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Abstract

Selenoprotein | (SELENOI) is an ethanolamine phospholipid transferase contributing to cellular
metabolism and the synthesis of glycosylphosphatidylinositol (GPI) anchors. SELENOI knockout
(KO) in T cells has been shown to impair metabolic reprogramming during T cell activation and
reduce GPIl-anchored Thy-1 levels, which are both crucial for Th17 differentiation. This suggests
SELENOI may be important for Th17 differentiation, and we found that SELENOI was indeed
upregulated early during the activation of naive CD4* T cells in Th17 conditions. SELENOI

KO reduced RORyt mRNA levels by decreasing SOX5 and STAT3 binding to promoter and
enhancer regions in the RORC gene encoding this master regulator of Th17 cell differentiation.
Differentiation of naive CD4* T cells into inflammatory versus tolerogenic T helper cell

subsets was analyzed and results showed that SELENOI deficiency skewed differentiation away
from pathogenic Th17 cells (RORyt* and IL-17A") while promoting tolerogenic phenotypes
(Foxp3* and IL-10%). Wild-type (WT) and T cell-specific SELENOI KO mice were subjected

to experimental autoimmune encephalitis (EAE), with KO mice exhibiting diminished clinical
symptoms, reduced central nervous system (CNS) pathology and decreased T cell infiltration.
Flow cytometry showed that SELENOI T cell KO mice exhibited lower CD4*ROR~yt* and
CD4*IL-17A* T cells and higher CD4*CD25*FoxP3* T cells in CNS tissues of mice subjected

to EAE. Thus, the metabolic enzyme SELENOI is upregulated to promote ROR-yt transcription
that drives Th17 differentiation, and SELENOI deficiency shifts differentiation toward tolerogenic
phenotypes while protecting against pathogenic Th17 responses.
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Selenoprotein | expression is required for increased levels of the transcription factor, RORyT, to
drive Th17 differentiation.
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Introduction

Upon T cell receptor (TCR) triggered activation, naive CD4* T cells differentiate into

one of several T helper cell lineages depending on signals from antigen presenting cells
and cytokines present in the surrounding environment. These external stimuli along with
TCR stimulation alter cellular metabolism in a regulated, dynamic manner that influences
differentiation [1, 2]. CD4* T cell subsets that arise during activation and differentiation
express unique sets of cell surface markers and transcription factors, while secreting a
defined array of cytokines that determines their functional properties [3]. T helper type 17
(Th17) cells are one of those subtypes that promote inflammation required for immune
responses to specific extracellular bacteria and fungi [4]. However, dysregulated Th17
responses may also contribute to pathogenesis in autoimmune diseases such as rheumatoid
arthritis and multiple sclerosis (MS) [5, 6].

Mouse naive CD4™" T cells differentiate into Th17 cells in the presence of 1L-23, TGF-f

and IL-6. These cytokines establish an early commitment to the Th17 lineage by activating
STAT3, which induces the expression of IL-21 [7]. STAT3 along with SOX5 serve as critical
transcription factors to promote expression of a key transcription factor, RORyt [8]. As a
master transcriptional regulator of Th17 cells, RORyt has the ability to drive the expression
of hallmark cytokines like IL-17A [9]. In contrast, CD4* regulatory T (Treg) cells contribute
to the suppression of immune responses and immune homeostasis, countering Th17 cells to
protect against autoimmune disorders. Treg differentiation relies on the upregulation of the
transcription factor FoxP3, and Treg cells function to secrete immunosuppressive cytokines
TGF-p and IL-10 [10]. Interestingly, both Th17 and Treg cell development share a similar
signaling requirement mediated by TGF-, but intrinsic factors influence differentiation into
the different phenotypes [11, 12]. Understanding the mechanisms controlling the balance
between pathogenic and tolerant phenotypes during T helper cell differentiation is important
for developing new approaches for treating autoimmune disorders like MS.

Th17 differentiation during TCR activation has been shown to be influenced by metabolic
reprogramming, which serves to meet increased demand for energy and metabolites

[13]. Th17 cells take on a distinct metabolic signature that promotes differentiation

into this subtype, heavily relying on finely tuned glycolysis, glutamine metabolism,

fatty acid synthesis, and sustained mitochondrial oxidative phosphorylation for their
differentiation and pro-inflammatory function [14-17]. Glycosylphosphatidylinositol (GPI)
anchor synthesis is also important during T cell activation and differentiation due to roles
played by GPI-anchored proteins on their cell surface [18]. Thy-1 (CD90) is a GPI anchored
protein that regulates differentiation of several cell types [19], and a recent study revealed
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that Thy-1 can provide signals to promote RORyt expression and Th17 differentiation
[20]. Thus, disruption of metabolic reprogramming and reducing cell surface levels of GPI
anchored proteins may hinder effective Th17 differentiation.

Our recent work showed a crucial role for Selenoprotein | (SELENOI) during T cell
activation for both effective metabolic reprogramming and sustained levels of GPI anchored
proteins [21]. SELENOI is a versatile enzyme participating in the synthesis of both
phosphatidylethanolamine (PE) and plasmenyl PE [22, 23], and SELENOI deficiency
during T cell activation led to a disruption of ATP generation/expenditure and several
metabolic pathways important for promoting proliferative capacity [21]. The effect of
SELENOI deficiency on cell surface GPI anchored protein levels can be attributed to PE
serving as precursor for GPI anchors [24], and Thy-1 was particularly reduced on activated
SELENOI KO T cells. The dual effects of SELENOI deficiency on disrupted metabolic
reprogramming and reduced Thy-1 levels, which both contribute to Th17 differentiation, led
us to investigate the role of SELENOI in Th17 differentiation in the present study. Using

T cell specific SELENOI KO mice, we found that naive CD4* T cells activated in Th17
conditions expressed lower levels of RORvyt, and exhibited reduced Th17 differentiation
into pathogenic IL-17A*, IL-22%, and 1L-23* cells accompanied by increased tolerant
FoxpP3* and I1L-10* phenotypes. T cell specific KO of SELENOI reduced pathology

and infiltrating RORyt* and IL-17A* T cells in a mouse model of MS, experimental
autoimmune encephalitis (EAE), providing new insights into metabolic pathways regulating
T cell mediated tolerance versus autoimmunity.

Materials and Methods

Mice, antibodies, and reagents

Generation of T cell specific SELENOI KO using /ck-Cre (distal promoter) and
SELENOI™fl mice was previously described [21]. Experiments using mice included
age/sex matched male and females 8-12 wks of age, and littermate SELENOI/fl

mice served as WT controls. Animal protocols were approved by the University of
Hawaii Institutional Animal Care and Use Committee. To block Fc-y receptors during
flow cytometry, cells were preincubated with anti-CD16/32 (2.4G2; BD Pharmingen)
for 15 min followed by antibody stains. BioLegend antibodies used at concentrations
recommended by vendor included FITC-anti-CD3 (145-2C11), PE- or APC-anti-CD4
(GK1.5), PE-anti-IL-17 (TC11-18H10.1), PE-anti-IFNy (XMG1.2), PE-anti-1L-10 (JES5-
16E3), PE-anti-TGF-p (TW7-16B4), BV421lanti-FoxP3 (MF-14); also used were PE-
anti-T-bet (4B10; eBioscience); APC-anti-CD25 (PC61.5; eBioscience), and PE-anti-
RORyt (AFKJS-9; Invitrogen). Dead cells were detected with BV421 viable dye or
Agua Dead Cell stain (Invitrogen/ThermoFisher). For immunohistochemistry, antibodies
included rabbit polyclonal anti-CD3 (1S503, 1:200; Dako) and SMI-32 Ab (801702,
1:5000; BioLegend). For immunofluorescence, PE-anti-IL-17A was used (17B7, 1:500;
Ebioscience). Myelin oligodendrocyte glycoprotein (MOG) 35-55 peptide (InSolution
AMPK Inhibitor, Compound C) were purchased from Sigma.
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Isolation of naive CD4* T cells, flow cytometry and proliferation assays

Spleens, inguinal lymph nodes, and spinal cords from euthanized mice were processed into
a single cell suspension using a GentleMACS™ Dissociator (Miltenyi/ThermoFisher). A
Naive Mouse CD4* T cell isolation kit (Miltenyi) was used to purify cells, and isolated
cells counted using a Millipore Sceptor. T cells were activated in 96-well plates pre-coated
with BioLegend anti-CD3 (clone 145-2C11; 10 pug/mL) plus anti-CD28 (clone 37.51; 1
pg/ml) for different periods in RPMI-1640 media containing 10% Seradigm 1500-500 FBS
(VWR), followed by flow cytometric analyses for differentiation markers or intracellular
(ic) staining for cytokines and transcription factors as described [21]. Culture conditions
included BioLegend cytokines for Th1: IL-2 (10 ng/mL) and IL-12 (10 ng/mL) and anti-
IL-4 (10 mg/mL); Th17: TGF-B (2.5 ng/mL), IL-6 (20 ng/mL) and IL-23 (10 ng/mL);

and Treg: TGF-B (5 ng/mL) and IL-2 (5 ng/mL). For flow cytometric evaluation, CD4* or
CD4*CD25* T cells were analyzed by ic staining for levels of IFN-y or 1L-17 or IL-10 or
TGF-p along with T-bet, ROR~yt, and FoxP3 (antibody clones listed above). For cytokine ic
staining, Golgi Stop™ (Fisher Scientific) was added for the last 6 h of stimulation, then cells
were 200 mL Fixation Buffer and permeabilized in 250 pL of Intracellular Staining Perm
Wash Buffer (both from BioLegend), and PE-conjugated antibodies added at concentrations
recommended by vendors. For analyzing T cells from cerebellum and spinal cords by

flow cytometry, tissues were excised from mice at day 15 or 30 of EAE protocol, single

cell suspensions prepared as previously described [25], and then cells subjected to flow
cytometry using the same ic protocol as described above.

Western blots, real-time PCR, and enzyme assays

Cell lysates were prepared as previously described [26], and 30 pug of total protein

was loaded per well on a 20% Criterion polyacrylamide gel (Bio-Rad), transferred to
nitrocellulose (VWR), and incubated with blocking buffer (Millipore). Primary antibodies
were added at 1:500-1000 final dilution. Secondary antibodies (Li-Cor) were added at
1:500-1000 final dilution, and fluorescent signals were detected using a Li-Cor Odyssey
infrared imaging system. Primary antibodies included anti-SELENOI (custom Ab from
ProMab), anti-B-actin (polyclonal cat#4967; Cell Signaling), anti-SOX5 (ab94396, Abcam)
or anti-STAT3 (124H6, Cell Signaling Technology), and anti-RORyt (Invitrogen, clone
AFKJS-9). Total RNA was extracted from T cell pellets using a using the E.Z.N.A. total
RNA Kit (Omega Bio-tek), cDNA synthesized (Qiagen) and real-time PCR carried out on

a LightCycler 480 (Roche) using a SYBR-Green kit (Qiagen) and primers as previously
described [27, 28]. Some novel primers for this study included HIF1a fwd: 5’-ACC TGG
CAATGT CTC CTT TAC-3’, rev: 5’-CCA GTG ACT CTG GAC TTG ATT C-3’; IL-17A
fwd: 5’- CAG GGA GAG CTT CAT CTG TGT-3’, rev: 5’-GCT GAG CTT TGA GGG ATG
AT-3’; FoxP3 fwd: 5’- AAG TGG CAG AGA GGT ATT GAG G-3’, rev: 5’-CTT CTC TAA
GCTTTC TTC TGT CTG G-3’; RORyt fwd: 5’- ACC TCT TTT CAC GGG AGG A-3,
rev: 5’-TCC CAC ATC TCC CAC ATT G-3’; BATF fwd: 5’-AGA AAG CCG ACA CCC
TTC A-3’, rev: 5’-CGG AGA GCT GCG TTC TGT-3’; IRF4 fwd: 5’-AGC ACC TTA TGG
CTC TCT GC-3°, rev: 5’-TGA CTG GTC AGG GGC ATA AT-3’; IL23R fwd: 5’-CCA
AGT ATATTG TGC ATG TGA AGA-3’, rev: 5’- AGC TTG AGG CAA GAT ATT GTT
GT-3’; TGF-B fwd: 5°-TGG AGC AAC ATG TGG AAC TC-3’, rev: 5’-GTC AGC AGC
CGG TTA CCA-3’; IL10Ra fwd: 5’-CGC TTG GAA TCC CGA ATT A-3°, rev: 5’-CTC
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AGG TTG GTC ACA GTG AAA T-3’; STAT4 fwd: 5-CGG CAT CTG CTA GCT CAG
T-3’, rev: 5’-TGC CAT AGT TTC ATT GTT AGA AGC-3’; STAT3 fwd: 5’-GTT CCT GGC
ACC TTG GAT T-3’, rev: 5’-CAA CGT GGC ATG TGA CTC TT-3’; GPR65 fwd: 5’-CAC
TGCTGGTTTCTCTTC TTG AT-3’, rev: 5°-GCC GTT TGG CAT TCT TTC-3’; SOCS3
fwd: 5°-ATT TCG CTT CGG GAC TAG C-3’, rev: 5’-AAC TTG CTG TGG GTG ACC
AT-3°.

Immunofluorescence staining of ex vivo T cells

Naive SELENOI KO CD4* T cells and WT controls were activated for 18 h on glass
coverslips coated with poly-D-lysine and anti-CD3/anti-CD28, followed by fixation with 4%
paraformaldehyde (PFA) for 20 min. Nonactivated T cells were added to glass coverslips
coated with poly-D-lysine alone, allowed to settle for 5 min followed by PFA fixation. After
fixation, cells were permeabilized with 0.2% Triton-X in PBS for 10 min and blocked with
10% normal goat serum in PBS for 1 h. Primary antibodies were added including anti-SOX5
(1:500 Abcam, ab94396) and anti-STAT3 (1:1000 Cell Signaling Technology, 124H6) in
blocking reagent for 2 h at RT. Secondary antibodies (anti-Rabbit 1gG Alexa Fluor 488,
A11070 Invitrogen, 1:1000; anti-Mouse IgG Alexa Fluor 594, A11020 Invitrogen, 1:500) in
blocking buffer were added for 1 h at RT. Coverslips were washed with PBS and mounted

in VECTASHIELD® Antifade Mounting Medium with DAPI. Images were captured at 40X
using a Leica SP8 confocal microscope and analyzed for nuclear localization of SOX5 and
STAT3 using Image J. A minimum of 200 cells were included per group.

Chromatin immunoprecipitation (ChIP) assays

Naive SELENOI KO CD4" T cells and WT controls were activated using plate-bound
anti-CD3/anti-CD28 as described above for 24 h in 96-well plates. For the cross-linking
steps, cells were first transferred from wells of plates to 50 mL tubes (one tube per
condition) and centrifuged for 5 min at 4°C and ~300 x g. Media was removed and cell
pellets were resuspended in 30 mL of RPMI and counted using a Millipore Spector. Cell
concentrations were adjusted (20 x 106) in new 50 mL tubes and then were crosslinked
with 1% of formaldehyde and quenching with 0.125 M glycine. Cells were pelleted and
washed with cold PBS, then transferred to 1.5 mL tubes. The cell lysis steps were next
performed by resuspending the cell pellets in 500 pL of RIPA buffer and incubating on ice
for 10 min. Each sample was transferred to a sonication tube to shear DNA using M220
focused-ultrasonicator (Covaris, MA) according to the settings: Peak Incident Power 75W;
Duty Factor 20%; Cycles per Burst 200; Treatment time 400s. After shearing DNA to
200-500 bp, the samples were transferred to 1.5 mL tubes and centrifuged for 10 min at

4 °C and ~18,000 x g. The supernatants were transferred to new tubes and diluted with
the 2 volumes of dilution buffer, and pre-cleared with protein A agarose beads (Thermo
Scientific, NY). Either anti-SOX5 (1:250, Abcam, ab94396) or anti-STAT3 (1:250, Cell
Signaling Technology, 124H6) was added to pre-cleared lysates and rotated overnight at 4
°C. The beads were washed with 500 pL of RIPA buffer 3 times and high salt buffer one
time followed by careful removal of all wash buffer. To purify DNA, 400 pL of reversal
buffer (125 mM Tris pH 6.0, 10% p-mercaptoethanol, 4% SDS) was added to the beads and
boiled for 30 min. For input, 400 uL of reversal buffer was added to 100 pL of precleared
lysates directly. Phenol/chloroform/isoamyl alcohol (25:24:1) was added (400 uL) and tubes
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shaken for 15 s at RT and allowed to stand for 5 min followed by centrifugation for 5 min
at 24°C and ~16,000 x g. The upper phase was transferred to new tubes and the process
repeated. DNA was precipitated using 1/10 volume of 3M sodium acetate, 2.5 volume of
100% ethanol, and 3 pL of glycogen, followed by centrifugation for 15 min at 4°C and
20,000 x g. Pellets were dried, and DNA resuspended with 30 uL of water. This DNA was
used as template (5 pL) and the samples prior to IP used as template for “input’ in real-time
PCR reactions carried out as described above. Primers included enhancer SOX5 binding site
fwd/rev TCC ACT ATG TTC CCA CCA C/GTC AGC ACG GAG GAT TGT T, enhancer
STAT3 binding site fwd/rev GGG TAG GAT GGA CAG CTT CA/AAC AAC TGT ACA
CTC ACC TTA G; promoter binding site for both SOX5 and STAT3 binding sites fwd/rev
TTG ACA GTC CAC AGG GTC TC/GCC CTC TTC ACC AAG TGA CA. Protocols for
ChIP assays analyzing STATS binding to distal (CNSO0) and intronic (CNS2) enhancers in
the FoxP3 gene were followed as previously described [29].

EAE model and assessment by histology and flow cytometry

An established protocol for inducing EAE was followed using inoculation with MOG3g_s5
peptide emulsified in complete Freund’s adjuvant in combination with pertussis toxin as
previously described [30]. Female mice (8 to 10-wks-old) were used since this sex has been
shown to exhibit a more chronic course of disease [31]. Mice were monitored daily for
signs of paralysis, and clinical scores recorded according to these criteria: 0 = no clinical
signs; 1 = slightly limp tail; 2 = moderately limp tail; 3 = paralyzed tail; 4 = One hind

limb paralyzed; 5 = both hind limbs paralyzed; 6 = hind limbs paralyzed, weakness in
forelimbs; 7 = hind limbs paralyzed, one forelimb paralyzed; 8 = hind limbs paralyzed,
both forelimbs paralyzed; 9 = moribund; 10 = death. After EAE for 30 d, mice were
euthanized and perfused with 10% buffered formalin, followed by brain and spinal cord
removal. These tissues were formalin fixed and paraffin embedded for sectioning at 5 mm
intervals. The sections were deparaffinized and subjected to heat and pressure to expose
antigens as previously described [32], then were either stained using hematoxylin and
eosin (H&E), or stained for CD3 and non-phosphorylated neurofilament H (SMI-32) by
immunohistochemistry as previously described [31]. Immunofluorescence for IL-17A was
carried out using PE-anti-1L-17A (1:500) on the same slides as above, and tissue mounted
in DAPI-containing VECTASHIELD® mounting media (Vector Labs). Quantification of
immunohistochemistry or immunofluorescence was performed using ImageJ. For flow
cytometry, EAE was carried out for 15 d or 30 d followed by sacrifice of mice, excision

of cerebellum and spinal cords, and homogenization of tissues into single cell suspension
using a GentleMACS™ Dissociator (Miltenyi/ThermoFisher). Cells were washed twice with
RPMI in 15 mL conical tubes, counted using a Millipore Sceptor, plated into 96-well plates
and flow cytometry carried out as described above.

Statistical analyses

Comparison of two means was carried out using an unpaired Student’s t test using GraphPad
Prism version 4.0. In assays involving three or more groups a one-way ANOVA was

used to analyze groups with Tukey post-test used to compare means of each group. All
comparisons were considered significant at P < 0.05. GraphPad Prism was also used to
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generate standard curves with regression analyses from which values were calculated for
sample measurements.

Increased SELENOI during Th17 differentiation is required for upregulated RORyt

expression

Since SELENOI is important for metabolic reprograming during TCR-induced activation as
well as GPI anchor synthesis for cell surface Thy-1 levels [21, 33] that both contribute to
Th17 differentiation, we investigated the role of SELENOI in Th17 differentiation. Naive
CD4* T cells from WT C57BL/6 mice were activated using plate-bound anti-CD3/28 in
Th17 conditions over 48 h, and SELENOI mRNA was found to increase at early time-
points (0-24 h) similar to Th17 master transcriptional regulator, RORyt (Fig. 1A). We

also measured levels of mMRNA for IL-17A and TGF-f cytokines that indicate the more
pathogenic and tolerogenic Th17 cells, respectively, finding that mRNA for both increased
later (8-48 h) post-TCR stimulation. Consistent with the mRNA data above, western blot
analysis showed that SELENOI protein levels were increased after 24 h TCR stimulation

in Th17 conditions (Fig. 1B). Given the upregulated SELENOI observed during TCR
activation in Th17 conditions, SELENOI loss-of-function investigations were carried out

to determine the consequences of SELENOI deficiency during Th17 differentiation. WT and
SELENOI KO CD4" naive T cells were isolated from mice and activated using anti-CD3/
anti-CD28 in Th17 conditions for 24 h, followed by real-time PCR analysis. Results showed
that SELENOI KO exerted some effects on the mMRNA levels indicative of pathogenic and
regulatory Th17 cells. Not all mMRNAs of the various markers measured were found to differ
between WT and KO CD4* T cells activated in Th17 conditions, although IL-17A mRNA
was decreased and TGFB mRNA was increased in SELENOI KO T cells (Supplemental Fig.
1). The strongest effect of SELENOI KO was a significant decrease in RORyt mRNA (Fig.
1C). Furthermore, naive CD4* T cells that were TCR activated overnight in Th17 conditions
followed by flow cytometric and western blot analyses showed that SELENOI KO reduced
the number of RORyt* T cells (Fig. 1D and Supplementary Fig. 2), suggesting that optimal
expression of this master regulator of Th17 cells relies on SELENOI expression.

SELENOI is required for binding of transcription factors to the RORC gene

Given the effects of SELENOI KO on decreased RORyt mRNA levels described above,

we investigated how SELENOI deficiency may affect transcription of the gene encoding
ROR+yt, RORC. We first used confocal immunofluoresence to evaluate nuclear levels of
two key transcription factors driving transcription of RORC, SOX5 and STAT3, when naive
CD4* T cells were activated in Th17 conditions. Results showed that nuclear SOX5 was
slightly decreased in SELENOI KO T cells, while levels of STAT3 in nuclei were not
significantly different between SELENOI KO and WT T cells (Figure 2A). ChIP assays
were then carried out to analyze established RORC enhancer and promoter regions that serve
as hinding sites for STAT3 and SOX5 [34]. When SELENOI KO and WT naive CD4* T
cells were activated in Th17 conditions for 18 h, ChIP assays revealed that SELENOI KO
T led to reduced binding of both STAT3 and SOX5 to the enhancer and promoter regions
compared to WT controls (Figure 2B). ChIP assays were carried out to determine binding
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of STATS5 transcription factor to established CNSO and CNS2 distal and intronic enhancers
of the FoxP3 gene, respectively (29). Results showed that KO T cells exhibited increased
binding compared to WT T cells for STATS5 binding to both enhancer regions (Fig. 3).
Thus, SELENOI is required for metabolic conditions that preferentially promote RORC
transcription over FoxP3 transcription during Th17 differentiation.

SELENOI deficiency favors differentiation into tolerant over inflammatory phenotypes

We next used flow cytometry to analyze the differentiation of WT and SELENOI KO
CD4™* T cells activated in pro-inflammatory Th17 conditions 72 h. When activated in Th17-
promoting conditions (IL-6, TGF-B, and 1L-23), WT and KO CD4* naive T cells exhibited
similar levels of CD4" purity and viability, but IL-17A cytokine expression decreased by
nearly 50% compared to WT controls (Fig. 4A-C). Other markers of inflammatory Th17
cells including IL-22 and IL-23 were decreased in KO T cells, while the tolerogenic marker
IL-10 was slightly increased. Because Th17 cells can acquire a pathogenic or regulatory
phenotype characterized by RORyt and FoxP3, respectively [35, 36], we analyzed these
intracellular markers. SELENOI KO CD4™ T cells activated in Th17 conditions exhibited
lower levels of pathogenic RORyt* cells and higher levels of regulatory FoxP3* cells
compared to WT controls (Fig. 4D). Other inflammatory or tolerogenic Th cells were
impacted by SELENOI expression as well. For example, in Th1-promoting conditions
(IL-12 and IL-2) the KO T cells exhibited moderately lower levels of IFN-y* and T-bet*
cells (Supplemental Fig. 3A-B). Activation in Treg-promoting conditions (TGF-p and 1L-2)
led to a higher percentage of IL-10* and CD25*FoxP3* levels (Supplemental Fig. 3C-D).
It is important to note the low numbers of Thl, Th17, and Treg cells arising from the use

of true naive CD3*CD4+*CD44" T cells, but our results focusing on differentiation of naive
T helper cells are consistent with other studies [37, 38]. Moreover, these data suggest that
SELENOI deficiency promotes CD4* T cell differentiation toward a tolerogenic phenotype
and away from an inflammatory phenotype.

SELENOI deficiency protects mice from EAE and decreases pathogenic Th17 cells in vivo

An established protocol for inducing EAE was followed by inoculating female mice with
emulsified adjuvant and MOG3s_s5, which is a component of the CNS and present on the
surface of oligodendrocytes and myelin [39]. The time course and experimental readouts
for the EAE protocol are shown in Fig. 5A. In the WT mice, the clinical scores showed an
expected rise in disease severity ~days 9-15, followed by a partial recovery that developed
into chronic pathology characterized by hind limb paralysis (Fig. 5B). In contrast, T cell-
specific SELENOI KO mice were slightly delayed in disease onset along with significantly
decreased severity during the peak of disease and improved recovery during chronic stages
of disease.

Spinal cord and cerebellum tissue sections of WT and T cell-specific SELENOI KO mice
were analyzed for levels of immunopathology. At the peak of disease (day 15), we found
decreased levels of CD4*IL-17A* T cells, but not CD4*IL-10* T cells in CNS tissues of
SELENOI T cell specific KO mice compared to WT controls (Figure 6). At day 30, lower
levels of CNS inflammatory infiltrate were evident in T cell specific KO mice compared to
WT controls using H&E staining (Supplemental Fig. 4). Analysis of cerebellum and spinal
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cord tissues from mice at day 30 of the EAE model revealed a lower frequency of CD3* T
cells in tissues from KO mice compared to WT controls (Fig. 7A). Levels of IL-17A staining
was also lower in cerebellum and spinal cord tissues from KO mice subjected to EAE
compared to WT controls (Fig. 7B). Injured axons within spinal cord tissue can be identified
by SMI-32* staining [31], which was analyzed in WT and T cell-specific SELENOI KO
subjected to EAE. KO tissues exhibited lower levels of SMI-32* axons in spinal cord white
matter compared to WT controls (Fig. 7C).

Spinal cords and cerebellum were excised from WT and T cell-specific SELENOI KO mice
at day 30 of the EAE model and analyzed for levels of RORyt* versus FoxP3* in CD4* T
cells. In these CNS tissues of EAE mice, the SELENOI T cell specific KO mice exhibited
lower levels of CD4*ROR~yt* T cells compared to WT controls (Fig. 8A). In contrast,
SELENOI T cell specific KO mice showed higher levels of CD4"CD25*FoxP3* T cells
compared to WT controls (Fig. 8B). Thus, lower levels of pathogenic Th17 cells along with
less severe immunopathology in CNS tissues were detected in T cell-specific SELENOI KO
mice subjected to EAE compared to WT mice subjected to EAE.

Discussion

The balance between Th17 and Treg cells is particularly important for promoting immunity
to certain pathogens and maintaining mucosal barrier function while suppressing immune
responses to self-antigens [40-42]. Treg cells have been suggested to be dedicated to the
control of immune pathology and autoimmunity, substantiated by the finding that absence
of the FoxP3 transcription factor that controls the generation of this subset results in a fatal
autoimmune disorders [43]. Fatty acid oxidation has been shown to be important for Treg
differentiation [44], but phospholipid synthesis pathways have not been well characterized
for their influence on Th17/Treg differentiation. SELENOI is an enzyme involved in PE
and plasmenyl PE synthesis, and all three have been shown to be upregulated upon TCR-
stimulation of CD3* T cells [21]. Our findings show that SELENOI KO during activation
of naive CD4" T cells favors tolerogenic over pathogenic TH17 cells, promotes Treg
differentiation, and protects mice from pathology in the mouse EAE model. Thus, SELENOI
may represent a therapeutic target for treating MS or other autoimmune disorders, although
the challenges of targeting this protein specifically in T cells and potential side-effects that
may arise from such an approach must be considered.

While external factors such as cytokines and co-stimulatory molecules on antigen presenting
cells are crucial for shaping T cell differentiation fates, metabolic shifts are also key for
regulating Th17/Treg differentiation [45]. Transcription factors like c-Myc and HIF1a along
with metabolic enzymes are critical in coordinating differentiation into different phenotypes,
and our data herein implicate SELENOI as an additional factor regulating Th17/Treg
differentiation. Th17 cells arising in different conditions or tissues may exhibit surprising
plasticity and heterogeneity [36, 46], and Th17 cells have the potential to change their
transcriptional profile and trans-differentiate into a potent immunosuppressive T cell subtype
[47]. This altered phenotype is largely dependent on TGF-p and IL-10R signaling [48, 49],
but our data show that metabolic pathways such as those in which SELENOI participates
can influence the tolerogenic versus pathogenic phenotype of differentiating Th17 cells.
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Our previous work showed that SELENOI deficiency does not affect T cell viability, lipid
raft organization, or TCR signaling; rather, a lack of this enzyme disrupts the metabolic
reprograming required for generating energy and precursor molecules that drive proliferation
[21, 50]. The data presented herein show that, in addition to proliferation, Th17 tolerogenic
or pathogenic cell differentiation is also impacted by SELENOI deficiency.

It was established from the current studies that SELENOI is important for differentiation
into the Th17 inflammatory phenotype by promoting STAT3 and SOX5 dependent RORyt
transcription and protein expression However, precisely how SELENOI KO conditions

lead to less SOX5 nuclear localization or RORC enhancer/promoter binding by these
transcription factors was not definitively determined. There likely are several mechanisms
contributing to this effect, including the ripple effect that decreased PE and plasmenyl

PE synthesis has on disrupting multiple metabolic pathways as previously demonstrated
[21, 51]. The importance of tightly controlled metabolism in Th17 differentiation has been
well established [52]. In addition to metabolism, GPI anchored Thy-1 regulates RORyt
expression [20]. GPI anchored proteins like Thy-1 have been shown to promote TCR-like
signals in T cells [53, 54], but since SELENOI KO does not alter TCR signaling [21]

the lowered Thy-1 on the surface of SELENOI KO T cells may instead contribute to

lower RORyt transcription through metabolic pathways that converge at transcription factor
activation including STAT3 and SOX5. Overall, the data from the current studies suggest
that disruption of one step of ethanolamine phospholipid synthesis can tip the balance of
inflammatory/tolerant Th17 cell phenotypes toward tolerance, which may reveal therapeutic
targets for diseases like MS.
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ER endoplasmic reticulum
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SELENOI is upregulated during Th17 differentiation to promote increased RORyt
expression. Naive CD4" T cells purified from C57BL/6 spleens were stimulated with
plate-bound anti-CD3/anti-CD28 in the presence of TGF- (2.5 ng/mL), IL-6 (20 ng/mL)
and IL-23 (10 ng/mL). (A) Real-time PCR results for 4 different target mMRNASs are shown
normalized to housekeeping mRNA (ubc) with 4 replicates per timepoint. (B) Western

blot analysis of SELENOI levels 24 h after TCR stimulation in Th17 conditions described
above, including 2 biological replicates and p-actin as a loading control. (C) Real-time PCR
analyses of WT and KO CD4" naive T cells unstimulated or TCR stimulated (24 h) in

Th17 conditions. (D) Flow cytometry was used to analyze RORyt levels in WT and KO
CD4* T cells during Th17 differentiation. Means of replicates (N=4) were compared using a
student’s t-test and expressed as median + IQR with *p < 0.05.
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Figure 2.
SELENOI KO decreases transcription of the ROR-yt gene (RORC) by reducing STAT3 and

SOXS5 binding to enhancer and promoter regions. WT and SELENOI KO naive CD4* T
cells were nonactivated or activated for 18 h using anti-CD3/anti-CD28 in Th17 conditions.
(A) Confocal immunofluorescence was used to analyze nuclear levels of STAT3 and SOX5.
Results showed that levels of SOX5, but not STAT3, were slightly reduced in DAPI-positive
nuclei of SELENOI KO T cells compared to WT controls. Scalebar = 10 ym. (B) ChIP
assays were performed to determine the binding of STAT3 and SOX5 to established
enhancer and promoter regions of the RORC gene after 18 h activation in Th17 conditions.
The DNA/protein fraction prior to IP (i.e. input) was used as a template for real-time PCR,
and the results of the real-time PCR from each ChIP were normalized to their corresponding
input real-time PCR results as described in the Methods section. Means of replicates (N=10
fields/group in A; N=3-4 in B) were compared using a student’s t-test and expressed as
median £ IQR with *p < 0.05.
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Figure 3.
SELENOI KO increases STAT5 binding to enhancer regions of the FoxP3 gene. WT and

SELENOI KO naive CD4" T cells were activated for 18 h using anti-CD3/anti-CD28 in
Th17 conditions and ChIP assays were performed to determine the binding of STATS5 to
established CNSO and CNS2 enhancers in the FoxP3 gene. Results showed higher binding of
STATS to both enhancers, but no differences in IPs using an isotype control antibody. Means
of replicates (N=4) were compared using a student’s t-test and expressed as median + IQR
with *p < 0.05.
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SELENOI deficiency skews CD4" T cell differentiation away from a pathogenic Th17
phenotype. Purifed WT and SELENOI KO T naive CD4™ cells isolated using magnetic
beads were activated with plate-bound anti-CD3/28 under different culture conditions for
72 h as described in the Methods section. (A-B) The high purity and viability of CD4* T
cells prior to and after 72 h activation did not differ between WT and KO as confirmed

by flow cytometry. (C-D) Naive CD4* T cells activated for 72 h in Th17 conditions that
were confirmed as live CD4* T cells as described above were analyzed for Th17 pathogeic
and tolerogenic markers. Compared to WT controls, SELENOI KO CD4* T cells showed

significantly lower levels of IL-17A™, IL-22*, and IL-23* cells, but higher levels of IL-10*
cells. KO were also lower in levels of RORyt* cells, but higher in levels of FoxP3* cells.

Means of replicates (N=4) were compared using a student’s t-test and expressed as median *
IQR with *p < 0.05.
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Figureb.

SELENOI deficiency in T cells protects mice from EAE. (A) A time course of EAE protocol
including experimental readouts is shown. (B) Female (8-10 wks of age) T cell-specific
SELENOI KO and WT mice subjected to EAE protocol were monitored daily for disease
symptoms and scored as described in the Methods section. (C) Means of replicates (n=6
mice/group; data pooled from 2 independent experiments) were compared using a student’s
t-test and expressed as median = IQR with *p < 0.05.
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Figure6.

SELENOI KO in T cells preferentially reduces CD4*IL-17A* T cell levels in CNS tissues
of EAE mice. After 15 d on EAE protocol, female mice were sacrificed and cerebellum and
spinal cord tissues were analyzed by flow cytometry for IL-17A* and IL-10" T cells. (A)
Single cell suspensions were gated on CD3*CD4* T cells, which were then analyzed for
levels of IL-17A and IL-10 (B). Compared to WT controls, levels of CD4*IL-17A* T cells
were reduced by SELENOI KO but levels of CD4*IL-10" T cells were unaffected. Means of
replicates (N=6 in top panel, N=5 in bottom panel) were compared using a student’s t-test
and expressed as median + IQR with *p < 0.05.
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KO

Figure7.
CNS tissues analyzed for T cell inflammation and lesions show that SELENOI deficiency

reduces EAE. After 30 d on EAE protocol, female mouse were sacrificed and cerebellum
and spinal cord tissues were analyzed by immunohistochemistry and immunofluorescence.
(A) Representative images are shown along with quantification of CD3* T cells (dark
brown). (B) Representative images are shown along with quantification of IL-17A (red),
with nuclei counterstained by DAPI (blue). (C) Representative images are shown along with
quantification of SMI-32" lesions (dark brown). Scalebar = 50 um for 5A-C. Means of
replicates (n=5 mice/group, 2 fields counted per mouse) were compared using a student’s
t-test and expressed as median = IQR with *p < 0.05.
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SELENOI deficiency in T cells favors a tolerogenic versus pathogenic T helper cell
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Percent RORyt*

Percent FoxP3*
CD25*CD4* T Cells

phenotype during EAE. Single cell suspensions from combined cerebellum and spinal

cord tissues from each female mouse at day 30 in EAE protocol were analyzed by flow
cytometry. (A) Pro-inflammatory CD4*RORvyt* T cells were calculated by multiplying
CD3*CD4* percentages by RORyt* percentages. (B) Pro-tolerant CD4*CD25*FoxP3* T
cells were calculated by multiplying CD4*CD25" percentages by FoxP3* percentages.
Means (n=8 mice/group) were compared using a student’s t-test and expressed as median +

IQR with *p < 0.05.
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