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Abstract

Activation of the Ca2* release-activated Ca2* (CRAC) channel is crucial for T cell functions.

It was recently shown that naked cuticle homolog 2 (NKD2), a signaling adaptor molecule,
orchestrates trafficking of ORAIL, a pore subunit of the CRAC channels, to the plasma membrane
for sustained activation of the CRAC channels. However, the physiological role of sustained Ca2*
entry via ORAIL trafficking remains poorly understood. Using NKD2 as a molecular handle,

we show that ORAI1 trafficking is crucial for sustained CaZ* entry and cytokine production,
especially in inflammatory Th1 and Th17 cells. We find that murine T cells cultured under
pathogenic Th17-polarizing conditions have higher Ca%* levels that are NKD2-dependent than
those under non-pathogenic conditions. In vivo, deletion of NMkadZ2alleviated clinical symptoms

of experimental autoimmune encephalomyelitis (EAE) in mice by selectively decreasing effector
T cell responses in the central nervous system. Furthermore, we observed a strong correlation
between NKD2 expression and pro-inflammatory cytokine production in effector T cells.
Together, our findings suggest that the pathogenic effector T cell response demands sustained
Ca?* entry supported by ORAI1 trafficking.

Introduction

Engagement of T cell receptors with cognate antigens depletes endoplasmic reticulum
(ER) Ca?* stores and triggers store-operated Ca2* entry (SOCE). A specialized class of
store-operated Ca2* (SOC) channels, Ca2* release-activated Ca2* (CRAC) channels play a
major role in elevation of intracellular Ca* concentration ([Ca2*]) in T cells (1, 2). CRAC
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channels consist of the plasma membrane (PM)-localized pore subunit, ORAIL, and an ER
Ca?* sensor, stromal interaction molecule 1 (STIM1). STIMZ1 senses depletion of the ER
Ca?* stores and opens ORAI1. High and sustained Ca2* signaling mediated by the CRAC
channels is crucial for the induction of transcriptional programs via the NFAT (nuclear factor
of activated T cells) pathway (1, 2). CRAC channels regulate various aspects of T cell
biology, including their development, proliferation, differentiation, and cytokine production
(1, 2). Inhibition of the core subunits of CRAC channels, ORAI1 and STIM1, can have
pleiotropic effects, impeding the therapeutic exploitation of this pathway. Therefore, it is
important to identify a cell type-specific mechanism underlying the regulation of CRAC
channels, if any, for the design of targeted therapeutic strategies without systemic influence
on T cell development or differentiation.

The current paradigm of CRAC channel activation emphasizes the crucial role of the
interaction between ORAI1 and STIM1 for channel gating. However, multiple studies have
reported the presence of ORAIL in intracellular vesicles. Internalization of ORAIL through
vesicle trafficking by Rab5, caveolin, and dynamin mediates inhibition of SOCE during
meiosis (3, 4). Furthermore, it was shown that only ~40% of ORAI1 localizes to the plasma
membrane in cell-lines, and enrichment of ORAI1 at the plasma membrane after store
depletion is passively achieved by trapping re-cycling ORAIL by STIM1 (5). In a recent
study, we identified naked cuticle homolog 2 (NKD2), a component of intracellular vesicles,
as a vital regulator of CRAC channels that mediates trafficking of intracellular ORAIL*
vesicles to the PM in effector T cells (6). Our data showed that TCR stimulation induces

the insertion of ORAI1" vesicles into the PM in an NKD2-dependent manner. Using pH-
sensitive GFP-tagged ORAI1, we demonstrated the insertion of Orail* vesicles to the PM

in a TCR stimulation-dependent manner, which was profoundly impaired in NKD2-deficient
cells. Further, NKD2-mediated insertion of intracellular ORAI1 to the PM was dependent
on protein kinase C (PKC) and Ca2* signaling pathways. Deletion of NKDZ2impaired
surface insertion of ORAI1* vesicles, SOCE, and cytokine production in primary human T
cells. However, the detailed physiological role of NKD2-mediated ORAI1 trafficking in the
effector T cell responses remains unexplored.

Experimental autoimmune encephalomyelitis (EAE) is a widely-used animal model for
multiple sclerosis - a T cell-mediated demyelinating autoimmune disease in humans.
Pathogenesis of EAE occurs in multiple steps. Naive T cells get primed, proliferate, and
differentiate to effector T cells in the lymph nodes after immunization. Effector Thl and
Th17 cells migrate to the central nervous system (CNS), where they encounter milieu
enriched in self-antigen, cytokines, and local cellular factors (7). After re-stimulation in
the inflamed tissue, effector T cells produce inflammatory cytokines, including IFN-vy,
IL-17A, and GM-CSF, to recruit and activate microglia and macrophages. After infiltration
into the CNS, Th17 cells trans-differentiate to Th1-like cells and become more pathogenic
(8, 9). Intermediate IFN-y*IL-17A* cells or completely converted IFN-y* ex-Th17 cells
produce high levels of GM-CSF, a cytokine essential for EAE pathogenicity (8-11). Trans-
differentiation of Th17 cells requires strong TCR signaling triggered by their encounter
with self-antigen, polarizing cytokines (e.g., IL-12), and local cellular factors (e.g., serum
amyloid A3) produced by tissue-resident cells that regulate expression of retinoid-related
orphan receptor gamma t (RORyt), T-bet, Runx1, and Runx3 (12-14). In our previous work,
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we identified CRACR2a (CRAC channel regulator 2a) as an essential regulator of CRAC
channels by stabilizing ORAI1-STIML1 interaction (15, 16). We showed that CRACR2a is
expressed at high levels in effector T cells compared to naive T cells, and deletion of
Cracr2a selectively blocks Thl and Th17 responses only in the inflamed tissues without
influencing the priming phase of T cells in the lymph nodes (17). These results suggest

that while CRAC channels are expected to play a broad role in general T cell functions,
effector T cells in the inflamed tissue may exert a unique molecular program to support a
robust and sustained intracellular Ca2* increase, which is required for inflammatory cytokine
production by Th1 cells and trans-differentiation of Th17 cells.

In this study, using NKD2 as a molecular handle, we systematically show that ORAI1
trafficking is crucial for sustained Ca2* entry and the effector functions (e.g., cytokine
production) in inflammatory Thl and Th17 cells. Using in vitro T cell culture, we find
that NKD2 is abundantly expressed in inflammatory T cells and contributes to their higher
Ca?* levels. In vivo, deletion of Nkd2did not affect T cell development and homeostasis
under sterile conditions, and priming in the lymph nodes after immunization. However,
Nka? deletion alleviated clinical symptoms of EAE by selectively decreasing effector T
cell responses in the CNS. Furthermore, we observed a strong correlation between NKD2
expression and cytokine levels in effector T cells from the CNS. Together, our findings
suggest that sustained Ca2* entry supported by ORAI1 trafficking is a requirement for the
pathogenic effector T cell responses.

Material and Methods

Chemicals and antibodies.

Mice.

Fura 2-AM (F1221) and brefeldin A were purchased from Thermofisher Scientific.
Antibody for detection of mouse NKD2 (2596) was purchased from Cell Signaling
Technologies. Antibody for detection of B-actin (sc-47778) was obtained from Santa Cruz
Biotechnology.

Nkad2 = mice were purchased from The Jackson Laboratory (stock #006960). 8-10-week-
old age- and sex-matched control (NVkd2**) and NkdZ™'~ littermate animals were used for
all in vivo experiments. For in vitro T cell culture 6-8-week-old mice with age- and sex-
matched controls were used. For passive EAE experiments, age-matched donor and Rag2~/~
recipients (purchased from The Jackson Laboratory, stock #008449) were used. All animals
were maintained in pathogen-free barrier facilities and used following protocols approved
by the Institutional Animal Care and Use Committee at the University of California, Los
Angeles.

Immunoblotting.

For immunaoblot analyses, cells were lysed in RIPA buffer (10 mM Tris-Cl pH 8.0, 1%
Triton X-100, 0.1% SDS, 140 mM NaCl, 1 mM EDTA, 0.1% sodium deoxycholate

and protease inhibitor cocktail [Roche]) and centrifuged to remove debris. Samples were
separated on 8-10% SDS-PAGE. Proteins were transferred to nitrocellulose membranes
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and subsequently analyzed by immunoblotting with relevant antibodies. Chemiluminescence
images were acquired using an Image reader LAS-3000 LCD camera (FujiFilm).

RNA isolation, cDNA synthesis and real-time quantitative PCR.

Total RNA from cells harvested in TRIzol Reagent (Thermofisher Scientific) was isolated
using the Direct-zol RNA isolation kit (Zymo Research). RNA quantity and quality were
confirmed with a NanoDrop ND-1000 spectrophotometer. cDNA was synthesized using 1-2
ug of total RNA using oligo(dT) primers and Maxima Reverse Transcriptase (Thermofisher
Scientific). Real-time PCR was performed using iTag Universal SYBR Green Supermix
(Bio-Rad) and an iCycler 1Q5 system (Bio-Rad) using gene-specific primers described in
Table S1. Threshold cycles (Cy) for all the candidate genes were normalized to those of
36B4 to obtain AC+. The specificity of primers was examined by melt-curve analysis and
agarose gel electrophoresis of PCR products.

Single-cell Ca2* imaging.
Primary T Cells were loaded at 1 x 10° cells/ml with 1 uM Fura 2-AM for 30 min at 25°C

and attached to poly-L-lysine—coated coverslips. Intracellular [Ca%*]; measurements were
performed using essentially the same methods as previously described (18).

Surface ORAI1 staining and analysis.

Naive CD4* T cells isolated from control and AkdZ™/~ animals were transduced with
retroviruses encoding empty vector or plasmids encoding ORAI1- EC-HA (it expresses
ORAI1 protein containing an HA tag in its second extracellular loop to allow for detection
using surface staining), cultured under non-polarizing for four days, and were left untreated
or stimulated with soluble anti-CD3 antibody (1 ug/ml) and cross-linked with goat anti-
hamster antibody for indicated times. Cells were treated with anti-HA and secondary
antibodies in PBS with 2% FBS on ice, subsequently, fixed with 4% paraformaldehyde
(PFA) for 15 minutes at room temperature and analyzed with a FACSCalibur flow cytometer
and FlowJo software.

T cell purification, stimulation, differentiation, and staining.

T cell purification, activation, and differentiation were carried out as previously described
(17, 19). Briefly, naive CD4* T cells were enriched by magnetic sorting from single-cell
suspensions generated by mechanical disruption of spleens and lymph nodes of adult mice
using MagniSort naive CD4* T cell enrichment kit (catalog # 8804-6824-74, ThermoFisher
Scientific). For effector T cell differentiation, cells were stimulated with 1 pg/ml of anti-
CD3 antibody (1452C11, Bio X Cell) and 1 pg/ml of anti-CD28 antibody (Clone 37.51,
Bio X Cell) for 48 hours on a plate coated with 0.3 mg/ml of rabbit anti-hamster antibody
(MP Biomedicals). CD4*CD25~ T cells were cultured without any polarizing cytokines
or antibodies for non-polarizing (ThN) conditions, with 10 ug/ml anti-1L-4 antibody
(Peprotech) and 10 ng/ml 1L-12 for Th1l differentiation; 20 pg/ml anti-IFN-y antibody
(Bio X Cell), 2.5 pg/ml anti-1L-12 antibody and 10 ng/ml IL-4 for Th2 differentiation; 10
pg/ml anti-1L-4 antibody, 10 pg/ml anti-1IFN-y antibody, 30 ng/ml IL-6 (Peprotech) and

1 ng/ml TGF-B (Peprotech) for non-pathogenic Th17 differentiation; 10 ug/ml anti-I1L-4
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antibody, 10 pg/ml anti-IFN-y antibody, 30 ng/ml IL-6 (Peprotech), 10 ng/ml IL-23 (R&D
Systems) and 10 ng/ml IL-1p (R&D Systems) for pathogenic Th17 differentiation. On day
4, differentiated T cells were re-stimulated with 1 pg/ml of anti-CD3 antibody and 1 pg/ml
of anti-CD28 antibody for 5 hours for cytokine analysis. Brefeldin A (1 pg/ml) was added
for the last 2 hours. Cells were harvested, washed in PBS, permeabilized with 0.5% saponin,
and stained intracellularly for indicated cytokines. For staining of transcription factors,
differentiated effector T cells were fixed/permeabilized and stained using Transcription
Factor Staining Buffer Set (BD Pharmingen). For surface staining, 1 x 10° cells from single
cell suspensions of thymus, spleen and lymph nodes were stained with indicated antibodies
in PBS + 1% fetal bovine serum, at 4°C for 20 mins, washed and used for data acquisition
immediately. For CTV Labeling experiment, naive T cells were labeled using CellTrace™
Violet Cell Proliferation Kit according to the manufacturer's protocols. CTV-labeled control
and ka2~ naive T cells were cultured under non-polarizing conditions and were harvested
and analyzed by flow cytometry on day 4. Data were acquired using FACSCalibur (Becton
Dickinson) or BD LSRFortessa cell analyzers and analyzed using FlowJo software (Tree
Star). Most of the flow cytometry antibodies were purchased from ThermoFisher Scientific,
including anti-1L-4-APC (11B11), anti-IL-17-APC (eBiol7B7), anti-IFN-y-PE (XMG1.2),
anti-GM-CSF-FITC (MP1-22E9), anti-I1L-10-PE, (JESS-16E3), anti-Foxp3-APC (FJK-16s),
anti-T-bet-APC (4B10), anti-RORyT-PE (AFKJS-9), anti-CD4-PerCP (RM4-5), anti-CD8b-
PE/PerCP (H35-17.2), anti-CD44-PerCP (IM7), anti-CD62L-APC (MEL-14), anti-CD25-
APC (PC61.5), and anti-CD69-PerCP (H1.2F3). Anti-IL23R-PE (12B2B64) was purchased
from BioLegend.

EAE induction and analyses.

For reconstitution of naive T cells in Rag2~~ mice, 5 x 106 CD4*CD25" T cells purified
using MagniSort naive CD4* T cell enrichment kit from Nkd2** and Nkd2~ mice

were transferred intraperitoneally into Rag2~~ mice, followed by active induction of

EAE after 2 weeks (20). Mice were immunized subcutaneously on day 0 with 100 g

of MOG3s_55 peptide (N-MEVGWYRSPFSRVVHLYRNGK-C, Genscript) emulsified in
complete Freund’s adjuvant (CFA, Difco) supplemented with 5 mg/mL of Mycobacterium
tuberculosis H37Ra (Difco) as previously described (17). The mice were also injected

i.p. with pertussis toxin (200 ng/mouse, List Biological Laboratories) on days 0 and

2. For passive EAE, donor control (Nka2*) and Nkd2™~ mice were first immunized

with MOG35_g5 subcutaneously as described above. At the first sign of EAE symptoms
(score 0.5), draining lymph node cells were collected and cultured under Th17-expanding
conditions with 20 ug/ml of MOG3s_s5 peptide, IL-1p (10 ng/ml), and IL-23 (10 ng/mL)
for 3 days. At day 3, 5 x 108 cells were injected intravenously into Rag2/~ mice. EAE
severity was scored according to the following clinical scoring system: 0, no clinical signs;
1, paralyzed tail; 2, partial hind leg paralysis; 3, complete hind leg paralysis or partial hind
and front leg paralysis; 4, complete hind and partial front leg paralysis.

Isolation and analysis of cells from the central nervous system in EAE-induced mice.

As previously described (17), mononuclear cells were isolated from spinal cords and brains;
tissues were digested with collagenase and DNase | (Roche) for 30 min at 37°C, and cells
were separated on a 40-80% Percoll gradient by centrifugation at 500 g for 30 minutes. Cells
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at the 40-80% interface were collected. Cells were also isolated from draining lymph nodes
by passing through nylon mesh, followed by lysis of blood cells and washing with PBS. For
intracellular cytokine staining, cells were stimulated with 80 nM PMA and 1 pM ionomycin
in the presence of 3 pg/ml brefeldin A for 5 hours and stained with antibodies for detection

of CD4, IFN-vy, IL-17A, GM-CSF, and NKD2.

Statistical analysis.

Results

Statistical analysis was carried out using two-tailed Student’s t-test. Differences were
considered significant when p values were <0.05. For EAE clinical score measurements,
statistical significance was calculated using the Mann-Whitney U test.

Normal T cell development and homeostasis in Nkd2 knockout mice

To examine the physiological role of NKD2 in T cell functions, we analyzed T cell
phenotypes of Nka2~~ mice. Consistent with a previous publication (21), Nkd2™/~ mice
were fertile and did not show anomalies in their litter size, survival, and body weight,
compared to age and sex-matched littermate controls. Further, numbers and frequencies of
CD4* and CD8" T cells in the thymi, spleens, and lymph nodes of Nka2~~ mice were
comparable to control animals, indicating normal development and homeostatic growth of
T cells (Figs. 1A, B, and Suppl. Fig. 1A). Also, steady-state T cell activation levels in the
spleen and lymph nodes were similar between control and Nkd2/~ mice when judged by
surface expression of CD62L, CD44, CD25, and CD69 (Suppl. Figs. 1B and C). FoxP3
expression was also similar between control and AVkdZ2/~ CD4* T cells isolated from the
thymus, spleen, and lymph nodes (Fig. 1C). These results collectively suggest that loss of
Nka2 does not affect development and homeostasis of conventional and regulatory T cells.

Abundant expression of NKD2 in inflammatory effector T cells

Next, we examined the expression of NKD2 among naive and different effector T cell
populations. Among effector T cells, Th17 cells display great diversity in their function.
Th17 cells differentiated with TGF-B1 + IL-6 are poor inducers of inflammation and
considered non-pathogenic, while those cultured in the presence of IL-1p + IL-6 +

IL-23 or TGF-B1 + IL-6 + I1L-23 show enhanced expression of inflammatory cytokines
and are considered pathogenic that elicit EAE with severe tissue damage (22-24). Flow
cytometric examination of NKD2 expression showed that effector cells expressed much
higher levels of NKD2 when compared to naive T cells (Fig. 2A). Nkd2™~ cells were

used as negative controls in these experiments. Among Th17 cells, we found that NKD2
expression was elevated in T cells cultured under pathogenic Th17-polarizing conditions
(IL-1B + 1L-6 + IL-23) compared to those under non-pathogenic Th17-polarizing conditions
(TGF-B1 + IL-6). These observations were also confirmed by quantitative analysis of
NkaZ2transcripts (Fig. 2B). Next, we validated these results with immunaoblotting. We
observed higher expression of NKD2 in primary T cells cultured under non-polarizing,
Th1-, and pathogenic Th17-polarizing conditions than those cultured under Th2- and Treg-
polarizing conditions (Fig. 2C). Previously, we detected enhanced surface expression of
ORAI1 upon TCR stimulation in human T cells expressing ORAIL protein with an HA
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tag inserted in its second extracellular loop. Surface staining of these cells using anti-HA
antibodies allowed for detection of PM-resident ORAI1 (6). Using the same technique,
murine effector T cells transduced for expression of extracellular HA-tagged ORAI1 and
cultured under non-polarizing conditions (predominantly Thl cells) also showed enhanced
surface expression of ORAI1 upon TCR stimulation, which was reduced in NkdZ™/~
effector T cells (Fig. 2D). Since NKD2 expression was higher in T cells cultured under
pathogenic Th17-polarizing conditions (Fig. 2A), we compared levels of surface ORAIL
insertion between T cells cultured under pathogenic and non-pathogenic Th17-polarizing
conditions. Our analysis showed increased ORAI1 insertion into the plasma membrane

in T cells cultured under pathogenic Th17-polarizing conditions compared to those under
non-pathogenic Th17-polarizing conditions, which were decreased by the loss of NKD2
(Fig. 2E). These data show the conserved function of NKD2 in stimulation-induced surface
expression of ORAIL in inflammatory T cells.

NKD2 is crucial for Ca2* signaling and cytokine production in effector T cells

We found that NVka2~~ thymocytes and naive T cells did not show any impairment in
SOCE, in consistence with its minimal role in T cell development and homeostasis (Figs.
3A and B). However, Nkad2 '~ effector T cells cultured under non-polarizing conditions
showed reduced SOCE compared to wild-type cells (Fig. 3C). Measurement of SOCE in

T cells cultured under Th17-polarizing conditions led to two interesting findings. First,

T cells cultured under pathogenic Th17-polarizing conditions showed significantly higher
SOCE than those under non-pathogenic Th17-polarizing conditions when triggered by
TCR stimulation (Fig. 3D). Second, loss of NKD2 reduced SOCE in T cells cultured

under pathogenic Th17-polarizing conditions, whereas those cultured under non-pathogenic
conditions showed normal SOCE. Consistent with SOCE measurements, we observed a
decrease in expression of IFN-y in NkdZ2™/~ effector T cells cultured under non-polarizing
conditions without affecting their proliferation (Fig. 3E and Suppl. Fig. 2). In consistence
with our SOCE measurements with Th17 cells, IL-17A expression was reduced in Nkd2 /'~
cells differentiated only under pathogenic Th17-polarizing conditions but not under non-
pathogenic Th17-polarizing conditions (Fig. 3E). IL-4 and Foxp3 expression in T cells
cultured under Th2- and Treg-polarizing conditions were not influenced by NkadZ deletion.
In all these experiments T cells were stimulated with anti-CD3 and anti-CD28 antibodies
because we previously showed that TCR and co-receptor signaling pathways synergistically
activate NKD2 to induce ORAI1 trafficking while treatment with chemical agonists,
including PMA and ionomycin, that bypass TCR signaling, had a minor effect on ORAI1
trafficking (6). Furthermore, transcript analysis showed reduced expression of //17aand
/l17fonly in T cells cultured under pathogenic Th17-polarizing conditions (Fig. 3F),
suggesting SOCE-mediated regulation of transcription of 1L-17.

Normal expression of RORyt and RORa but reduced levels of T-bet, GM-CSF, and IL-23R in
Nkd2 KO Th17 cells

To exclude the possibility that IL-17 expression in NkdZ™/~ cells was impaired due to their
failure in differentiation, we assessed the expression of key transcription factors necessary
for Th17 differentiation (25, 26). Nka2/~ T cells cultured under non-pathogenic and
pathogenic Th17-polarizing conditions did not show any difference in mMRNA and protein
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expression levels of RORyt and RORa, signature transcription factors of Th17 (Figs. 4A
and B). Of note, our previous data showed a comparable expression of T-bet in NKD2 KO
human primary T cells despite a severe defect in expressions of Th1l cytokines, including
IFN-y, TNF, and IL-2 (6). Collectively, normal expression of ROR-yt and RORa suggests
that the early phase of naive T cell differentiation into Th17 cells is intact potentially due to
the low expression of NKD2 in naive T cells (Fig. 2A).

Next, we examined expression of markers involved in pathogenicity and maintenance of
Th17 cells in control and Nkd2~ cells cultured under non-pathogenic or pathogenic Th17-
polarizing conditions. T-bet was shown to be highly expressed in pathogenic Th17 cells and
essential for pathogenicity of Th17 cells (12, 24, 27). Transcript analysis showed that mRNA
expression in 7Hx21 is high in T cells cultured under non-polarizing conditions, mostly Thl
cells and in those cultured under pathogenic Th17-polarizing conditions (Fig. 4C). These
data were supported by protein analysis, where protein levels of T-bet were reduced only in
T cells cultured under pathogenic Th17-polarizing conditions, but not ThN or those cultured
under non-pathogenic Th17-polarizing conditions (Fig. 4D). We also checked the expression
levels of GM-CSF and 1L-23 receptor (IL-23R) that are essential for pathogenicity of Th17
cells during the effector and maintenance phases, respectively (10, 11, 28). Their signaling
pathways are connected because I1L-23 signaling is important for production of GM-CSF in
Th17 cells (10). Both mRNA and protein levels of GM-CSF and I1L-23R were high in T cells
cultured under pathogenic Th17-polarizing conditions, and their expression was reduced in
NkdZ ™!~ cells (Figs. 4E and F). Collectively, these data suggest that NKD2 is not essential
for the initial phase of Th17 differentiation judged by normal expression of ROR-yt and
RORa, but Nkd2~ Th17 cells can have defects in the later stages, including the effector
and maintenance phases.

Conversion of Th17 cells into Thl-like cells after IL-12 treatment is impaired by NKD2

deficiency

So far, our data indicate that NKD2 is important for the late event of Th17 differentiation,
including cytokine production and maintenance. We sought to validate this using in

vitro Th17 conversion model by taking advantage of the finding that expression of
signature cytokine and transcription factors is normal in ka2~ T cells cultured under
non-pathogenic Th17-polarizing conditions (Figs. 3E, 3F, 4A, and 4B). Th17 cells are
plastic, and in the inflamed tissue, they are converted into Thl-like T cells (or IFN-y*
ex-Th17) that express T-bet and produce IFN-y as a terminal state (8, 27). Under in vitro
conditions, re-stimulation of non-pathogenic Th17 cells in the presence of 1L-12 supports
their trans-differentiation to Th1-like cells mimicking the terminal event of Th17 cells in
the inflamed tissue (12, 17). In this assay, control and NkdZ2™~ T cells cultured under
non-pathogenic Th17-polarizing conditions showed similar IL-17A expression, consistent
with our previous observation (Fig. 5A). After re-stimulation in the presence of I1L-12,
control cells trans-differentiated into Thl-like cells expressing IFN-y and T-bet, as reported
previously (Fig. 5B) (8, 12, 27). Under both conditions of the absence and presence of
IL-12, we found that Nkd2™" cells exhibit impairment in transitioning to T cells expressing
IFN-y and T-bet. We also found reduced expression of transcripts of /fng, Tbx21, Runxl,
and Runx3in Nkd2'= T cells cultured under the same conditions (Fig. 5C). These data
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collectively suggest that NKD2-dependent high and sustained SOCE supports the terminal
event of Th17 cells, including their conversion into Th1-like cells.

Loss of NKD2 impairs local effector T cell functions without affecting their initial priming in
the lymph nodes

Since outcomes from active EAE induction in AVkdZ™~ mice can be influenced by global
deletion of Nkd2in various cell types, to examine physiological role of Nkd2/~ T cells, we
transferred control or Nk@27~ CD4*CD25™ naive T cells into Rag2~~ mice. Consistently
with the results from the analysis of global NkdZ2”~ mice (Figs. 1A, 1B, and Suppl. Fig.
1A), CD4* T cell numbers cell from spleen and lymph nodes of recipients prior to induction
of EAE (two weeks post-transfer) were similar (Fig. 6A). As expected from the analysis

of cultured T cells, recipients of ka2~ T cells showed milder symptoms of EAE when
compared to those of control T cells (Fig. 6B). Accordingly, recipients of Nka27/~ T cells
showed fewer numbers of total mononuclear cells and CD4* T cells in the CNS. Consistent
with the analysis of T cells cultured in vitro, cytokine analysis showed reduced expression
of IFN-y and IL-17A in cells isolated from the CNS of recipients of Nkd2™/~ T cells (Fig.
6C). We also observed a significantly reduced frequency of IFN-y*IL-17A* double-positive
CD4* T cells in the CNS of the recipients of NkaZ/~ T cells. This IFN-y*1L-17A* double-
positive subset is derived from Th17 cells and is known to contribute to the pathogenicity of
Th17 cells in autoimmune diseases (8, 12, 27). GM-CSF has also been identified as a critical
cytokine that contributes to the pathogenicity of inflammatory T cells in EAE by inducing
activation and recruitment of innate immune cells (10, 11). In support of the analysis of
clinical scores, we observed a significant decrease in the frequency of GM-CSF-producing
Th1 and Th17 cells isolated from the CNS of the recipients of Nkd2”~ T cells compared to
those of control T cells.

To determine whether the reduced clinical symptoms in recipients of Nkd2™”~ T cells were
due to impaired priming of Th1 and Th17 cells, we analyzed T cells isolated from the
draining lymph nodes of EAE-induced WT and AkdZ2™~ mice at the early stages of disease
onset (day 10 after EAE induction). Interestingly, we did not observe any difference in
expression of IFN-y and IL-17A in Nkd2~~ T cells from the draining lymph nodes, when
compared to WT controls (Fig. 6D). Further, transcript levels of various genes involved in
Thl (/fng, Tbx21, Itgad, Ccrb, and Cxcr3) or Thl7 (//17a, Rorc, Itgal, Ccr6, and 1/123r)
responses were not affected due to loss of NKD2 (Fig. 6E). These results suggest that the
decreased production of IFN-y and IL-17 in T cells isolated from the CNS is unlikely due to
impairment in priming of T cells.

In the inflamed tissue, Th17 cells trans-differentiate to Thl-like cells (8, 9). Intermediate
IFN-y*IL-17A* cells or completely converted IFN-y*IL-17A" cells have high pathogenicity
(8-11). Trans-differentiation of Th17 cells requires strong TCR signaling, including elevated
Ca?* levels, triggered by an encounter with self-antigens and cytokines produced by
tissue-resident cells (e.g., IL-12) that induce expression of T-bet, Runx1, and Runx3 (12,
17). To further dissect the role of NKD2 specifically in Th17 cell functions at the site

of inflammation, we carried out adoptive Th17 cell transfer-mediated EAE. Cells from

the draining lymph nodes of EAE-induced control and Nkd2~~ mice cultured under Th17-
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expansion conditions (IL-1p + IL-23) for three days showed similar frequencies of IL-17A*
T cells when stimulated with PMA and ionomycin treatment that bypasses proximal TCR
signaling and activation of NKD2 (Fig. 7A). Rag2~" recipients reconstituted with donor
cells from WT and NkdZ™~ mice developed EAE with a similar onset time. However, the
disease severity was significantly reduced in recipients of Akd2”~ T cells compared with
those of control cells (Fig. 7B). In support of these data, total mononuclear and CD4* T cell
numbers were reduced in the CNS of recipients of Nka2”~ T cells. A significant fraction of
the transferred T cells transited to IFN-y-producing cells, which was significantly reduced
in the recipients of Akd2™~ T cells (Fig. 7C), consistent with in vitro Th17 conversion
model (Figs. 5B and C). Expression of GM-CSF was also significantly reduced in Nka27~
CD4™* T cells. Consistent with our analysis of cytokine expression in the CNS, we observed
a significant reduction in transcripts of 76x21, Runx1, and Runx3, which are involved

in pathogenicity of Th17 cells in the CNS of recipients of Nkd2”~ T cells (Fig. 7D).
Expression of mMRNAs of 7c¢f7, a transcription factor regulating the stem cell-like state of
Th17 cells (29), was not influenced by NKD2 deficiency.

In addition to the functional consequences of NKD2 deficiency, we also observed a strong
correlation between NKD2 expression and the inflammatory state of T cells. Using Nkd2/~
T cells as controls we identified NKD2* and NKD2~ T cells among mononuclear cells
isolated from the CNS (Fig. 8, left). Next, we checked the expression of IFN-y, IL-17A, and
GM-CSF in those cells (Fig. 8, right). These results showed increased cytokine expression
in NKD2* cells than in NKD2~ cells, validating correlation between NKD2 expression

and the inflammatory state of T cells. Together, these results indicate that NKD2 plays

an important role in Th17 pathogenicity by supporting SOCE and the terminal state (e.g.,
cytokine production, conversion) in the inflamed tissue.

Discussion

Three models of CRAC channel activation were previously proposed; the conformational
coupling, diffusible messenger, and vesicle fusion models (30). The current paradigm of
ORAI1-STIM1 coupling supports only the conformational coupling model by emphasizing
the crucial role of the interaction between ORAI1 and STIM1 for channel gating. However,
the other models also supported by experimental evidence have been largely neglected.
Internalization of ORAI1 through vesicle trafficking by Rab5, caveolin, and dynamin
mediates inhibition of SOCE during meiosis (3, 4). Furthermore, it was shown that only
~40% of ORAI1 localizes to the plasma membrane, and enrichment of ORAI1 at the plasma
membrane after store depletion is passively achieved by trapping re-cycling ORAIL by
STIM1 (5). Our previous study showed that an active signaling mechanism triggered by
TCR stimulation exists to traffic ORAIL from the intracellular pool to the plasma membrane,
which is mediated by NKD2 and essential for sustained Ca2* signaling for a prolonged
period (6). As a follow-up, in the current study using NKD2 as a molecular handle, we have
identified a physiological role of ORAIL" vesicle trafficking, especially in the effector T cell
responses at the inflamed tissue in autoimmunity.

Effector Th1l and Th17 cells are essential for tissue homeostasis and host defense against
pathogens (31, 32). Conversely, these effector T cells can also be the culprits of various
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autoimmune disorders. Recent investigations focus on the mechanisms underlying the
inflammatory state of effector T cells that cause tissue damage. These studies have so far
identified a role for self-antigen, inflammatory cytokine milieu, and local cellular factors for
the pathogenic conversion of effector T cells. Here we highlight that a unique cell-intrinsic
mechanism mediated by NKD2, a vesicular protein that regulates ORAI1 trafficking, is
essential for the local effector function of Thl and Th17 cells. Our previous study showed
that NKD2 acts as a signaling adaptor molecule that converts TCR signals to trafficking
intracellular ORAI1 pool to the plasma membrane to support sustained CaZ* entry (6).
Importantly, this study revealed that loss of NKD2 impaired production of Th1 cytokines
(e.g., IFN-y, TNF, and IL-2) in human primary T cells without influencing expression of
the signature transcription factor, T-bet. The current study using ANVkdZ/~ mice reveals that
NKD?2 is; /) abundantly expressed in Thl and Th17 cells and essential for ORAI1-mediated
Ca%* influx in those cells, /;) crucial for the late events of Th17 cells, including cytokine
production, expression of IL-23R, and trans-differentiation, and /77) not involved in the
development, homeostatic growth, and priming of T cells but is essential for their local
effector functions.

Several observations support our conclusion that the function of inflammatory T cells
demands high and sustained Ca2* signaling. Earlier studies using mice with deletion of
Orail and Stim genes, as well as blockers to block SOCE, have shown the critical role of
SOCE in EAE (19, 33). T cell-specific loss of STIM proteins (both STIM1 and its homolog
STIM2) rendered mice resistant to EAE (33). In agreement with our observations with
Nkd2 = T cells, loss of STIM proteins impaired production of proinflammatory cytokines
and expression of IL-23R in encephalitogenic T cells, without influencing expression of
signature transcription factors, RORyt and RORa (33). Inhibition of SOCE using an ORAI-
specific blocker, however, showed impaired expression of RORyt in vitro and in vivo,
while Orai1™~ T cells showed impaired differentiation of Th17 cells in vitro in one study
(19), but not in an independent OrarZ KO mouse model (34). It is possible that ORAI
blocker can have a more substantial effect than deletion of OrarZ because it can inhibit

all the ORAI family members, including ORAIL, ORAI2, and ORAI3. Also, differences in
genetic backgrounds of OraiZ KO mice (mixed vs. C57BL/6) and deletion strategy (global
vs. conditional) may yield altered outcomes. Not much is known about the roles of ORAI
and STIM proteins in pathogenicity of Th17 cells. However, it was shown that loss of
STIM1 influences the function of pathogenic Th17 cells and anti-fungal non-pathogenic
Th17 cells by influencing oxidative phosphorylation or anaerobic glycolysis (35, 36). These
studies showed that expression of ROR~yt was reduced in pathogenic Th17 cells but was not
changed in non-pathogenic Th17 cells by loss of STIM1. These observations collectively
suggest that SOCE mediated by ORAI1 and STIM1 has a relatively minor role in the

initial event of Th17 differentiation, including expression of RORyt and RORa, but rather
is essential for the maintenance (e.g., IL-23R) and terminal effector functions (e.g., IL-17
production). Also, SOCE seems to be essential for the functions of both pathogenic and
protective, non-pathogenic Th17 cells. Based on the current data, it is likely that NKD2,

an important regulator of CRAC channels but not essential components like ORAIL and
STIMZ1, plays a more selective role in distinct Th17 subsets.
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In a previous study, we identified CRACR?2a as an essential regulator for CRAC channels
(15, 16). Similar to NKD2, CRACR2a is expressed at high levels in effector T cells, and

its deletion selectively blocks Thl and Th17 responses only in the inflamed tissues without
influencing T cell development in the thymus, homeostasis in the peripheral lymphoid
organs, and the priming of T cells in the lymph nodes after immunization (17). However,
unlike NKD2, deletion of Cracr2a predominantly impairs Thi responses. Cracr2a™~ T

cells showed reduced expression of the signature transcription factor, T-bet, suggesting

its involvement in the early phase of Th1 polarization. Cracr2a™~ T cells cultured under
pathogenic Th17-polarizing conditions (IL-6 + TGF-B + 1L-23) produced normal levels of
IL-17 but had defects in trans-differentiation into Thil-like T cells as judged by decreased
expression of IFN-y and T-bet after re-stimulation with IL-12. Although the phenotypes

of Cracr2a™~and Nka2'~ T cells display similarity in the phenotypes in EAE, there are
differences in molecular mechanisms. CRACRZ2a stabilizes ORAI1-STIML1 interaction by
interacting with both proteins during the early events of CRAC channel activation (16,

17), whereas NKD2 regulates ORAI1* vesicle trafficking by providing enough PM-resident
ORAI1 from the intracellular pool, and hence essential for the sustained levels of Ca2* entry.
Furthermore, CRACR2a also influences c-Jun N-terminal kinase (JNK) signaling, crucial for
Th1 differentiation, which is unaffected due to loss of NKD2. Therefore, it is possible that
CRACR?2a regulates the early phase of Ca2* and JNK signaling pathways that influences
expression of both signature transcription factors and cytokines, whereas NKD?2 is essential
for the late events of effector T cells, including cytokine expression, maintenance, and
trans-differentiation by regulating sustained SOCE. Regardless, pathogenic effector T cells
seem to be equipped with various molecular mechanisms to support robust transient and
sustained Ca2* entry.

In conclusion, although it is generally accepted that Ca2* signaling influences various phases
of T cell activation, the current study suggests that the pathogenic state of effector T cells
requires exquisitely high and sustained intracellular Ca2* elevation. NKD2 appears to be a
regulator for CRAC channels, which impacts the pathogenicity of Thl and Th17 cells by
inducing inflammatory cytokines, including IFN-y, IL-17, and GM-CSF. Intracellular Ca2*
elevation by NKD2 also promotes trans-differentiation of Th17 cells to Th1-like cells by
inducing expression of transcription factors involved in Th17 pathogenicity (e.g., T-bet).
Hence, the current data showed that pathogenic Th17 cells develop a unique strategy to
suffice their need for sustained intracellular Ca2* levels via utilizing the additional pool of
intracellular ORAIL in an NKD2-dependent manner. The Drosophila Nkd protein guides
embryonic development by regulating a gradient of Wnt/p-catenin signaling across each
segmental anlage (37). However, deletion of Akd'in mice did not influence viability

and fertility, suggesting that the function of NKD proteins is dispensable for embryonic
development (21). The current work shows that NKD2 plays a specialized role in effector

T cells of mice and humans. NKDZ2 gene, located on chromosome 5, has been linked to
various human diseases, including asthma, Crohn’s disease, and multiple sclerosis, based on
genome-wide association studies (38-42). Therefore, understanding the function of NKD2 in
T cells may reveal how its variations link to immune-related diseases and provide potential
therapeutic targets for suppressing T cell-mediated autoimmune diseases.
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Pathogenic Th17 cells show higher ORAI1-dependent SOCE than non-pathogenic Th17

cells

NKD?2 is important for sustained ORAI1-dependent SOCE in pathogenic Th17 cells
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Figure 1. Loss of NKD2 does not affect T cell development and homeostasis
(A\) Total cell numbers from thymi, spleen, and lymph nodes (LN) of control and Nka2 7~

mice.

(B) Representative flow plots showing the frequency of CD4" and CD8* T cell populations
from lymphoid organs of control or Nka2~”~ mice. Data are representative of three
independent pairs of animals.

(C) Representative flow plots (top) showing the frequency of CD25*Foxp3* T cells among
CD4* T cell populations from the thymi, spleen, and lymph nodes of control and Nkd2™~
mice. The bar graphs (bottom) showing averaged frequencies (z s.e.m.) of CD25"Foxp3*™ T
cells. Data are representative of three independent pairs of animals.

In panels (A) and (C), each symbol represents data from an independent animal. N.S., not
significant.
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Figure 2. NKD2 is abundantly expressed in Th1l cells and those polarized under pathogenic
Th17-polarizing conditions

(A) Representative histogram showing NKD2 expression in naive and effector T cells
cultured under non-polarizing (ThN), non-pathogenic Th17-polarizing (np-Th17), and
pathogenic Th17-polarizing (p-Th17) conditions (left). Nka2~ T cells (open blue
histograms) were used as a negative control for staining. The bar graph (right) shows
average mean fluorescence intensities (MFls + s.e.m.) of NKD2* population. Each symbol
represents data from an independent staining.

(B) Control and Nka2”~ naive T cells were cultured under non-polarizing conditions or
under non-pathogenic or pathogenic Th17-polarizing conditions (see methods for details).
Four days after differentiation, cells were harvested for transcript analysis of Nkd2. Data
show representative triplicates from two independent experiments.

(C) Representative immunoblot showing NKD2 expression in lysates of primary murine
effector T cells of indicated lineages. Lysates of Nka2~~ cells were loaded to show
specificity of the antibody. p-actin - loading control. Th17 — T cells cultured under
pathogenic Th17-polarizing conditions.

(D) Control and Nka2”~ T cells were differentiated under non-polarizing conditions and
transduced to express ORAI1-EC-HA that contains an HA tag in the extracellular domain.
Cells were stained with anti-HA antibodies without permeabilization to label plasma
membrane-localized ORAI1 at indicated time points after TCR stimulation. Data shows
the average (£ s.e.m.) frequencies (left) or MFIs (right) from three independent experiments.
(E) Control and Nka2”~ T cells cultured under non-pathogenic or pathogenic Th17-
polarizing conditions and transduced to express ORAIL-EC-HA were stained with anti-HA
antibodies without permeabilization to label plasma membrane-localized ORAI1 at indicated
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time points after TCR stimulation. Data shows average (£ s.e.m.) frequencies (left) or MFIs
(right) from three independent experiments.
* p<0.05, ** p<0.005, *** p<0.0001.
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Figure 3. Loss of Nkd2 impairs store-operated ca* entry and cytokine production in effector T
cells

(A) Representative traces showing averaged SOCE from control or NkdZ2™~ (N = 54 for
control and 63 cells for Nka27") thymocytes after TCR cross-linking using biotin-tagged
anti-CD3 antibodies (2.5 pg/ml) and streptavidin (10 pug/ml) in the presence of external
solution containing 2 mM Ca2*. Bar graphs show averaged baseline-subtracted SOCE (+
s.e.m.) at the peak from three independent experiments.

(B) Representative traces showing averaged SOCE from control or NkdZ2”~ naive T

cells (N = 72 for control and 71 cells for Nkd2™") after TCR cross-linking. Bar graphs
show averaged baseline-subtracted SOCE (+ s.e.m.) at the peak from three independent
experiments.

(C) Representative traces showing averaged SOCE from control or Akd2™~ ThN cells (N
= 72 for control and 71 cells for Nkd2~~, right panel) after TCR cross-linking. Bar graphs
show averaged baseline-subtracted SOCE (+ s.e.m.) at the peak from three independent
experiments.

(D) Representative traces showing averaged SOCE from control or Nka2”~ T cells
polarized under non-pathogenic (np-, N = 44 for control and 54 cells for Nkd2™", left panel)
or pathogenic (p-, N = 64 cells for both control and Nkd2~~, right panel) Th17-polarizing
conditions after TCR cross-linking. Bar graphs show averaged baseline-subtracted SOCE
(£ s.e.m.) at the peak and later time point (600 second, sustained) from 4-5 independent
experiments.

(E) Representative flow plots showing expression of IFN-y (ThN cells) and IL-17A (T
cells polarized under non-pathogenic or pathogenic Th17-polarizing conditions) in control
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and Nkd2™~ effector T cells after re-stimulation with anti-CD3 and anti-CD28 antibodies
for 5 hours on day 4. Bar graphs below shows normalized frequencies (average * s.e.m.)
and MFIs of indicated cytokines as pooled technical replicates from three independent
experiments.

(F) Relative expression of indicated genes in control and Akd2™~ T cells cultured

under non-polarizing conditions or under non-pathogenic or pathogenic Th17-polarizing
conditions. Cells were cultured for 4 days and restimulated before harvesting for transcript
analysis. Data shows one representative triplicate from two independent experiments.

In panels A-E each symbol represents data obtained from an independent pair of control and
Nkd2™~ animals. N.S., not significant; *** p<0.0001.
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Figure 4. Loss of Nkd2 decreases the expression of genes involved in Th17 pathogenicity
(A) Relative expression of indicated genes in control and NkdZ2™~ T cells cultured

under non-polarizing conditions or under non-pathogenic or pathogenic Th17-polarizing
conditions.

(B) Representative flow plots showing expression of RORyt in control and Nkd2™~ T
cells differentiated under non-pathogenic or pathogenic Th17-polarizing conditions. Thl
cells (gray) were used as negative controls. The bar graphs show the average (+ s.e.m.)
frequencies and MFIs from four independent experiments.

(C) Relative expression of indicated genes in control and AVkd2™~ T cells cultured

under non-polarizing conditions or under non-pathogenic or pathogenic Th17-polarizing
conditions.

(D) Representative flow plots showing expression of T-bet in control and NkdZ2™”~ T cells
differentiated under non-pathogenic or pathogenic Th17-polarizing conditions. Thl cells
(gray) were used as positive control. The bar graphs below show the average (+ s.e.m.)
frequencies and MFIs from four independent experiments.

(E) Relative expression of indicated genes in control and Nka2”~ T cells cultured

under non-polarizing conditions or under non-pathogenic or pathogenic Th17-polarizing
conditions.

(F) Representative flow plots showing the expression of indicated cytokines and cytokine
receptors in control and NVkdZ2™~ T cells cultured under non-pathogenic or pathogenic Th17-
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polarizing conditions. Cells were re-stimulated with anti-CD3 and anti-CD28 antibodies on
day 4. Bar graphs show averages (£ s.e.m.) from four independent experiments.

In panels (A), (C), and (E), cells were cultured for four days and restimulated before
harvesting for transcript analysis. Data shows one representative triplicate from two
independent experiments. N.S., not significant; * p<0.05, ** p<0.005, *** p<0.0001
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Figure 5. Loss of NKD2 impairs trans-differentiation of Th17 cells into IFN-y producing cells
(A) Left - Schematic of the experimental design for trans-differentiation of Th17 cells. Right

- Representative flow plots showing cytokine expression profile of control and NVkd2™ cells
cultured under non-pathogenic Th17-polarizing conditions for four days and re-stimulated
with PMA plus ionomycin.

(B) Representative flow plots showing cytokine (top) or T-bet (bottom) expression in control
and Nka2™”~ cells. Cells cultured under non-pathogenic Th17-polarizing conditions were
re-stimulated with anti-CD3 and anti-CD28 antibodies in the presence or absence of IL-12.
The bar graphs below show average (£ s.e.m.) from four independent experiments.

(C) Transcript analysis of indicated genes in cells obtained from (B) after re-stimulation.
Data show representative triplicates from two independent experiments.

* p<0.05, ** p<0.005.
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Figure 6. Loss of Nkd2 impairs EAE pathogenesis after adoptive transfer of naive T cells
(A) Total and CD4* T cell numbers in spleen and lymph nodes of Rag2~~ recipients of

control or Nkd2”~ naive T cells, two weeks post transfer.

(B) Time course of the mean clinical score of EAE in Rag2™" recipients of control or
Nkd2”~naive T cells. Mice were immunized with MOG peptide two weeks post transfer.
The graph shows mean * s.e.m. from two independent experiments (N = 8). Scatter plots
show the numbers of total mononuclear (left) or CD4* T cells (right) isolated from the CNS
of recipients at the peak of the disease (N = 5).

(C) Representative flow plots showing cytokine profile of CD4" T cells from the CNS

of Rag2~"~ recipients of control or Nkd2~~ naive T cells at the peak of the disease.

Bar graphs (right) show average (+ s.e.m.) of normalized frequency of IFN-y™*, IL-17A",
and IFN-y*IL-17A* double-positive cells (top) and ratio of IL-17*GM-CSF*/IL-17* and
IFN-y*GM-CSF*/IFN-y™* cells (bottom). The frequencies and ratio values of CNS cells
from recipients of Akd2~~ cells were normalized to those of control cells.

(D) Representative flow plots showing expression of indicated cytokines from CD4" cells
harvested from the draining lymph nodes of EAE-induced control and Nkd2”~ mice. Cells
were harvested at the early stages of disease onset (score of <1.0) and stimulated with PMA
plus ionomycin for 5 hours before cytokine staining. The bar graphs on the right show the
averages of normalized frequencies (x s.e.m.) from three independent mice.

(E) Transcript analysis of indicated genes from cells harvested from the draining lymph
nodes of control and NVka’2”~ mice at day 10 after EAE induction. Data show representative
technical triplicates from two independent experiments.

In all the panels, each symbol represents data obtained from an independent mouse.
Statistical significance for the clinical score in panel (A) was calculated using the Mann-

’ N.S. NS.
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Whitney U test. ## p<0.0001. Other panels - Student’s t test * p<0.05, ** p<0.005, ***
p<0.0001, N.S., not significant.
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Figure 7. Loss of NKD2 impairs pathogenesis of effector T cell transfer-induced EAE
(A) Representative flow plots showing cytokine profile of CD4*T cells from the draining

lymph nodes of control or Nk@2”~ mice injected with MOG peptide for EAE induction,
cultured under Th17 expansion conditions (with IL-1p + IL-23) for 72 hours, and stimulated
with PMA plus ionomycin for 5 hours.

(B) Time course of the mean clinical score of EAE in Rag2~~ mice after adoptive transfer
of control or Nka’2”~ draining lymph node cells cultured under Th17-expansion conditions.
The line graph shows mean + s.e.m. from the indicated number of animals pooled from
three independent experiments. Scatter plots show the numbers of total mononuclear (left) or
CD4* T cells (right) isolated from the CNS of recipients of control or Nka2”~ cells at the
peak of the disease.

(C) Representative flow plots showing the cytokine profile of CD4* T cells from the CNS
of recipients of control or NkdZ2™ cells at the peak of the disease. Bar graphs (right)

show average (+ s.e.m.) of normalized frequency of IFN-y*, IL-17A*, and IFN-y*IL-17A*
double-positive cells (top) and ratio of IL-17*GM-CSF*/IL-17* and IFN-y*GM-CSF*/IFN-
v* cells (bottom). The frequencies of CNS cells from recipients of Nka2~~ cells were
normalized to those of control T cells.

(D) Transcript analysis for expression (£ s.e.m.) of the indicated genes in mononuclear cells
isolated from the CNS of Rag2~~ recipients of control or Nka2~~ cells at the peak of the
disease.

In panels (B) - (D), each symbol represents data obtained from an independent animal.
Statistical significance for the clinical score in panel (B) was calculated using the Mann-
Whitney U test. ## p<0.0001. Other panels - Student’s t test * p<0.05, ** p<0.005, ***
p<0.0001.
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Figure 8. NKD2 expression correlates with increased cytokine production in effector T cells
isolated from the central nervous system

Representative flow plots (left) showing NKD2 expression in CD4™* cells isolated from

the CNS of Rag2~" recipients of control or Nkd27~ T cells at the peak of the disease.
Middle - Representative histograms showing frequencies of IFN-y*, IL-17A*, or GM-CSF*
population among NKD2* or NKD2~ CD4" cells. Right - Bar graphs showing average
frequencies (+ s.e.m.) of cytokine production in NKD2* or NKD2~ CD4" cells.

Each symbol represents data obtained from an independent animal. Student’s t test * p<0.05,
** p<0.005, *** p<0.0001.
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