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Abstract

CRAC channel regulator 2A (CRACR2A) is expressed abundantly in T cells and acts as a signal
transmitter between T cell receptor stimulation and activation of the Ca?*-NFAT and JNK-AP1
pathways. CRACR2A has been linked to human diseases in numerous genome-wide association
studies and was shown to be one of the most sensitive targets of the widely used statin drugs.
However, the physiological role of CRACR2A in T cell functions remains unknown. In this study,
using transgenic mice for tissue-specific deletion, we show that CRACR2A promotes Thl
responses and effector function of Th17 cells. CRACR2A was abundantly expressed in Thl and
Th17 cells. In vitro, deficiency of CRACR2A decreased Th1 differentiation under non-polarizing
conditions, while presence of polarizing cytokines compensated this defect. Transcript analysis
showed that weakened TCR signaling by deficiency of CRACR2A failed to promote Thl
transcriptional program. In vivo, conditional deletion of CRACR2A in T cells ameliorated Thl
responses to acute lymphocytic choriomeningitis virus infection and imparted resistance to
experimental autoimmune encephalomyelitis. Analysis of central nervous system from
experimental autoimmune encephalomyelitis-induced mice showed impaired effector functions of
both Thl and Th17 cell types, which correlated with decreased pathogenicity. Collectively, our
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findings demonstrate the requirement of CRACR2A-mediated TCR signaling in Th1 responses as
well as pathogenic conversion of Th17 cells, that occurs at the site of inflammation.

INTRODUCTION

Human Ca?* release-activated Ca2* channel regulator 2A (CRACRZ2A, or alternatively
EFCABA4B) gene is located on chromosome 12. Links between polymorphism in CRACRZA
and human diseases have been identified from numerous genome-wide association studies
(GWAS) of Parkinson’s disease, non-alcoholic fatty liver disease (NAFLD), atrial fibrillation
(AF), and chronic infection of human immunodeficiency virus type 1 (HIV-1) (1-4).
However, the mechanisms underlying this link are largely unknown due to lack of
information on the physiological role of CRACR2A. Recent studies have shed some light on
the potential role of CRACR2A in T cell-mediated immunity. Engagement of T cell
receptors (TCRs) with cognate antigens induces clustering and activation of enzymes and
signaling adaptors including phospholipase C-y1 (PLC+y1) and Vav1 at the immunological
synapse, which are responsible for activation of downstream signaling cascades such as the
Ca2*-nuclear factor of activated T cells (NFAT) and mitogen-activated protein kinase
(MAPK) pathways (5-8). PLCy1 produces a second messenger inositol 1,4,5-trisphosphate
(InsP5) that depletes endoplasmic reticulum (ER) Ca2* stores and triggers activation of
extracellular Ca2* entry via Ca2* release-activated Ca?* (CRAC) channels in a process
termed as store-operated Ca2* entry. Elevated cytoplasmic Ca2* concentration activates the
downstream calcineurin-NFAT pathway. Vavl is a guanine nucleotide exchange factor that
recruits small G proteins to activate the c-Jun N-terminal kinase (JNK) and p38 MAPK
pathways that eventually turn on gene transcription by the activator protein 1 (AP1)
transcription factors (9). Previously, we reported a function of CRACR2A in regulation of
the Ca2*-NFAT and JNK MAPK signaling pathways (10, 11). The short, cytoplasmic
isoform of CRACR2A, CRACR2A-c stabilizes CRAC channels by interaction with its key
components, Orail, the plasma membrane (PM) pore subunit and STIM1, the ER Ca?*
sensor necessary for activation of Orail channels. Differently from CRACR2A-c, the long
isoform, CRACR2A-a is a component of vesicles. It is a member of the unique large Rab
GTPase family that also includes Rab44 and Rab45 (11). CRACR2A-a contains multiple
functional domains including the N-terminal domain that is identical with CRACR2A-c, a
proline-rich protein-interacting domain, and a C-terminal Rab GTPase domain. GTP binding
and prenylation are essential for localization of CRACR2A in vesicles while its interaction
with Vav1l is necessary for activation of the JNK signaling pathway. Another interesting
aspect of CRACR2A-a is its high sensitivity to statin drugs, that inhibit 3-hydroxyl-3-
methyl-glutaryl-CoA (HMG-CoA) reductase, a key rate-liming enzyme in cholesterol
biosynthesis pathway. Statin treatment-induced de-prenylation causes dissociation of
CRACR2A-a from vesicles, leading to its degradation, thereby impairing T cell activation.
Although many GWAS have uncovered CRACR2A for susceptibility to various human
diseases (1-4), the physiological role of CRACR2A proteins largely remains unknown due to
a lack of appropriate animal models.

For a productive immune response, T cells need to be activated by a combination of signals
from TCRs, co-stimulatory receptors (e.g., CD28) and receptors for polarizing cytokines.
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Integration of these signals is essential for lineage determination of effector T cells. Strong
TCR signaling blocks the function and expression of GATA3 resulting in inhibition of Th2
programs, and thus induces preferential differentiation of Thl cells while weakened TCR
signaling favors differentiation into Th2 cells by the default expression of GATA3 in naive T
cells (12-14). Consistently, defects in key TCR signaling pathways including the NFAT or
JNK signaling pathways favors Th2 differentiation (15-19). In addition to the strength of
TCR stimulation, presence of polarizing cytokines including IL-12 and IL-4 skew T cells
into Thl and Th2 cells, respectively. Th17 cells produce high amounts of IL-17A, IL-17F
and IL-22, and have an essential role in host defense against pathogens as well as
autoimmunity. Differentiation and effector functions of Th17 cells require optimal strength
of TCR signaling as demonstrated by decreased Th17 differentiation after deletion of TCR
signaling molecules including Itk, PKC6, and Orail (20-22). Differentiation of Th17 cells
requires various polarizing cytokines (e.g., IL-1a/p, IL-6, IL-23 or TGFp). After
differentiation at the priming sites (e.g. lymph nodes), Th17 cells become plastic and transit
into a highly pathogenic state after migration to the sites of inflammation in distinct tissues.
After transition, these ex-Th17 cells produce granulocyte macrophage colony-stimulating
factor (GM-CSF) and IFN-y that play crucial roles in pathogenicity of these cells. GM-CSF
plays an important role in recruitment of myeloid lineage innate immune cells (e.g.
monocytes). It was shown that deficiency of GM-CSF almost completely abolished the onset
of experimental autoimmune encephalomyelitis (EAE) and conversely, GM-CSF-producing
cells regardless of effector T cell subsets, were sufficient to induce EAE (23-27). In addition,
the transition of Th17 cells into IFN-y-producing ex-Th17 cells is important for
pathogenicity of these cells and this transition requires Thl-polarizing cytokines (e.g.,
IL-12) and transcription factors (e.g., T-bet and Runx1/3) (28-34). These observations
suggest that transition of Th17 cells into highly pathogenic T cells at the inflamed site
requires at least, a part of the Thl program.

Here we show that CRACR2A-mediated signaling plays a key role in Th1 cell
differentiation. In vitro, in the absence of any polarizing cytokines and antibodies, deficiency
of CRACR2A decreased differentiation of Th1l cells, and correspondingly increased
differentiation of Th2 cells. Under in vivo conditions using acute lymphocytic
choriomeningitis virus (LCMV) infection model we observed impaired Th1 response in T
cell-specific CRACR2A knockout mice. Further, T cell-specific deletion of CRACR2A also
imparted resistance to experimental autoimmune encephalomyelitis (EAE). In this model, in
addition to Th1 cells, Cracr2a™"/Cd4-Cre Thi7 cells also exhibited defects in effector
functions at the central nervous system (CNS). Furthermore, results from analysis of
adoptive transfer of Th17 cells and in vitro conversion model showed that Cracr2a™"/Cd4-
Cre Th17 cells had weakened pathogenicity as judged by reduced clinical symptoms in
recipients of Cracr2a™/Cd4-Cre Th17 cells due to impaired transition into Thi-like Th17
cells that produce IFN-y and GM-CSF cytokines. Therefore, our findings demonstrate that
TCR signaling mediated by CRACR2A is crucial for Thl differentiation as well as local
effector function of Th17 cells.
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MATERIALS AND METHODS

Chemicals.

Phorbol 12-myristate 13-acetate (PMA), and ionomycin were purchased from EMD
Millipore. Brefeldin A was purchased from ThermoFisher Scientific.

Plasmids and cells.

Mice.

pLKO.1 plasmids encoding scrambled or human CRACR2A - targeting ShRNAs (5 different
shRNAs) were purchased from Dharmacon (TRC Lentiviral Human CRACR2A shRNA).
The shRNA sequences are described in Table S1. Human HEK293T and Jurkat T cells were
purchased from the American Type Culture Collection (ATCC).

Generation of Cracr2a™ animals has been previously described (11). These mice were bred
with Cd4-Cre mice (from The Jackson Laboratory) for 2 generations to obtain T cell-
specific deletion of Cracr2a. 8-10-week old age and sex matched control (Cracr2a™" and
Cracr2a"/Ca4-Cre littermate animals were used for all in vivo experiments. For passive
EAE experiments, age matched donor and Rag27'~ recipients (purchased from The Jackson
Laboratory) were used. All animals were maintained in pathogen-free barrier facilities and
used in accordance with protocols approved by the Institutional Animal Care and Use
Committee at the University of California, Los Angeles.

T cell purification, differentiation, stimulation, and staining.

T cell purification, activation and differentiation were carried out as previously described
(22). 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 according to manufacturer’s instructions
(ThermoFisher Scientific). For effector T cell differentiation, cells were stimulated with 1
ug/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 with 10 pug/ml anti-
IL-4 antibody (Bio X cell), and 10 ng/ml IL-12 for Th1 differentiation; 20 pg/ml anti-1IFN-y
antibody (Bio X Cell), 2.5 pg/ml anti-1L-12 antibody and 10 ng/ml IL-4 (Peprotech) for Th2
differentiation; and 10 pg/ml anti-1L-4 antibody, 20 pg/ml anti-IFN-y antibody, 30 ng/ml
IL-6 (Peprotech), 3 ng/ml TGF-p (Peprotech) and 10 ng/ml IL-23 (R&D Systems) for Th17
differentiation. On day 4, differentiated T cells were restimulated with 80 nM PMA and 1
UM ionomycin for 5-6 hours for cytokine analysis. Brefeldin A (1 pg/ml) was added for the
last 2 hours. Cells were harvested, washed in phosphate-buffered saline (PBS),
permeabilized with 0.5% saponin and stained intracellularly for indicated cytokines. For re-
stimulation of Th17 cells, CD4*CD25" T cells cultured under Th17 differentiation
conditions (without IL-23) were re-stimulated on day 4 with 0.5 ug/ml of anti-CD3 antibody
and 0.5 pg/ml of anti-CD28 antibody for 24 hours on a plate coated with 0.3 mg/ml of goat
anti-hamster antibody. Cells were cultured with or without 1 ng/ml of IL-12. On day 7, cells
were re-stimulated with 80 nM PMA and 1 uM ionomycin for cytokine analysis. For
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staining of transcription factors T-bet and GATA-3, differentiated effector T cells were fixed/
permeabilized and stained using Transcription Factor Staining Buffer Set (BD Pharmingen).
For surface staining, 1 million cells from single cell suspensions of thymus, spleen and
lymph nodes were stained with indicated antibodies in PBS plus 1% fetal bovine serum, at
4°C for 20 mins, washed and used for data acquisition. Data were acquired using
FACSCalibur (Becton Dickinson) or BD LSRFortessa cell analyzers and analyzed using
FlowJo software (Tree Star).

Immunoblotting.

For immunoblot analyses, naive CD4* T cells isolated from C57BI6/J mice were
differentiated into various effector T cells. 4 days after differentiation, cells were stimulated
with PMA plus ionomycin and stained for signature cytokines to validate appropriate
differentiation. 10 million differentiated effector T cells were then 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 and subsequently analyzed by immunoblotting with anti-
CRACR2A antibody. Polyclonal rabbit antibody for detection of CRACR2A was generated
using purified human CRACR2A-c protein (Open Biosystems, Huntsville, AL) and used at
1: 5,000 dilution. Similar pattern of expression was also observed using commercially
available anti-CRACR2A antibody (Proteintech, #15206-1-AP and Millipore-Sigma,
#SAB5300583). Anti-B-actin antibody was purchased from Santa Cruz Biotechnology
(clone 1-19). Chemiluminescence images were acquired using an Image reader LAS-3000
LCD camera (FujiFilm).

Cytokine measurements by enzyme-linked immunosorbent assay.

Single cell suspensions of draining lymph nodes from control (Cracr2a™™ and Cracr2a™7)
Cd4-Cre mice immunized with myelin oligodendrocyte glycoprotein (MOG) peptide were
stimulated with 20 ug/ml MOG peptide for 72 hours and culture supernatants were used for
detection of secreted IFN-y and IL-17A cytokines using sandwich enzyme-linked
immunosorbent assay (ELISA) (Ready-SET-Go! ELISA kit, eBioscience).

Human peripheral blood mononuclear cell culture and analysis.

Peripheral blood mononuclear cells (PBMCs) were obtained under federal and state
regulations from the CFAR Virology core Laboratory at UCLA that were prepared from
buffy coats from healthy, unidentified adult donors using FicollPAQUE gradients. PBMCs
were activated with anti-CD3/CD28 beads (Miltenyi Biotech) and cultured in T cell media
(DMEM containing 20% fetal bovine serum and 1% Pen-Strep) supplemented with 20 U/ml
IL-2 (Peprotech). Depletion of CRACR2A was carried out by lentiviral infection of cells on
days 1 and 2. 48 hours after infection, cells were selected with 1 pg/ml of puromycin for 2
days and then expanded for 3 days with fresh media. On day 7, cells were activated with 80
nM of PMA, 1 pM of ionomycin, and Brefeldin A (3 pg/ml) for 5 hrs, surface stained with
anti-CD4 antibody-FITC, and intracellularly stained with anti-1L-4 antibody-APC and anti-
IFN-y antibody-PE. CD4 antibody-FITC-positive cells were gated for analysis. For flow
cytometry, the following human specific antibodies were used: anti-CD4 antibody-FITC
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(OKT4, eBioscience), anti-IL-4 antibody-APC (8D4.8, eBioscience) and anti-1FN-y
antibody-PECy7 (45.B3, eBioscience).

shRNA-mediated depletion.

To generate lentiviruses for transduction, HEK293T cells were transfected with plasmid(s)
encoding shRNA and packaging vectors (pMD2.G and psPAX2, Addgene) using calcium
phosphate transfection method. Culture supernatants were harvested at 48 and 72 hrs post
transfection and used for infection of human PBMCs together with polybrene (8 pg/ml)
using the spin-infection method. Cells were selected with puromycin (1 pg/ml) for 48 hrs
post infection. Initially stable Jurkat T cells were generated to identify the ShRNA that gave
maximal depletion of CRACR2A proteins and ShRNA#2 was then used for depletion of
CRACR2A in human PBMCs.

RNA-seq analysis.

For RNA-seq experiments naive T cells from control and Cracr24Vf| Cd4-Cre mice were
purified and stimulated on plate-coated anti-CD3 and anti-CD28 antibodies for 48 hours.
After 48 hours, cells were taken off the plate and cultured in medium containing 10 U/ml
recombinant human IL-2 (NCI Preclinical repository) for two days. At day 4 post isolation,
~10 million control and CRACR2A KO ThN cells (non-polarized) were stimulated with 20
nM PMA and 1 uM ionomycin for 5 hours and harvested in TriZol reagent (Invitrogen) for
RNA preparation. RNA was isolated using RNA purification kit (ThermoFisher Scientific),
quantified and used for purification of mMRNA, cDNA synthesis and library preparation using
TruSeq RNA Sample preparation kit (I1lumina) following manufacturer’s instructions. The
library of four samples was multiplexed and sequenced using Illumina Hiseq 2000 platform.
After demultiplexing, each sample got ~30 million 50 b.p. single-end reads. Tophat (35) was
used to align reads to mouse genome GRCm38/mm10 with Ensembl 74 annotation with a
cut-off of two maximum mismatches. Only uniquely mapped reads were used for
downstream analysis. Htseg-count from HTSeq (version 0.5.3p9) was used to quantify the
number of reads aligned per gene with option intersection-nonempty and Ensembl 74 gene
sets. Differential expression of genes was performed with DESeq v1.14 (36, 37). Genes with
0 reads across all samples were removed. Replicates were grouped and comparison was
done with default DESeq parameters. Genes with adjusted p value < 0.001 and > 2-fold
change were considered differentially expressed.

LCMV infection, major histocompatibility complex tetramer and intracellular cytokine

staining.

Mice were infected intraperitoneally with 2 x 10% plague-forming units of LCMV-
Armstrong. Viral stocks were prepared and viral titers were quantified as described (38). The
absolute number of virus-specific T cells was determined by multiplying the frequency of
tetramer™ or cytokine producing CD4 T cells by the total number of cells in the spleen.
Splenocytes were stained immediately after isolation with tetramers recognizing the MHC
class II-1Ab restricted LCMV-gp67 peptide (amino acids 61-80 of LCMV glycoprotein) and
for surface expression of CD4. Splenocytes were also stained with tetramers for H-2DP and
gp33 (amino acids 33-41 of LCMV glycoprotein) and for surface expression of CD8.
Tetramers were obtained from the Tetramer Core Facility of the US National Institutes of
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Health. For analysis of cytokine expression, splenocytes were stimulated for 5 hours with 5
ug/ml of the MHC class Il-restricted LCMV GPg1.gp peptide or MHC class I-restricted
LCMV GP33.41 peptide, in the presence of 50 U/ml recombinant mouse IL-2 (R&D
Systems) and 1 mg/ml brefeldin A (Sigma-Aldrich). Cells were stained for surface
expression of CD4 or CD8, then were fixed, permeabilized and stained with anti-TNF, anti-
IFN-y and anti-1L-2 antibodies. Flow cytometry was performed with a FACSVerse (Becton
Dickinson) analyzer and data analyzed using FlowJo software (Tree Star).

EAE induction and analyses.

Mice were immunized subcutaneously on day 0 with 100 pug of MOGg3s. g5 peptide (N-
MEVGWYRSPFSRVVHLYRNGK-C, Genscript) emulsified in complete Freund’s adjuvant
(CFA, Difco) supplemented with 5 mg/mL of Mycobacterium tuberculosis H37Ra (Difco).
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 and Cracr2a™f| Cd4-Cre
mice were first immunized with MOG35_55 subcutaneously as described above. At the first
sign of EAE symptoms (score 0.5), draining lymph node cells were collected and cultured
under Th17-polarizing conditions - with 20 ug/ml of MOG3s_55 peptide, 1L-23 (10 ng/mL),
IL-1B (10 ng/ml), anti-IFN-y antibody (10 ug/ml), anti-IL4 antibody (10 pg/ml) and anti-
IL-12 antibody (10 pg/ml) for 3 days. At day 3, 5 x 106 cells were injected intravenously
into RagZ~'~ 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; 5, complete hind and front leg paralysis (moribund). When a mouse was
euthanized because of severe paralysis, a score of 4 was entered for that mouse for the rest
of the experiment.

Isolation and analysis of cells from the CNS in EAE-induced mice.

To isolate mononuclear cells 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 5009 for 30 min. Cells 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 uM ionomycin in the presence of 3
pg/ml brefeldin A for 5 hours and stained for CD4, IFN-vy, IL-17A and GM-CSF.

Real-time quantitative PCR.

For real-time quantitative PCR (qPCR), total RNA from cells isolated from the CNS and
draining lymph nodes was extracted using the Direct-zol RNA Prep kit (Zymo Research) as
per the manufacturer’s instructions. cDNA was synthesized from total RNA using oligo(dT)
primers and Superscript IV First-Strand cDNA synthesis kit (Invitrogen). Quantitative real-
time PCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad) on an
iCycler 1Q5 system (Bio-Rad) using the primers described in Table S1. Threshold cycles
(Cy) for all the candidate genes were normalized to the C+ values for B-actin to obtain ACt
and further normalized to the values obtained for control samples to obtain AACt. The
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specificity of primers was examined by melt-curve analysis and agarose gel electrophoresis
of PCR products.

Statistical analysis.

Statistical analysis was carried out using the Mann-Whitney Utest to assess the significance
between EAE-induced groups and two-tailed Student’s t-test for other analyses. Differences
were considered significant when p values were < 0.05.

RESULTS

CRACRZ2A signaling regulates differentiation of Thl cells under non-polarizing conditions

Human and mouse genome encode two transcriptional isoforms of CRACR2A, CRACR2A-
a (~80 kDa) and CRACR2A-c (~45 kDa). Previously, we showed that CRACR2A-a and
CRACR2A-c have overlapping role in the regulation of CRAC channels and CRACR2A-a
also uniquely regulates JNK activation after translocation from the trans Golgi network to
the immunological synapse via vesicles (10, 11). We also observed predominant expression
of CRACR2A-a in the lymphoid organs including spleen and lymph nodes. To determine the
physiological role of CRACR2A proteins, we generated Cracr2a™’| Cd4-Cre mice by
deleting exons 3 and 4, resulting in loss of expression of both the isoforms, CRACR2A-a
and CRACR2A-c (Fig. 1A). We showed that Cracr2a™f Cd4-CreT cells had defects in both
the Ca2*-NFAT and JNK-AP1 signaling pathways after TCR stimulation (11). Here we
sought to examine the physiological outcomes of reduced Ca2*-NFAT and JNK signaling
pathways in Cracr2a™" Cd4-CreT cells. Development of CD4* and CD8* T cells in
Cracr2a™" Ca4-Cre mice did not show significant differences from their control
counterparts in terms of cell numbers and frequencies (Fig. 1B and C). In addition, steady
state T cell activation levels were similar between control and Cracr2a™"| Cd4-CreT cells,
when judged by surface expression of CD62L, CD44, CD25 and CD69 in CD4* and CD8™*
cells collected from the spleen and lymph nodes (Suppl. Fig. 1A and B). Finally, FOXP3
expression was also similar between control and Cracr2a™"| Cd4-Cre CD4* T cells isolated
from the thymus and lymph nodes (Suppl. Fig. 1C). Collectively, these results suggest that
CRACR2A proteins do not play a major role in development or homeostasis of conventional
and regulatory T cells.

To examine its function in different effector T cell populations, we first checked expression
of CRACR2A proteins in differentiated T cells. Naive T cells were cultured in vitro in the
presence of appropriate cytokines and antibodies to differentiate into Thl, Th2, Th17 and
iTreg cells, in addition to ThN cells, which refer to T cells activated in the absence of any
polarizing cytokines or antibodies. Immunoblot analysis showed that both CRACR2A-a
(~80 kDa) and CRACR2A-c (~45 kDa) were abundantly expressed in ThN, Thl and Th17
cells and lesser in Th2 and regulatory T cells (Fig. 2A). This expression analysis suggests a
more selective role of CRACR2A proteins in functions of inflammatory Th1 and Th17 cells.
To check their role in effector T cell functions, we differentiated control and Cracr2a™"
Cd4-Crenaive T cells into various effector T cell populations and examined their cytokine
production profiles. Cracr2a™"| Cd4-Cre T cells cultured under non-polarizing conditions
showed ~50% reduction in IFN-y expression and almost ~threefold increase in IL-4
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expression when re-stimulated with either anti-CD3 and anti-CD28 antibodies or PMA and
ionomycin (Fig. 2B). Interestingly, under Th1l-polarizing conditions in the presence of
IL-12, which activates STAT4-mediated signaling pathway independently from JNK and
Ca?*-NFAT pathways triggered by TCR stimulation (39), Cracr2a™f|Cd4-Cre T cells did
not show any impairment in IFN-y expression, affirming the previous observation that the
defect in Th1 differentiation in Cracr2a™" Ca4-Cre T cells specifically stems from
weakened TCR signaling (11). In support of our protein expression analysis, we did not
observe any defect in Th2 differentiation in Cracr2a™" Cd4-Cre T cells as judged by IL-4
expression. Surprisingly, even though both CRACR2A-a and CRACR2A-c were abundantly
expressed in Th17 cells, their deficiency did not impair Th17 differentiation in the presence
of saturating amounts of polarizing cytokines, IL-6, TGF-f and IL-23, as judged by
expression of IL-17A (Fig. 2B).

Since many small Rab GTPases are known to be involved in protein secretion, we examined
whether CRACR2A proteins play any role in cytokine secretion. We expected to observe
greater reduction in extracellularly secreted cytokines compared to those intracellularly, if
CRACR2A proteins are also required for secretion. However, we observed similar reduction
in intracellular and secreted cytokine levels from control and Cracr2a™" Cd4-Cre T cells
(Figs. 2B and C), suggesting that CRACR2A proteins play a primary role in signaling
pathways involved in transcription of cytokine genes, rather than cytokine secretion.
Furthermore, consistent with the cytokine profile, we observed reduced T-bet and increased
GATA-3 expression in Cracr2a™" Cd4-Cre T cells cultured under non-polarizing conditions
(Fig. 2D). These results suggested that CRACR2A proteins play an active role in
transcriptional programs of Thl differentiation by promoting T-bet expression and
suppressing GATA-3 function.

To examine whether the role of CRACR2A is conserved in human T cells, we depleted its
expression using sShRNA in human PBMCs cultured under non-polarizing conditions.
Depletion of CRACR2A proteins led to a profound reduction in IFN-y and increased
production of IL-4, similar to our observations with murine Cracr2a™”|Cd4-CreT cells
(Fig. 2E). In summary, our results suggest an important role of CRACR2A proteins in Thl
differentiation in humans and mice, especially in the absence of saturating concentration of
polarizing cytokines, potentially via their known functions in regulation of the Ca2*-NFAT
and JNK-AP1 pathways.

CRACR2A-mediated signaling contributes to the transcriptional program to drive Thl
differentiation

To understand how CRACR2A-mediated Ca?*-NFAT and JNK-AP1 pathways influence T
cell differentiation, we performed transcriptome analyses from control and Cracr2a™f| Ca4-
CreT cells cultured under non-polarizing conditions. Transcription of < 3% of genes was
significantly influenced in Cracr2a™/Cd4-Cre T cells (P < 0.001 and > 2-fold change,
651/23,470 genes = 2.77% of genome; Fig. 3A). This gene list included cytokines, cytokine
receptors, signaling molecules and transcription factors involved in Thl and Th2
differentiation. Consistent with the role of CRACR2A proteins in the Ca?*-NFAT and JNK
pathways, a majority of these genes including //2, Tnf, 114, 115, 1113, Ifng, Gata3 and Nfatcl
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are known to be regulated by the NFAT and/or AP1 transcription factors (40-42).
Furthermore, among the differentially expressed genes in Cracr2a™"| Cd4-CreT cells, using
the ENCODE ChIP-Seq Significance Tool (http://encodeqt.stanford.edu/hyper/) or by
calculation of static potential, we also observed enrichment of AP1 and NFAT-binding sites
(Fig. 3B). Pathway analysis using the DAVID (Database for Annotation, Visualization and
Integrated Discovery) bioinformatics database showed that signaling pathways mediated by
CRACR2A proteins influenced expression of cytokines, chemokines, and factors for T cell
differentiation (Fig. 3C), enrichment clusters 1, 5, and 6). Other gene clusters included
pathways associated with GTP binding proteins and IL-1 receptor signaling. It is possible
that there is compensatory expression of other GTP binding proteins in Cracr2a™f| Cd4-Cre
T cells. One candidate from IL-1 receptor cluster was IL-18 receptor that is important for
Th1 differentiation (43). Together, these data indicated that CRACR2A deficiency
preferentially altered expression of genes regulated by the Ca2*-NFAT and JNK-AP1
signaling pathways affecting transcriptional programs for T cell differentiation.

CRACR2A regulates Thl responses to acute infection with lymphocytic choriomeningitis

virus

Results from in vitro T cell culture showed that CRACR2A deficiency influenced Thl
differentiation, but not in the presence of polarizing cytokines (Fig. 2B). To determine if
CRACR2A signaling is required for efficient Thl responses to virus infection in vivo, we
infected control and Cracr2a""/Cd4-Cre mice with the Armstrong strain of LCMV to
induce acute infection. In response to acute LCMV infection, CD4* T cells predominantly
differentiate into Th1 or T follicular helper cells (44). In this infection model, CD4* Th1l
immunity is characterized by the expression of IFN-vy, tumor necrosis factor (TNF) and 1L-2
(38). Eight days after infection (the peak of the antiviral effector response), we observed
reduced numbers of total splenocytes and CD4* T cells in Cracr2a™f/Cd4-Cre mice
compared to littermate controls (Cracr2a™?: Fig. 4A). Furthermore, the numbers of LCMV-
specific CD4* T cells were substantially decreased in Cracr2a™f/Ca4-Cre mice (Fig. 4B).
Consistent with decreased Th1 response, Cracr2a™"/Cd4-Cre mice had reduced frequencies
and numbers of IFN-y, IL-2 and TNF-producing LCMV-specific CD4* T cells, as well as a
large reduction in poly-functional LCMV-specific CD4* T cells capable of simultaneously
producing multiple cytokines (Fig. 4C). In addition, the mean fluorescence intensity (MFI)
of IFN-y, I1L-2 and TNF produced by Cracr2a"f| Cd4-Cre CD4* T cells was decreased,
indicating decreased function and Th1 responses at a cellular level. Similar with CD4* cells,
we also observed reduced numbers of total and LCMV-specific CD8" cells (Suppl. Figs. 2A
and B). In addition, frequencies and numbers of IFN-y, IL-2 and TNF-producing LCMV-
specific CD8* T cells were also reduced (Suppl. Fig. 2C). Overall, these data demonstrate
an important role of CRACR2A proteins in Thl responses and cytokine production to acute
virus infection in vivo.

Deletion of CRACR2A ameliorates Thl and Th17 cell-mediated experimental autoimmune

encephalitis

Expression analysis showed abundant CRACR2A expression in T cells cultured under Th17-
polarizing conditions (Fig. 2A). However, we could not detect any defect in IL-17A
expression in Cracr2a™?/Ca4-Cre T cells, in vitro in the presence of polarizing cytokines
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(Fig. 2B). To determine if this was consistent in vivo, we utilized an in vivo model of
autoimmunity, EAE in which Th17 cells are important for the onset and pathogenicity of the
disease (45).

In vivo, EAE-induced Cracr2a™/Cd4-Cre mice showed a marked amelioration of clinical
symptoms and accordingly, reduced numbers of total mononuclear cells and CD4* T cells
infiltrated into the CNS when compared to littermate controls (Fig. 5A). We also observed
significantly reduced frequency of IFN-y- and IL-17A-producing CD4* cells in the CNS of
Cracr2a"/Cd4-Cre mice compared to those of control mice (Fig. 5B). Interestingly, the
frequency of IFN-y*IL-17A* T cells (IFN-y-producing Th17 cells or Thl-like Th17 cells)
was dramatically decreased in the CNS from EAE-induced Cracr2a™"/Cd4-Cre mice. This
IFN-y*IL-17A* subset is derived from Th17 cells and is known to contribute to the
pathogenicity of Th17 cells in many autoimmune diseases (29, 31, 34). GM-SCF has also
been identified as an important cytokine that contributes to the pathogenicity of
inflammatory T cells in EAE by inducing activation and recruitment of innate immune cells
(25, 26). In support of our clinical observations, we observed a significant decrease in the
frequency of GM-CSF-producing Thl and Th17 cells isolated from the CNS of EAE-
induced Cracr2a™"/Cad4-Cre mice compared to that of control mice.

To determine whether the reduced infiltration of T cells in Cracr2a™/Cd4-Cre mice was
derived from impairment in differentiation of Th1 and Th17 cells, we analyzed T cells
isolated from the draining lymph nodes of EAE-induced animals at the early stages.
Surprisingly, our transcript analysis did not show any marked difference between control and
Cracr2a™f/Ca4-Cre CD4* T cells in terms of expressions of Thi- (/fng, Tbx21, Integrina4,
Ccr5 and Cxcr3), or Th17-specific genes (//17a, Rorc, Integrin al, Ccr6 and 11231 (Fig. 5C).
These results suggest that the decreased production of IFN-y and IL-17 by CNS-infiltrated
CD4* cells in EAE-induced Cracr2a™f/Ca4-Cre mice is unlikely due to impairment in
differentiation or expression of homing receptors necessary for infiltration into the CNS.
Taken together, our results suggest that the reduced clinical symptoms in EAE-induced
Cracr2a™f/Cd4-Cre mice are caused by impairment in re-stimulation and effector functions
(e.g., cytokine production and conversion) of Thl and Th17 cells at the inflamed tissue.

CRACRZ2A signaling is important for the transition of Th17 cells into pathogenic Thl-like

cells

Even though, Cracr2a™/Cd4-Cre T cells did not show impairment in Th17 differentiation
in vitro (Fig. 2B), they showed profound reduction in IL-17A production and transition to
pathogenic Thil-like Th17 cells in the CNS of EAE-induced Cracr2a™f/Cd4-Cre mice. To
further dissect the role of CRACR2A-mediated signaling specifically in Th17 cell functions,
especially at the site of inflammation, we carried out adoptive Th17 cell transfer-mediated
EAE. Because cells cultured under Th17-expansion conditions are transferred, this model is
more focused on re-stimulation and effector function of Th17 cells at the CNS by bypassing
the differentiation steps. We isolated cells from the draining lymph nodes of EAE-induced
control and Cracr2a™"/Cd4-Cre mice, cultured them under Th17-expansion conditions for 3
days, and confirmed similar levels of IL-17A expression in CD4* cells (Fig. 6A). Rag2™~
recipient mice reconstituted with draining lymph node cells from Cracr2a™ or Cracr2a™f/
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Cd4-Cremice developed EAE with similar onset time (Fig. 6B). However, the clinical
symptoms were significantly milder in Rag2~" recipients that received Cracr2a™/Cd4-Cre
cells cultured under Th17-expansion conditions when compared with those receiving control
cells cultured under the same condition. In support of these data, total mononuclear and
CD4* T cell numbers were much lesser in the CNS of recipients of Cracr2a™"/Cd4-Cre T
cells. It is known that Th17 cells have high plasticity and they transit into Th1-like cells,
especially after being transferred into immune-compromised hosts (46). In consistence with
this observation, we found that a majority of the transferred T cells transited to IFN-y-
producing cells (Fig. 6C and D). In recipients of Cracr2a™"/Cd4-Cre T cells, the population
of IFN-y-producing cells decreased. In addition, the populations of IL-17A* cells as well as
IFN-y*IL-17A* cells were also reduced in recipients of Cracr2a™"/Cd4-CreT cells.
Importantly, expression of the pathogenic cytokine, GM-CSF was significantly reduced in
all the CD4™ T cells in the CNS of recipients of Cracr2a™f/Cd4-CreT cells (Fig. 6C and
D). Transcription factors T-bet, Runx1 and Runx3 play an important role in transition of
Th17 cells into pathogenic Thl-like Th17 cells (34, 47). In consistence with our CNS
cytokine expression analysis, we observed a significant reduction in expression of all the
three transcription factors in the mononuclear cells isolated from the CNS of recipients of
Cracr2a™/Ca4-Cre T cells (Fig. 6E).

To validate the role of CRACR2A in transition of Th17 cells into Thl-like Th17 cells, we
took advantage of in vitro transition model of Th17 cells (34). In this model, naive T cells
cultured under Th17-polairzing conditions for four days are re-differentiated into IFN-vy-
producing cells with re-stimulation in the absence of any cytokines or in the presence of
IL-12 (Fig. 7A). First, we cultured naive T cells isolated from Cracr2a™ or Cracr2a™"y
Cd4-Cre mice under Th17-polarizing conditions. In consistence with the previous results,
CRACR2A deficiency did not influence IL-17A or GM-CSF production (Fig. 7B). Re-
stimulation of T cells cultured under Th17-polarizing conditions induced transition into IFN-
y-producing cells, that was further enhanced by addition of low concentration (1 ng/ml) of
polarizing cytokine, IL-12 (Fig. 7C). In support of our in vivo observations, Cracr2a™/
Cd4-CreT cells cultured under Th17-polarizing conditions showed impairment in transition
into IFN-y-producing cells as well as in production of GM-CSF. Re-stimulation under non-
polarizing conditions induced T-bet expression in T cells pre-cultured under Th17-polarizing
conditions, that was further enhanced by inclusion of IL-12. However, T-bet expression in
the absence and presence of 1L-12 treatment was significantly decreased in Cracr2a™"/Cd4-
CreT cells. Together, we concluded that CRACR2A proteins play an important role in
transition of Th17 cells into IFN-y and GM-CSF-producing cells, without significantly
impairing differentiation of Th17 cells.

DISCUSSION

CRACRZ2A gene is located on Chromosome 12 in humans, and GWAS has identified its link
to diseases including Parkinson’s disease, NAFLD, atrial fibrillation, and chronic HIV
infection, that are potentially related with immune functions (1-4). However, the role of
CRACR2A proteins in these diseases is largely unknown due to minimal information about
their physiological functions. Our previous studies uncovered a role for these proteins in T
cells, providing a potential link between anomalies in CRACR2A function and T cell-
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mediated human diseases. The short isoform CRACR2A-c was originally identified to act as
a cytoplasmic factor to facilitate CRAC channel function (10). Later, a long isoform
CRACR2A-3, that localizes to the #rans Golgi network, was found to be involved in
regulation of CRAC channels and the INK-MAPK pathway triggered by TCR stimulation
(11). The C-terminal GTPase domain of CRACR2A-a closely resembles that of the Rab
GTPases, known to play a crucial role in vesicular transport between organelles.
CRACR2A-a translocates into the immunological synapse via vesicles upon TCR
stimulation, induces activation of the Ca2*-NFAT and JNK MAPK pathways, and finally be
inactivated by GTP hydrolysis and degradation. Our physiological studies using T cell-
specific Cracr2a™f/Cad4-Cre mice here further define its important role in highly
inflammatory Th1 and Th17 cells, and for the first time, uncover their potential functions in
human inflammatory diseases.

TCR stimulation plays a pivotal role in fate determination of T cells including their
differentiation into Thl or Th2 cells (48, 49). Strong TCR signaling blocks intrinsic Th2
programs of naive T cells by inhibiting the function and expression of GATA3 (12, 13), and
hence plays an important role in Th1l differentiation (49). In our previous work, we
demonstrated an important role of CRACR2A proteins in activation of the NFAT and INK
pathways downstream of TCR signals (10, 11). Our current data based on intracellular
staining and the genome-scale transcript analysis by RNA-seq suggest that weakened TCR
signaling by the absence of CRACR2A proteins fails to adequately attenuate the Th2
transcriptional program. Consistent with this view, CRACR2A deficiency only influenced T
cells cultured in the absence of any polarizing cytokines, where the role of TCR stimulation
is emphasized. Accordingly, we also observed an impairment in Cracr2a”f/Cd4-Cre T cells
in Th1 differentiation in response to LCMV infection. However, Cracr2a™/Cd4-Cre T cells
did not show any defect in Th1 differentiation at the draining lymph nodes, while the Th1l
responses were substantially decreased in the CNS of EAE-induced mice. Currently, the
reason underlying this discrepancy between animal models is not clear, but it is possible that
the contribution of TCR signaling with peptide injection to induce EAE can be relatively
small compared to that of TCR signaling triggered by LCMV infection. It is also possible
that the concentration of Thl-polarizing cytokines (e.g., IL-12 or IL-18) at the draining
lymph nodes of EAE-induced mice is higher than the spleen of LCMV-infected mice and
these cytokines may compensate for the weakened TCR signaling observed due to
CRACR2A deficiency. Nonetheless, commonly in both LCMV infection and EAE models,
we observed that CRACR2A deficiency substantially decreased effector T cell function at
the primary sites of infection and inflammation, the spleen and CNS, respectively.

An important role of CRACR2A in Th1 differentiation was expected based on its abundant
expression in ThN and Th1 cells, and its known role in regulation of the strength of TCR
signaling (10, 11). However, although expression of CRACR2A proteins in T cells cultured
under Th17-polarizing conditions was similar to that in Th1 cells, we could not detect any
defect in Th17 differentiation in Cracr2a™"/Cd4-Cre CD4* cells in vitro. In support of these
data, in vivo Th17 differentiation was unaffected as judged by expression of signature
transcription factors, cytokines and homing receptors in cells isolated from draining lymph
nodes of EAE-induced Cracr2a™"/Cd4-Cre mice (Fig. 5C). However, we found that
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Cracr2a™f/Ca4-Cre Th17 cells that migrated into the CNS of EAE-induced Cracr2a™fy
Cd4-Cre mice had defects in effector T cell functions at the inflamed tissue, CNS, as judged
by reduced frequency of IL-17A* and GM-CSF™* cell populations. To completely exclude
any minor contribution from differentiation defect, we confirmed these results with adoptive
transfer of T cells cultured under Th17-expansion conditions into Rag2~" recipients using
the animal model of passive EAE. These results showed that Cracr2a™f/Cd4-CreT cells had
less pathogenic potential and exhibited a defect in transition to cells producing IFN-y and
GM-CSF (Fig. 6). Mechanistically, CRACR2A deficiency decreased expression of
transcription factors that are involved in the transition to pathogenic Th17 cells and GM-
CSF production (34). These results re-emphasize the role of CRACR2A-mediated TCR
signaling triggered by local antigen interaction in induction of the Th1 transcriptional
program during the conversion of Th17 cells.

Our previous studies showed that CRACR2A-a is a prominent target of the widely used
statin drugs for treatment of high blood cholesterol levels. In the presence of very low
amounts of atorvastatin that had minimal effects on localization of small Rab GTPases,
CRACR2A-a underwent de-prenylation that caused its detachment from vesicles, and
induced its degradation, thereby decreasing the strength of TCR signaling (11). Our in vivo
data showing reduced Th1/Th17 responses in Cracr2a™/Cd4-Cre mice match well with
those obtained from human studies where consumption of atorvastatin and simvastatin
ameliorates autoimmune diseases by decreasing Th1l and Th17 responses (50-52). Our
observations of a Th2-biased differentiation and impairment in Th17 cell effector functions
due to CRACR2A deficiency suggest that CRACR2A may be one of the key targets of statin
to reduce Th1l and Th17 responses in autoimmune disease patients who consume statin drugs
for therapeutic purposes. Interestingly, T cell-specific loss of CRACR2A did not influence
development or homeostasis of CD4*, CD8" and regulatory T cells. When combined with
the results from GWAS, a selective function of CRACR2A in peripheral T cells, especially
the ones involved in proinflammatory Thl and Th17 responses, makes it an ideal drug target
to suppress autoimmunity. Future drug designs to specifically inactivate CRACR2A
protein(s) may minimize the undesired side effects of statin drugs that are administered to
autoimmune disease patients.

In summary, our study has identified CRACR2A proteins as an intracellular signaling
module activating two important proximal TCR signaling pathways, Ca2*-NFAT and JNK-
AP1, to selectively affect Thl differentiation. Further, in this study we found that the Thl
transcriptional program driven by CRACR2A is also important for the transition of Th17
cells into pathogenic Thl-like Th17 cells. Considering the frequent identification of
CRACRZA in multiple GWAS, our research uncovers the underlying molecular mechanisms
and further identifies CRACR2A proteins as a lucrative therapeutic target to suppress local
effector T cell functions to ameliorate autoimmune symptoms.
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Figure 1. CRACR2A deletion does not affect development of T cellsin vivo

(A) Schematic showing exon-intron structure of human CRACR2A and mouse CracrZa
gene. For generation of Cracr2a™f/Cd4-Cre mice, exons 3 and 4 were flanked with loxP
sites (triangles). Alternative splicing from exon 2 to exon 5 causes frameshift mutation,
resulting in loss of expression of both the isoforms, CRACR2A-a and CRACR2A-c.

(B) Total cell numbers from thymi, spleen, and lymph nodes of Cracr2a™ or Cracr2a™"/

Cd4-Cre mice. Each symbol represents data from an independent animal. N.S.-not

significant.
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(C) Representative flow plots showing frequency of CD4* and CD8* populations from
lymphoid organs of Cracr2a™f or Cracr2a™"/Cd4-Cre mice. Data are representative of three
independent experiments.
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Figure 2. CRACR2A deficiency impairs Thl differentiation in vitro
(A) Schematic showing the domain structure of human CRACR2A-a and CRACR2A-c

(top). CRACR2A-a and CRACR2A-c share EF-hand matifs and a coiled-coil domain that
interacts with CRAC channels to regulate Ca?* entry. CRACR2A-a contains additional
proline-rich domain (PRD) and a Rab GTPase domain with a prenylation site at the C
terminus. Immunoblot analysis showing expression of CRACR2A-a (~80 kDa) and
CRACR2A-c (~45 kDa) in various effector T cell subsets (bottom). Naive CD4*CD25" T
were differentiated into effector T cells under non-polarizing (ThN) conditions or in the
presence of cytokines/antibodies to induce polarization into indicated effector T cell
populations and cellular extracts were analyzed for expression of CRACR2A-a and
CRACR2A-c using p-actin as a loading control. Bar graph (right) shows densitometric
analysis of CRACR2A-a in various effector T cell populations after normalization to that in
ThN cells.
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(B) Naive T cells from Cracr2a™ or Cracr2a™f/Cd4-Cre mice differentiated under ThN
conditions were stimulated with anti-CD3 and anti-CD28 antibodies or PMA plus
ionomycin for 5 hours. Representative flow plots showing expression of IFN-y and IL-4 are
shown (left). Graph on the right shows normalized frequencies (z s.e.m.) of IFN-y * or
IL-4* population from T cells cultured under non-polarizing conditions, IFN-y* population
from Th1 cells, IL-4* population from Th2 cells, and IL-17A* population from Th17 cells.
Cytokine frequencies are normalized to those of littermate controls. Each symbol represents
data obtained from an independent animal.

(C) Levels of secreted IFN-y and IL-4 cytokines from supernatants of Cracr2a™ or
Cracr2a™f/Ca4-Cre naive T cells stimulated with anti-CD3 and anti-CD28 antibodies under
ThN conditions for 48 hours.

(D) Representative flow plots (left) and quantification graphs (right) showing expression of
T-bet and GATA-3 in Cracr2a™f or Cracr2a™f/Cd4-CreT cells stimulated under ThN
conditions. Each symbol represents data obtained from an independent animal.

(E) Representative flow plots (left) and quantification graphs (right) showing IFN-y and
IL-4 expression among CD4* T cells in human PBMCs transduced with lentiviruses
encoding control (Scr) or CRACR2A-targeting shRNAs after re-stimulation with PMA plus
ionomycin. Each symbol represents data obtained from an independent donor. * p < 0.05, **
p < 0.005, *** p < 0.0005.
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Figure 3. CRACR2A isinvolved in thetranscriptional program for Thl differentiation by
modulation of the Ca?*-NFAT and JNK-AP1 pathways

(A) Heat map of gene expression in control and Cracr2a™f/Cd4-Cre CD4* T cells cultured
under ThN conditions and stimulated for 5 hours with PMA plus ionomycin. Heat map
shows data from 651 genes (2.77%) differentially expressed with a P value of < 0.001 and a
fold change of > 2.0. Right panels show heat map of genes involved in Thl (top) or Th2
(bottom) differentiation. Data are representative of one experiment performed in duplicate
from two independent Cracr2a™ or Cracr2a™/Ca4-Cre mice. * indicates genes known to
be regulated by NFAT and/or AP1 transcription factors (see text).

(B) Predicted transcription factor binding sites at the promoters of genes from the entire
genome or those differentially expressed in Cracr2a™/Cd4-Cre T cells. Genes with binding
sites for transcription factors (T.F.) at transcription start sites (TSS) + 500 bps are indicated
as a percentage of total expressed genes (Genome) or differentially expressed genes in
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Cracr2a™f/Ca4-Cre CD4* T cells (Gene of Interest). The percentages and the false
discovery rates (Q values) were generated using the ENCODE ChlIP-Seq Significance Tool
(top). The static potential of NFATc2 binding motif was calculated by identifying the
sequence matches of the binding motif in the transcription start sites (TSS) + 500 bps.
Murine NFATc2 binding motif (the position frequency matrix, or PFM) was retrieved from
bioconductor package MotifDb. The hypergeometric P values were calculated by comparing
background (whole genome) to genes of interest to see enrichment of NFATc2 binding site
(below).

(C) Pathway enrichment analysis of genes differentially expressed in Cracr2a™/Cd4-Cre
ThN cells than their control counterparts, assessed with the DAVID database and presented
as total genes meeting that criterion in each pathway (Count), along with Pvalues. Scores in
parenthesis indicate the overall enrichment score calculated with the EASE score (modified
Fisher’s exact Pvalue) for each term member according to the DAVID database.
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Figure 4. CRACR2A deficiency impairs Thl response to acute infection with LCMV
(A) Number of total splenocytes (left) and splenic CD4* T cells (right) on day 8 after

LCMV-Armstrong infection of Cracr2a™f or Cracr2a™"/Cd4-Cre mice. Each symbol
represents data obtained from an independent animal.

(B) Representative flow plots showing the frequency of LCMV-specific IAb-gp67 tetramer-
positive CD4" T cells (gp67-tet). Graph shows absolute numbers of gp67-tetramer-positive
LCMV-specific CD4* T cells from independent animals.

(C) Representative flow plots showing the frequency of IFN-y and IL-2 (top), or IFN-y and
TNF (bottom)-producing control and Cracr2a™/Cd4-Cre CD4* T cells on day 8 after
LCMV infection following ex vivo stimulation for 5 hours with LCMV-GPg1_gg peptide.
Graphs (right panels) show quantification of absolute numbers of IFN-y*, IL-2*, TNF* or
polyfunctional IFN-y*IL-2*TNF* CD4* T cells (top) and mean fluorescence intensity (MFI,
bottom) of IFN-y*, IL-2*, TNF* CD4* T cells (bottom) from independent animals. These
data are representative of three independent LCMV infection experiments with 4-6 animals
in each experiment.

**p <0.005, *** p <0.0005.
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Figure 5. CRACR2A deficiency ameliorates EAE by decreasing the effector function of Thl and
Th17 cells at the central nervous system

(A) Time course of mean clinical score of EAE in indicated genotypes of mice. For detailed
scoring please refer the method section. The graph shows averages + s.e.m. from one of
three independent repeats of experiments with 4-8 mice per trial. Scatter plots (right) show
the numbers of total mononuclear (left) or CD4* (right) cells isolated from the CNS of
Cracr2a™f or Cracr2a™f/Cd4-Cre mice at the peak of the disease. Each symbol represents
data obtained from an independent animal. Statistical significance was calculated using the
Mann-Whitney U'test (### p < 0.0001).
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(B) Representative flow plots showing cytokine profile of CD4* cells isolated from the CNS
of Cracr2a™ or Cracr2a™"/Cd4-Cre mice at the peak of the disease. Bar graphs (right)
show averages of normalized frequency (z s.e.m.) of IFN-y*, IL-17*, and IFN-y*IL-17*
cells (top) and ratio of IFN-y*GM-CSF*/IFN-y* or IL-17*GM-CSF*/IL-17* cells (bottom).
The frequencies and ratio values of CNS cells from Cracr2a™#/Cd4-Cre mice were
normalized to those of control Cracr2a™ mice.

(C) Quantitative MRNA expression analysis (+ s.d.m.) of indicated cytokines, transcription
factors and homing receptors from the draining lymph node cells of EAE-induced
Cracr2a™f or Cracr2a™f/Cd4-Cre mice at early stages of disease severity (clinical score of
~0.5 in control Cracr2a™ mice).

*p < 0.05, ** p < 0.005, N.S. — not significant.
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Figure 6. CRACR2A deficiency suppresses effector functions of Th17 cellsin passive EAE-

induced mice

(A) For passive EAE, donor control and Cracr2a™" Cd4-Cre mice were immunized with
MOGg3s_s55 peptide. At the first sign of EAE symptoms, draining lymph node cells were
collected and cultured under Th17-expansion conditions for 3 days. Representative FACS
plots show cytokine levels in CD4* cells before transfer.
(B) Time course of mean clinical score of EAE in RagZ~~ mice after adoptive transfer of
Cracr2a™f or Cracr2a™"/Cd4-Cre lymph node cells cultured under Th17-expansion
conditions. The graph shows averages + s.e.m. from one of three independent experiments
with 4-8 mice per trial. Scatter plots (right) show the numbers of total mononuclear cells
(left) or CD4* (right) cells isolated from the CNS of the Rag2~" recipients at the peak of the
disease. Statistical significance was calculated using the Mann-Whitney U'test (### p <

0.0001).

(C) Representative FACS plots showing indicated cytokine profile of CD4* T cells isolated
from the CNS of recipients of Cracr2a™ or Cracrza™?/Cd4-Cre cells at the peak of the

disease.
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(D) Bar graphs show normalized cytokine levels (average + s.e.m.) of IFN-y* and IL-17A*
cells and normalized ratio of IFN-y*-GM-CSF*/IFN-y* or IL-17+-GM-CSF*/IL-17* cells.
(E) Quantitative mRNA expression analysis (+ s.d.m.) of indicated transcription factors in
the mononuclear cells isolated from the CNS of Rag2~ recipients of Cracr2a™" or
Cracr2a™f/Ca4-Cre cells at the peak of the disease.

*p <0.05, ** p <0.005, *** p < 0.0005.
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Figure 7. CRACR2A-mediated TCR signaling isimportant for transition of Th17 cells
(A) Schematic of the protocol for conversion of Th17 cells. CD4*CD25™ Naive T cells

cultured under Th17-polarizing conditions for four days were re-stimulated with anti-CD3
and anti-CD28 antibodies in the absence or presence of low concentration of IL-12 (1 ng/
ml). After three days, cytokine levels were determined by intracellular staining after 5-hour
stimulation with PMA plus ionomycin.
(B) Representative flow plots showing cytokine profile of Cracr2a™ or Cracrza™f/Ca4-Cre
CD4" cells cultured under Th17-polarizing conditions for four days as indicated in panel A.
At day 4, cells were stimulated with PMA plus ionomycin for 5 hours. Data are
representative of three independent experiments.
(C) Representative flow plots showing cytokine profile of re-stimulated Cracr2a™" or
Cracr2a™f/Ca4-Cre CD4* cells in the absence or presence of IL-12 at day 7. Cells were
stimulated with PMA plus ionomycin for 5 hours, and cytokine levels (top panels) or
transcription factor expression (histograms, middle panels) were checked by intracellular
staining. Flow plots are representative of three independent experiments. Bar graphs (bottom
panels) show averages + s.e.m. of IFN-y*, T-bet* or ratio of IFN-y*GM-CSF*/IFN-y*
positive cells, normalized to those of controls cells without IL-12 treatment.
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*p <0.05, **p<0.005
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