte/neutrophil elastase inhibitor), is an ancestral
member of the superfamily of serpins (SERine Protease Inhibi-
tors). It is a highly efficient inhibitor of elastinolytic and chymo-
tryptic proteases that has been best studied in neutrophils (27-31).
For example, in bacterial lung infection, Sb1 protects against in-
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flammatory tissue injury and neutrophil death, and in naive mice,
preserves the bone marrow reserve of mature neutrophils by
restricting spontaneous cell death mediated by the granule serine
proteases cathepsin G and proteinase-3 (32-35). Recently, we and
others demonstrated that Sb1 selectively restricts expansion of IL-
17—-expressing y8 T cells (36) and NK T cells (37), findings that led
us to study adaptive Th cell development where we identified Sb1
as a signature gene of Ty17 cells (38).

Here, we report that Sbl expression is required for optimal
development of paralysis in MOG-immunized mice. We identi-
fied a highly selective subset of IFNy- and GM-CSF-expressing
IL17" Sbl-dependent CD4 cells in the periphery of immunized
mice at onset of disease. We describe here isolation of these Sb1-
dependent primed T cells and their molecular and functional
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signature and developmental pathway in EAE, and we demon-
strate that these are the T helper cells responsible for disease.

Results

Sb1 Is Highly Expressed in TH Cells in EAE. Previously, we identified
Sb1 as preferentially expressed in Tyl7 cells by studying
12986 strain mouse cells in vitro. In preparation for working with
the EAE model, we polarized naive CD4 cells of C57BL/6 mice
to Tyl7 cells driven by IL-6 and TGFp (Fig. 14 and SI Ap-
pendix, Fig. S14) and we confirmed select expression of Sbl,
consistent with previous findings (38) (Fig. 14). We then
showed that Sb1 is also dramatically up-regulated in vivo along
with Rorc and I117a in effector (CD44") CD4 cells during EAE
development (Fig. 1B). To date, the factors controlling ex-
pression of Sh1 in Ty cells are unknown. Online gene arrays for
mice deleted for the Th17 inducer serine/threonine protein kinase
(Sgk)-1 (39) revealed that SbI is among the top down-regulated
genes in IL23-stimulated Sgkl-deficient T17 cells, suggesting a
correlation between 1123r and Sb1 in Ty 17 cells. To investigate this
putative link, we generated mice with 1123r deleted in CD4 cells
(I123r*“P*). We then compared the transcriptome of wt and
1123r°CP* effector (CD44™CD62L°) CD4 cells from the lymph
node (LN) of MOG-immunized mixed chimeric mice at onset of
EAE. Surprisingly, wt and 1123r*“P* effector CD4 cells were not
very different at the transcriptome level (Fig. 1C), and only few
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Fig. 1. Serpinbla (Sb1) is highly expressed in Ty17 cells and in TH cells in EAE.
(A) Sb1 expression in wt T cell subsets differentiated in vitro and analyzed by
Western blot. Data are representative of five experiments. (B) gqRT-PCR analysis
of CD44* (effector) CD4 cells isolated from LN of naive mice (day 0) and MOG/
CFA immunized mice at onset of EAE (day 10). Expression levels were nor-
malized relative to CD44"%9 (naive) CD4 cells isolated from LN of naive mice.
Depicted data are mean + SEM for pooled cells of 3 to 9 mice per genotype in
three experiments. (C and D) RNA-sequencing (seq) analysis. Mixed chimeric
mice (CD45.1 wt/CD45.2 1123r*P%) were immunized with MOG/CFA to induce
EAE. On day 9, effector (CD44"CD62L'°) CD4 cells were sorted from draining
LNs. (C) Gene expression in wt and //23 CD4 affector CD4 cells. Data are mean
of five replicates with 3 to 4 chimeric mice per replicate. (D) Top hits with
identities. (E) IL-23 treatment maintains expression of Sb1, Rorc, and /l17a in
Th17 cells. In vitro-differentiated Ty 17 cells were maintained in IL-2 for 2 d and
restimulated with anti-CD3/CD28 and the indicated cytokine for 24 h and then
analyzed by qRT-PCR. Data are mean + SEM of three experiments.
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Fig. 2. CDA4 cell autonomous deficiency of Sb7 ameliorates EAE. (A-C) Wt and
Sh17"~ mice were immunized with MOG/CFA to induce EAE. (A) Mean clinical
score (Left) and body weight (Right) of wt (n = 13) and Sb7™~ (n = 14) mice.
Experiment was repeated more than 5 times with the same pattern. (B) Spinal
cord infiltrates on day 10 analyzed by FACS. n = 4-5 mice in each genotype,
shown are representative of five experiments. (C) Relative gene expression of
spinal infiltrates analyzed by gRT-PCR. Data represent mean of four biological
replicates, each with pooled cells from 2 to 3 mice per genotype. (D) Adoptive
transfer EAE. Wt or Sb17~ T cells from MOG-immunized mice were expanded
ex vivo and transferred to naive wt or b7~ recipients. Mean clinical scores for
6 mice each genotype. (E) Naive CD4 cell transfer EAE. Wt or Sb17~ naive
CD4 cells were transferred to Rag1" mice, which were then MOG-immunized
to induce EAE. Mean dlinical scores for 6 mice each genotype. (F) DTH response
of wt and Sb7~"~ mice to challenge in the footpad with MOG or vehicle on day
6 after MOG immunization. (G) Ratio of Sb7~~ to wt CD4 cells in active EAE in
chimeric mice. Symbols indicate individual mice. Data are representative of two
(D, F, and G) or three (E) experiments. Error bars indicate +SEM, *P < 0.05;
**P < 0.01 by Student'’s t test (C and F); ***P < 0.001 by one-way ANOVA (G).

genes were decreased more than 2fold in 7123r*“P* compared with

wt cells (Fig. 1D). Among the prominent genes with skewed ex-
pression and known immune function, we found Sb1, confirming a
critical role of IL-23R signals in inducing or maintaining Sh/
expression in effector CD4 cells at the onset of EAE. To in-
vestigate the effects of IL-23 on T17 cells and Sb1, we returned
to the IL-6/TGF in vitro differentiation system. Adding IL-23
did not further increase Sbl expression (SI Appendix, Fig. S1B);
however, on restimulation in a two-stage protocol, the addition of
IL-23 in the second stage maintained expression of Sh1, Rorc, and
1117 (Fig. 1E).

EAE Amelioration Due to Deficiency of Sh1 in CD4 Cells. To de-
termine whether the expression of SbI affects the encephalitogenic
TH cells, we induced EAE in ShI™"~ mice. Compared to the severe
ence;)halomyelitis that developed in MOG-immunized wt mice,
Sb1™" mice exhibited delayed and ameliorated disease (Fig. 24).
Fewer leukocytes, both lymphocytes and myeloid cells, infiltrated
the spinal cord (Fig. 2B). The deficit of cells was reflected at the
mRNA level in the decrease of TH and myeloid cell cytokines (Fig.
2C). Because Sb1 is expressed in multiple cells and very prominently
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in myeloid cells, we performed adoptive transfer studies to identify
the cellular source of SbIl that controls encephalitogenicity. We
found that, compared to wt T cells, Sh1 = T cells of immunized
mice were less encephalitogenic. Moreover, disease was not ame-
liorated in the reciprocal experiment (Fig. 2D), solidifying the no-
tion that Sbl influences the pathogenic potential of T cells. In a
complementary model, naive CD4 cells were transferred into Ragl’~
mice prior to immunization. Clinical disease was attenuated in mice
receiving Sh17~ CD4 cells compared to mice receiving wt CD4
cells, and immune cell accumulation in spinal cord was blunted (Fig.
2E). Further, comparison of the delayed-type hypersensitivity
(DTH) response of MOG-immunized wt and ShI~~ mice showed
that T cell priming was already impaired in the periphery in Sb1~~
mice (Fig. 2F). Finally, a mixed chimeric mouse model revealed that
the ratio of SbI~'~ to wt CD4 cells in the periphery did not change
following MOG immunization, but the Sh1™~ to wt CD4 cell ratio
decreased in the spinal cord (Fig. 2G), a phenotype that largely
replicates that of we:1123r-deficient mixed chimeric mice (11). The
cumulative findings indicate that attenuation of encephalomyelitis

——

and paucity of immune cells in the spinal cord of Sh7™~ mice are

due to ShI absence in CD4 cells.

Sh1 Controls IFNy* and GM-CSF*CD4 Cells during CD4 Cell Priming.
To determine what causes the deficit of spinal cord T cells, we
examined draining LN CD4 cells at disease onset. No dif-
ferences were found between ShI~/~ and wt mice in immune
cell counts or frequencies of effector (CD44*%) CD4 T cells, T
regulatory cells, or CD4 cells expressing CCR2 or CCR6,
which are thought to be important for early infiltration of the
CNS (40) (SI Appendix, Fig. S2 A-D). There were no differ-
ences between the genotypes in recall properties, IL-17 pro-
duction, responsiveness to IL-23, up-regulation of IL-1R1,
Tyx17 metabolic enzymes, expression of integrins including
VLA4 and LFAI, and expression of myeloid cytokines (S
Appendix, Fig. S2 E-J). Moreover, II23r and many other genes
generally associated with Ty17 cells are expressed at normal
levels in Sh1~'~ effector CD4 cells (Fig. 34). However, expression
of Csf2 and Ifng, encoding GM-CSF and IFNy, respectively, was
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Fig. 3. Decreased frequency of IFNy* and GM-CSF* CD4 cells in LN of Sb7~~ mice provided the key to signature of pathogenic TH cells. (A and B) IFNy*- and GM-
CSF* CD4 cells at the onset of EAE. (A) Relative gene expression of effector CD4 cells determined by qRT-PCR. Depicted data are mean + SEM for pooled cells of 3 to
5 mice per genotype in three experiments. (B) Cytokine profiles analyzed by FACS. (Left) Representative contour plots of LN CD4 cells. (Right) Cumulative fre-
quencies for LN and spinal cord CD4 cells. Data for 5 mice per genotype are representative of five experiments. (C) RNA-seq analysis. RNA of wt and Sb7~~ LN
effector CD4 cells harvested at disease onset and incubated with P+l. Depicted (Left and Center) are the 9,650 genes with expression levels (FPKM) >1.0. Area
above the dashed lines in Center depicts the 258 genes with Sb1~'~ expression relative to wt decreased by >2.0-fold. Identities are indicated for the verified genes
(Right). (D) Verification by qRT-PCR. Depicted data are representative of two cell isolates analyzed after P+ stimulation. (E and F) CXCR6 expression on CD4 cells of
MOG-immunized wt and Sb7~~ mice. Depicted are representative plots (Left) and mean frequencies (Center) and absolute cell numbers (Right) for LNs at indicated
days and spinal cord on day 14 (peak disease) (F). Data for 3 to 6 mice per time point per experiment are representative of two experiments. Symbols in F indicate
individual mice; error bars represent +SEM, *P < 0.05; **P < 0.01, ***P < 0.001 by Student’s t test.
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decreased in LN of Sh17/~ effector CD4 cells compared to cor-
responding wt cells (Fig. 34).

To determine whether the decreased expression of Csf2 and
Ifng represents decreased cytokine per cell or fewer cytokine-
expressing cells, LN and spinal cord CD4 cells were examined by
flow cytometry. The frequenc1es of IL-17 single positive (SP) cells
were not different in ShI~'~ and wt mice; however, the frequencies
of cytokine double positive (DP) (IL17+IFNy+, IL17+GM-CSF*)
cells as well as GM-CSF SP and IFNy SP cells were decreased in
LNs and spinal cord of Sh1™~ mice (Fig. 3B). TH cells that pro-
duce multiple cytokines have been previously described in affected
organs of patients with autoimmunity (41, 42), and GM-CSF" cells
are known to be essential for autoimmune neural inflammation
(16-18). In the LN of wz and sh1~~ mice, the absolute numbers of
cytokine-producing cells reflected the frequency patterns, but in
the spinal cord, the absolute numbers of all SbI '~ CD4 cells were
greatly decreased (SI Appendix, Fig. S34). In MOG-immunized
mixed bone marrow chimeras, frequencies of most cytokine DP
SbI™"~ CD4 cells were skewed downward (SI Appendix, Fig.
S3B). Cumulatively, the findings support the concept that en-
cephalitogenic TH cells, identifiable by production of GM-CSF
and IFNy, are expanded already in the LN of MOG-immunized
mice of both genotypes but the frequency of these cells is de-
creased in ShI~/~ mice.

Signature Genes Identified for Sb1-Dependent TH Cells in EAE. Next,
we aimed to identify genes that confer encephalitogenic propertles
to TH cells through Sb1. We profiled the transcriptome of Sh1™~
and wr effector CD4 cells isolated from LN at disease onset, an-
ticipating that other encephalitogenity-conferring }genes would be
decreased along with Csf2 and Ifng among Sbi™ effector CD4
cells. Of 9,650 expressed genes, 258 genes were decreased >2fold in
Sb17~ compared with wt cells, and no genes were increased >2fold
(Fig. 3C). From among the decreased genes, we selected a subset with
immune-related functions for further study. Those verified by qRT-
PCR are Ifing and Csf2, as expected, and also Gzmc (GzmC), Gzma

(GzmA), and Prfl (perforin A), which are components of cytotoxic
granules (Fig. 3D). Of note, cathepsin L, which promotes differenti-
ation of Ty17 cells and is inhibited by Sbl (38), was not among the
genes underexpressed in Sh17/~ effector CD4 cells. The skewed genes
included the chemokine receptor Cxcr6 encoding CXCR6 (43), which
was verified by both gRT-PCR and flow cytometry.

CXCR6 Marks Sh1-Dependent Encephalitogenic TH Cells. We next
quantified CD4 cells expressing CXCRGO6 as a function of time during
EAE development in wt mice. CXCR6' CD4 cells, which comprised
<1% of CD4 cells in naive mice, increased after MOG immunization
to ~6% in the LN (Fig. 3E) and constituted the major population
(~70%) in the spinal cord at peak of disease (Fig. 3F). CXCR6"
CD4 cells also increased in frequency in LN of Sh/™~ mice post-
immunization, but not to the same extent as in wt mice, and failed to
accumulate in the Sh1~~ spinal cord. The deficit of CXCR6+CD4
cells in ShI~"~ mice can be best appreciated by comparing absolute
cell numbers in the spinal cord (Fig. 3 £ and F, Right).

Combined analysis of CXCR6 and cytokines showed that es-
sentially all LN CD#4 cells that produce two or more of the cyto-
kines IL-17, GM-CSF, and IFNy were CXCR6%, as were half of
IL-17 SP, a third of GM-CSF-SP, and a smaller fraction of IFNy-
SP cells (Fig. 4 A-C). Strikingly, GzmC, but not GzmB, was
preferentially expressed in CXCR6"CD4 cells (Fig. 4D). Concom-
itantly, perforin-A expression, which was negligible in cytokine"*®
CD#4 cells, was increased in IL-17 SP cells and further increased in
IL17/IFNy DP cells (Fig. 4E). On a “per cell” basis, the content of
GzmC and perforin were not different between the genotypes.
Except for Csf2 and Ifng, the signature genes Gzmc, Gzma, Pifl,
and Cxcr6 identified here for in vivo-generated encephalitogenic
TH cells differ from the signature genes of pathogenic Ty17 cells
generated in vitro (44). Compared with CXCR6™® effector
CD4 cells, CXCR6" effector CD4 cells had increased surface ex-
pression of IL7Ra, IL23R, and IL1R1, but not PD-1, ICOS, CD69,
and CD25 (Fig. 4F). Compared with conventional Tyl7 cells
(CCR6*CXCR6™CD444CDA4 cells), CXCR6YCD44*CD4 cells in
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Fig. 4. Pathogenic TH cells are marked by CXCR6 and produce multiple cytokines and express GzmC and perforin. MOG-immunized wt mice were killed at onset
of EAE, and LN cells were analyzed. (A-C) CXCR6 expression on cytokine-producing CD4 cells. (A) Representative dot plots. (B) Cytokine frequency when gated on
CXCR6™9 or CXCR6™ CD4 cells. (C) CXCR6 frequency when gated on different cytokine-producing CD4 cells. Cumulative data are from three experiments; symbols
indicate individual mice. (D) GzmC and GzmB expression in naive, CXCR6"¢%-, and CXCR6-effector CD4 cells analyzed by FACS. Depicted are representative data of
four experiments. (E) Perforin expression in cytokine-producing cells detected by FACS. Symbols indicate individual mice. Data are representative of two exper-
iments. (F) Histograms of IL-7Ra, IL-23R, IL-1R1, CD25, ICOS, PD-1, and CD69 on CXCR6"*? and CXCR6™ effector CD4 cells. Depicted data are from pooled cells of 5 to
9 mice wt mice per experiment and are representative of two experiments. (G) Relative gene expression of CCR6"CXCR6"9- and CXCR6*-effector CD4 cells an-

alyzed by gRT-PCR; data are representative of two experiments.
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Fig. 5. Anti-CXCR6 treatment prevents EAE and reverses established disease.
Wt mice were immunized with MOG and treated with anti-mouse CXCR6 mAb
or isotype control at the days indicated by arrows. (A and B) Disease prevention
protocol. Clinical score (mean + SEM) (A) and disease frequency (n = 8 per group)
(B). One diseased mouse in the isotype-treated group recovered spontaneously
on day 22. (C-E) Therapeutic protocol. Clinical score (C) and body weight (D).
Data are mean + SEM. (E) Histology. Representative spinal cord sections on day
11 of therapeutic treatment stained with haemotoxylin and eosin. (F)
Histopathology scores, which measure inflammation and degeneration.

EAE showed increased Sb1, Gzmc, Tbx21, Csf2, and Ifng expression
but comparable levels of Rorc and 1110 (Fig. 4G). These findings
strongly suggest that the CXCR6" Sb1-dependent CD4 cells are the
Ty17-derived encephalitogenic TH cells in EAE.

Verification of Encephalitogenic Function of CXCR6™ CD4 Cells. To
test the apparent role of CXCR6-marked CD4 cells as mediator
of pathogenicity in EAE, we used a cell depletion strategy. A
previous study found that disease is not altered in MOG-
immunized mice on deletion of CXCR6, indicating that the
CXCR6 molecule itself is not required for disease (45). We
therefore hypothesized that a CXCR6-directed therapy might be
used to deplete encephalitogenic TH cells. In feasibility studies,
MOG-immunized wt mice received a single dose of anti-CXCR6
mAb at disease onset and LN cells were examined 24 h later.
FACS showed that the GM-CSF/IFNy DP and GM-CSF SP
CD4 cells were decreased in anti-CXCR6-treated mice com-
pared with isotype-treated mice (SI Appendix, Fig. S44), sug-
gesting successful targeting of CXCR6"CD4 cells. Treating
immunized mice with four doses of anti-CXCR6 mAb starting
before appearance of symptoms (“prevention protocol”) largely
abrogated clinical disease (Fig. 5 4 and B), and fewer lympho-
cytes and myeloid cells infiltrated the spinal cord (SI Appendix,
Fig. S4B). Moreover, delivering anti-CXCR6 mAb after appear-
ance of symptoms (“therapeutic protocol”) reversed the clinical
score to baseline (Fig. 5C and Movies S1-S5), prevented body
weight loss (Fig. 5D), decreased leukocyte accumulation (Fig. 5SE),
and dramatically diminished the histology score (Fig. 5F).

CXCR6 Identifies Pathogenic TH Cells in Different Autoimmune Disorders.
CXCRG6 also marks an expanded population of CD4 cells expressing
multiple cytokines and GzmC in mice adoptively transferred with
OT-II cells and immunized with ovalbumin peptide (OVA) (Fig. 6
A-C). In the absence of Sh1, the expanded population of CXCR6*
OT-II cells was largely abrogated (Fig. 6D), and pathogenic function
of these cells was lacking as indicated by decreased footpad swelling
on OVA challenge in the footpad (DTH response) (Fig. 6E). A
blunted DTH response was seen also in MOG-immunized Sh17/~
mice challenged in the footpad with MOG peptide (Fig. 2F).

We also evaluated human CXCR6" CD4 cells in synovial fluid
(SF) cells of inflammatory arthritis patients and, for comparison,
the corresponding cells in peripheral blood of control individuals,
MS patients, and inflammatory arthritis patients. CXCR6"CD4
cells were highly enriched only in arthritis patient synovial fluid
and not in peripheral blood samples (Fig. 74). In contrast, no
disease association was noted for CCR6™ CD4 cells (Fig. 74). The
proportions of CXCR6%CD4 cells in synovial fluids correlated well
with the proportions of GM-CSF/IFNy DP and GM-CSF SP cells,
but not with IFNy SP cells (Fig. 7B). Thus, in both mouse and
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Fig. 6. CXCR6 expression on OT-Il cells. (A-C) OT-II cell transfer studies. Naive OT-Il cells (CD45.2) were transferred into naive congenic CD45.1 mice, and the mice
were immunized with OVA/CFA. (A) CXCR6 expression on LN OT-Il cells on days 4 and 12 after immunization. (Left) Representative contour plots. (Right) Cell
frequencies. (B) Cytokine profile of CXCR6™9 and CXCR6" OT-Il cells on day 12 analyzed by FACS. (C) Histogram of GzmC expression. (D and E) Sb1~~ OT-ll transfer
studies. Naive wt OT-Il and Sb7~~ OT-Il cells were separately transferred as in A, and the mice were immunized with OVA/CFA. (D) CXCR6-expressing wt and Sb77/~
OT-lI cells in LN on day 10. (Left) Representative contour plots. (Right) Mean number of cells. () OVA-induced DTH (footpad swelling) in mice transferred with wt
or Sb17"~ OT-ll cells and challenged in the footpad. Symbols represent individual mice. Data are representative of three (A) and two (B—E) experiments. *P < 0.05 by

Student’s t test.
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Fig. 7. CXCR6, cytokines, and SerpinB1 expression in SF CD4 cells of patients
with inflammatory arthritis. (A) CXCR6 and CCR6 expression: (Upper) Repre-
sentative contour plots. (Lower Left) Cumulative frequencies of CXCR6" cells in
CD45RO*CD4 cells of peripheral blood of control individuals and MS patients
and both peripheral blood and synovial fluid of inflammatory arthritis patients.
(Lower Right) Cumulative frequencies of CCR6" cells in the same populations.
(B) Pearson'’s correlation coefficients for frequency of CXCR6™ cells and indi-
cated cytokine-expressing cells. Because the cytokine-producing cell incubation
with P+I cause CXCR6 to be down-regulated, the results of separate assays were
used to determine correlation coefficients. (C) Sb1 expression in the indicated
cytokine-producing CD4 cells. Intracellular cytokines and Sb1 (clone ELA-5) were
stained after 4-h stimulation with P+l and analyzed by FACS. Symbols indicate
individual patients. *P < 0.05, **P < 0.01, ***P < 0.001 by Student's t test.

human autoimmune disorders, CXCR6 identifies CD4 cells that
produce multiple key pathogenic cytokines and are enriched in
inflamed tissues. Consistent with the dependence of the CXCR6™"
cells on Sh1 expression in mice, levels of human SerpinB1 (SB1)
were higher in CD45RO"CD4 cells compared with CD45RA*
cells (S Appendix, Fig. S5 A and B). SB1 levels were increased also
in IL-17 CD4 cells compared with cytokine”*® CD4 cells and
further increased in GM-CSF/IL-17 DP, IFNy/GM-CSF DP, and
GM-CSF SP cells (Fig. 7C and SI Appendix, Fig. S5 C and D).
These subset-specific SB1 differences were largely independent
of the source of CD4 cells (Fig. 7C and SI Appendix, Fig. S5D).
The finding that CD4 cell subsets have characteristic SB1 levels,
whether from an inflammatory site or peripheral blood, is consis-
tent with the dominant role of cell number rather than phenotypic
aberrancies in determining the pathogenicity of CXCR6™ cells.

Sh1 Controls the Longevity of CXCR6" Encephalitogenic TH Cells.
Having established molecular and functional features of the
Sb1-dependent CXCR6*CD4 cells, we then sought to account for
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their deficiency in Sh1~~ mice. We injected MOG-immunized
wt and Sh1™~~ mice at disease onset with the thymidine analog
bromodeoxyuridine (BrdU) to label proliferating cells. Analysis
of LN cells 6 h later revealed that (i) CXCR67CD4 cells have
higher BrdU labeling than CXCR6"® cells, suggesting that
CXCR6" cells have a high proliferation rate and (ii) the fre-
quency of BrdU"* Sh1~'~ CXCR6™ cells was decreased compared
with that of BrdU" wt CXCR6" cells. Because the frequency of
cells labeled with BrdU after a fixed time span can be affected by
both cell death as well as cell proliferation, we shortened the
labeling time to minimize effects of cell death. After 2 h, the
frequency of BrdU* wt cells was unchanged, but the deficit of
BrdU* $h1~/~ CXCR6"CD4 cells was largely diminished, and at
1 h the frequency of BrdU" ShI™~ CXCR6*CD4 cells was not
different from corresponding wr cells, indicating that Sb1~'~ and
wt CXCR6YCD4 cells proliferate at the same rate (Fig. 84).
Further studies comparing the two genotypes for staining with
Ki-67, a nuclear marker of recently proliferated cells, provided
verifying evidence that proliferation of CXCR6YCD4 cells is
rapid and is not different between Sh1/~~ and wt mice (Fig. 8B).

To examine cell death, freshly isolated LN cells were stained
for active caspase-3. Active caspase-3* cells, although few in
number, were significantly increased among ShI~~ CXCR6™*
CD4 cells compared to wt ones (Fig. 8C). Because dead cells
bearing active caspase-3 are rapidly removed in vivo, we re-
peated the measurement after stimulating the cells ex vivo,
conditions less favorable to dead cell removal. After ex vivo
stimulation, the excess of active caspase-3" Sh1~'~ cells over wt
cells was substantial, especially for IL-17/GM-CSF DP and GM-
CSF SP cells (Fig. 8D).

We then considered whether the Sbl-dependent CD4 cells
are subject to self-inflicted cell death as occurs in other granule-
containing cells such as NK cells, CD8 cells, and neutrophils
(22, 34, 35, 46). In this mechanism, high-level activation or stress
causes permeabilization of granule membranes allowing granzymes
to leak into the cytoplasm (47). GzmB, a serine protease released
in cytolytic CDS cells and NK cells, can induce cell suicide, but this
is opposed by the cytoprotective inhibitor Serpinb9 (Sb9). In neu-
trophils, cell death is mediated by the azurophil granule proteases
cathepsin G and proteinase-3 (PR3) and opposed by Sb1, which
irreversibly inactivates these serine proteases (34, 35).

Because loss of mitochondrial membrane potential (Ayy,) is an
early and irreversible step of this intrinsic death process (48), we
used mitochondrial dyes to measure Ay, at disease onset. The
dye JC-1 forms red-fluorescing aggregates in mitochondria at high
Ay, and green-fluorescing monomers at low Awy,,. More than
80% of CXCR6™E CD4 cells of wt and ShI™~ mice had red
fluorescence indicating intact mitochondria. In contrast, a sub-
stantial percentage of wt CXCR6"CD4 cells and an even greater
percentage of ShI~~ CXCR6'CD4 cells had green-fluorescing
JC-1, indicating mitochondrial damage and irreversible commit-
ment to cell death (Fig. 8E). We also used the unrelated mito-
chondrial probe DiOCg, where high fluorescence of wt and Sh1™~
CXCR6™® CD4 cell indicated intact mitochondria. However, a
substantial percentage of wt CXCR67CD4 cells and an even greater
percentage of Sh1 7~ CXCR6*CD#4 cells had dim fluorescence (low
Avy,,), indicating damaged mitochondria and irreversible commit-
ment to cell death (Fig. 8F). Overall, the findings indicate that
Sbl, by preventing cell suicide, determines whether sufficient
CXCR67CD4 cells survive to form an expanded population
capable of implementing pathogenesis.

Further study will be required to fully document the death
process and identify the Sb1- inhibitable protease (or proteases)
responsible for the death of CXCR67CD4 cells, but the expression
data suggest GzmC, a serine protease that has a cytolytic efficiency
comparable to GzmB and acts via a cell death pathway involv-
ing direct mitochondrial damage (49). We found that GzmC, a
chymotryptase, is directly inhibited by Sbl as indicated by the
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Fig. 8. CXCR6" TH cells of Sb7~"~ mice are subject to enhanced cell death during robust proliferation. Wt and Sb7~"~ mice were immunized with MOG/CFA to
induce EAE. (A) Frequency of BrdU"* population in LN CD4 cells quantified by FACS. Data are representative of 2 to 3 experiments. (B) Ki-67 expression of LN
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detected in a parallel protein-stained gel, migrates at 42 kDa. Data are representative of three experiments. *P < 0.05, **P < 0.01 by Student's t test.

covalent complex formed on incubating tGzmC with human rSB1
(Fig. 8G). Neither GzmA, a tryptase, nor GzmB, an aspase, can be
inhibited by Sbl (27).

Discussion

Here, we report that the protease inhibitor Sb1 is expressed at
the onset of EAE in a subset of peripheral effector CD4 cells
that we subsequently identified as the encephalitogenic T cells.
We found further that Sb1 is required for survival and expansion
but not generation of these cells. On deletion of Sb1, encepha-
litogenic T cells do not accumulate in the CNS of immunized
mice, and disease is substantially ameliorated. Findings from
transcriptomics attesting to the unusual nature of these TH cells
include the newly identified signature genes GzmC, GzmA, and
PrfA and the previously documented Csf2 and Ifng. These TH
cells are distinguished also by the presence of cytolytic granules
along with the previously documented secretion system for
multiple cytokines. Important also is the finding that CXCR6, a
chemokine receptor, is suitable as a cell surface marker of the
Sbl-dependent encephalitogenic TH cells. Having a marker that
identifies the truly encephalitogenic T cells in EAE paves the
way for design of novel therapy for human MS.

It is generally accepted that the function of CD4 cells in MS and
related autoimmune disorders is not fully explained by the action
of polarized Tyl or Tyl7 cells, but rather by cells generated
through a not-yet-characterized encephalitogenic program initi-
ated and maintained by IL1p and IL23 (reviewed in ref. 50). A link
of Sbl with the encephalitogenic program was strongly suggested
by finding indistinguishable phenotypes for Sh1-deficient and 1/23r-
deficient mice (Figs. 1 and 2 and ref. 11). The cumulative findings
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for these mice suggest that Sbl functions downstream of IL-23 to
regulate the encephalitogenic program, which has at its core
function the successful expansion of a select subset of primed TH
cells. In the program, Sbl restricts a proliferation-associated
granule protease-mediated mitochondrial damage/suicidal death
pathway and, thus, is crucial for survival and expansion of the
select T helper cells that constitute the encephalitogenic pop-
ulation. Altogether, the findings describe encephalitogenic TH
cells as cells that produce multiple pathogenic cytokines especially
GM-CSF; proliferate rapidly; rely on Sbl to survive during rapid
expansion; express cytotoxic granule components perforin A,
GzmA, and GzmC; and are marked by CXCR®.

TH cells expressing most of the features of encephalitogenic
TH cells, specifically CXCR6, multiple cytokines, granzymes,
pathogenic function, and IL23 dependence, were found in the
OT-II transfer model of DTH, indicating that the disease-
inducing TH cells described here are not limited to autoimmune
neuroinflammation.

TH cells with similarities to murine Sbl-dependent encephali-
togenic TH cells have been reported previously in autoimmune
disorders. The first were the IL-17/IFNy DP CD4 cells noted in the
gut of Crohn’s disease patients (41) and later in brain tissue of MS
patients (51). In MS, myelin-reactive cytokine-producing CD4 cell
clones were characterized as IL-17/GM-CSF DP, GM-CSF SP,
and IFNy SP (42, 52), a pattern similar to murine encephalitogenic
TH cells. It is now appreciated that IL-17/IFNy DP CD4 cells,
known as Ty1/Ty17 and Ty17/TH1 cells, and also a subset of IFNy
SP CD#4 cells called nonclassic Tyl cells, are not Tyl cells but
rather are derived from Ty17 cells (15, 53).
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An earlier study found SFs of inflammatory arthritis patients
enriched in CXCR6" CD4 cells that produce IFNy and, on that
basis, were reported as Tyl cells (54). This led to the notion that
CXCR6 marks inflammatory Ty1 cells at tissue sites. We show here
that the CD4 cells marked by CXCRG6 in inflammatory arthritis SF
are enriched in cytokine DP (GM-CSF/IL-17 and GM-CSF/IFNy)
cells (Fig. 7), suggesting their relatedness to the Ty17-derived en-
cephalitogenic TH cells in murine EAE. Relatedness is suggested
also for IL17/IFNy DP cells that emerge in an IL-23-dependent
fashion in murine inflammatory bowel disease (55). In a T cell
transfer model of chronic colitis, pathogenic CD4 cells marked by
CXCRG6 include IL-17/IFNy DP cells along with predominant IL-17
SP and IFNy SP cells (56); poor proliferation characterizes these
cells and thus distinguishes them from the rapidly proliferating
CXCR6" TH cells in EAE. Lastly, encephalitogenic CXCR6" TH
cells have at least one feature, cytotoxic granules, in common with
CD4" cytolytic T cells (CD4* CTL) that provide, e.g., antiviral pro-
tection. Recent work showed that progression of disease in MS pa-
tients correlates with the density of circulating CD4* CTL (57).

To determine how Sbl regulates the density of encephalito-
genic TH cells in EAE mice, we evaluated cell proliferation and
cell death. Multiple approaches to proliferation including in vivo
BrdU labeling showed that the proliferation rate for encephali-
togenic TH cells is not different in Sb1~'~ and wr mice. Cell death
quantitation was challenging because dead cells are rapidly re-
moved in vivo. The most definitive experiments involved quanti-
fying cells in the process of dying, i.e., cells irreversibly committed
to death due to mitochondrial damage (48), a process induced by
leakage of cytotoxic granule contents (22). This approach dem-
onstrated () robust ongoing death of wt encephalitogenic TH cells
occurring concurrent with robust proliferation and (i) further in-
crease of dying encephalitogenic TH cells in mice lacking Sb1. The
cumulative findings indicate that the extent of expansion of
CXCR6* TH cell subset in EAE and, hence, their encephalito-
genicity is the net result of simultaneous robust proliferation and
robust cell death, the latter restricted by Sb1 and increased in its
absence. The factors driving evolution of this inherently inefficient
cell expansion mechanism are unknown, but we speculate that they
reflect the biological need for highly potent cell populations to be
tightly and irreversibly regulated.

Of note, the Sbl-mediated mechanism proposed here as the
basis of the IL-1p and IL-23—driven TH cell encephalitogenic pro-
gram, although new for CD4 cells, is not unique, but rather is
analogous to the mechanisms by which Sb9 controls expansion and
retraction of human and mouse populations of activated CD8 cy-
tolytic cells and NK cells (22, 46). In a similar program, Sb1 reacts
stoichiometrically with endogenous granule serine proteases ca-
thepsin G and proteinase-3 to control neutrophil survival (34, 35).
Recently, Sbl together with Serpinb6 (Sb6) were shown to restrict
cathepsin G-mediated death of neutrophils and monocytes and to
prevent proteolytic release of inflammatory cytokines (58).

Limitations stemming from the use of a mouse model for
mechanistic study of the TH cell encephalitogenic process are
mitigated somewhat by related findings for synovial fluid TH cells
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in human inflammatory arthritis. Further study will be required to
identify the Sbl-inhibitable granule protease or proteases that
cause cell suicide of these highly differentiated and highly acti-
vated CXCR6' CD4 cells. We identified the murine serine pro-
tease granzyme C as a likely candidate but were unable to be
specific because of limitations of reagents and because that region
of the genome is greatly expanded in mice comprising Gzm-C,
Gzm-F, Gzm-L, Gzm-N, Gzm-G, Gzm-D, and Gzm-E (59). In
contrast, there is one counterpart gene in humans, GZM-H-
encoding granzyme H, a serine protease, which is rapidly and
stoichiometrically inhibited by SB1 (60).

Finally, apparent depletion of CXCR6" cells by anti-CXCR6
treatment of immunized mice prevented the development of
clinical disease and decreased the accumulation of cytokine-
producing TH cells in the spinal cord and reversed or ame-
liorated clinical symptoms in diseased mice. These findings in-
dicate that the Sbl-dependent multifunctional cells described
here indeed mediate encephalitogenicity in EAE. They suggest
that therapies to regulate Sbl levels or, more realistically,
strategies to deplete CXCR6-marked TH cells hold promise for
mitigating autoimmune disorders such as MS.

Materials and Methods

Described here is a summary; details are provided in SI Appendix, SI Material
and Methods. Animal studies were approved by the Institutional Animal Care
and Use Committee of Boston Children’s Hospital or the cantonal veterinary
office of Zurich. To induce EAE, wt and sb1~~ mice in the C57BL/6 background
were injected with MOGss ss emulsified with complete Freund's adjuvant
followed by 200 ng of pertussis toxin on days 0 and 2. Discarded synovial fluid
specimens were obtained from patients with inflammatory arthritis un-
dergoing diagnostic and/or therapeutic arthrocentesis for active joint in-
flammation, and research on these specimens was conducted under approved
Institutional Review Board (IRB) protocols 2007P002441 (Brigham and Women's
Hospital) and S09-10-0557 (Boston Children’s Hospital). A preliminary report of
some of these findings has appeared in abstract form (61).

Statistical Analysis. Statistical analyses were performed using GraphPad Prism
4. The data were analyzed by Student'’s t test, unpaired and paired, or one-
way ANOVA. P values <0.05 were considered significant.

Footnote/Note Added in Proof. While this manuscript was in review, a pub-
lication appeared coauthored by one of us (B.B.) that characterized GM-CSF*
CD4 cells in EAE and included verifying evidence that IL-1p- and IL-23-driven
GM-CSF* CD4 cells are marked by cell surface CXCR6 (62).
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