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Cholinergic control of Th17 cell pathogenicity in experimental
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Experimental autoimmune encephalomyelitis (EAE) is a mouse model of multiple sclerosis (MS) in which Th17 cells have a crucial
but unclear function. Here we show that choline acetyltransferase (ChAT), which synthesizes acetylcholine (ACh), is a critical driver
of pathogenicity in EAE. Mice with ChAT-deficient Th17 cells resist disease progression and show reduced brain-infiltrating immune
cells. ChAT expression in Th17 cells is linked to strong TCR signaling, expression of the transcription factor Bhlhe40, and increased
112, 1117, 1122, and 1123r mRNA levels. ChAT expression in Th17 cells is independent of IL21r signaling but dampened by TGFf,

implicating ChAT in controlling the dichotomous nature of Th17 cells. Our study establishes a cholinergic program in which ACh
signaling primes chronic activation of Th17 cells, and thereby constitutes a pathogenic determinant of EAE. Our work may point to

novel targets for therapeutic immunomodulation in MS.
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INTRODUCTION

Choline acetyltransferase (ChAT) catalyzes the reversible synthesis
of acetylcholine (ACh) from acetyl-CoA and choline [1]. Although
ACh is best known as the prototypical neurotransmitter, ChAT is
now known to be expressed by a range of non-neuronal cells,
including immune cells [2, 3]. Previous work showed that ChAT in
lymphoid lineage cells was linked to the paracrine release of
cytokines and control of blood pressure [3-5]. We then demon-
strated that ChAT expressed in CD8" T cells and driven by IL-21
signaling was required to induce infection-associated vasodilation
[6]. These observations, particularly our finding that ChAT was
important in T cell responses to infection, prompted us to
investigate if ChAT was also involved in T cell responses mediating
autoimmunity.

The interleukin (IL)-17-producing T helper (Th17) cell subset is a
primary driver of multiple sclerosis (MS) in humans and
experimental autoimmune encephalomyelitis (EAE) in mice
[7-111. In the gut, Th17 cells exert homeostatic functions in
maintaining the integrity of epithelial cell barriers [12]. However,
some Th17 cells can exhibit pathogenicity, emerging as harmful
inflammatory cells driving autoimmunity [13-16]. Although
mechanisms of Th17 cell-associated pathogenicity have been
investigated for years, the underlying determinants remain
obscure [17-23]. Here we use EAE as a model to demonstrate
that a cholinergic system involving ChAT and ACh is vital for

inducing autoimmunity through the perpetuation of Th17 cell
encephalitogenicity.

METHODS

Mice

C57BL/6 wild-type (B6), Chat°™ (B6.Cg-Tg(RP23-268L19-EGFP)2Mik/J),
Chat™  (B6.129-ChAT™"™/)), CD4“" (Tg(Cd4-cre)1Cwi/Bflul), 121r~'~
(B6N.129-IL21r"™K°Pf/ ) MOG3s.s5 specific TCR transgenic 2D2 [C57BL/6-
Tg(Tcra2D2,Tcrb2D2)1Kuch/)], Ragl™'~  (B6.12957-Rag1™'™°™/)), and
IL17a% (I17a™-0<r&Stk ) mice were all from the Jackson Laboratory.
Bhlhe401*  (C57BL/6N-Bhlhe4Qt™PKOMPWS \vtci) mice were from the
Infrafrontier/EMMA repository. Il17a*¢""ka mice were the kind gift of Dr.
Richard A. Flavell (Yale University). All animals were maintained in fully
accredited facilities at the Princess Margaret Cancer Centre.

Induction of EAE and disease analysis

For active induction of EAE, mice were immunized by subcutaneous
injection of 100pug MOGss_ss peptide (MEVGWYRSPFSRVVHLYRNGK) in
Complete Freund’s Adjuvant plus 4 mg ml~" of Mycobacterium tuberculosis
H37RA (Difco), followed by intraperitoneal (i.p.) administration of 200 ng
pertussis toxin (List Biological Laboratory) on days 0 and 2 post-
immunization. Cohorts consisted of age-matched male and female
animals. Minimum and maximum ages were 8 and 14 weeks, respectively.
Littermate mice were used wherever possible. For passive EAE induction,
cells were in vitro-differentiated (see below) and adoptively transferred as
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described [24]. Briefly, Rag1'/' mice were irradiated with 400rad 12h
before adoptive transfer and injected i.p. with 1.5x10° sorted cells. Mice
were assigned scores daily for EAE development according to the
following criteria: 0, no disease; 1, decreased tail tone or mild balance
defects; 2, hind limb weakness, partial paralysis or severe balance defects
that caused spontaneous falling over; 3, complete hind limb paralysis or
very severe balance defects that prevented walking; 4, front and hind limb
paralysis or inability to move the body into a different position; 5,
moribund state [25]. All mice were scored blind to genotype.

CNS-infiltrating cell isolation

CNS-infiltrating cells were isolated as described [25]. Briefly, at various days
post-immunization, mice were perfused through the left cardiac ventricle
with PBS, brains were removed, and single-cell suspensions were passed
through 70um strainers. Mononuclear cells were acquired by Percoll
gradient (37%/70%) centrifugation. Cells were washed, labeled with
antibodies conjugated to fluorochrome dyes, and analyzed by flow
cytometry.

Histology and immunohistochemistry

Immunohistochemical and immunofluorescent assessments were per-
formed essentially as described [26, 27]. The anti-neurofilament antibody
was purchased from Abcam (ab207176).

In vitro Th17 cell differentiation, stimulation, and treatments
For in vitro Th17 cell differentiation, CD4" T cells were purified from the
spleen using the mouse Naive CD4" T Cell Isolation Kit (Miltenyi Biotech,
130-104-453), or using the Dynabeads FlowComp, Mouse CD4 Kit (for
passive EAE induction experiments; Invitrogen, 11461D). Purified cells were
activated in 96-well plates (U-bottom, Greiner) with plate-bound anti-CD3
(2 pg/ml; 1452C11; Biolegend) and anti-CD28 (soluble or plate-bound;
2pg/ml; 37.51; Biolegend) in IMDM (Gibco) containing 10% heat-
inactivated FCS, sodium pyruvate, penicillin-streptomycin, HEPES, gluta-
mate and [-mercaptoethanol. Polarization cytokines and blocking
antibodies were: recombinant mouse IL-1f (20 ng/ml), IL-6 (25 ng/ml), IL-
23 (20 ng/ml), recombinant human TGFB1 (3 ng/ml) (all from Biolegend or
Peprotech); anti-IFNy (3 pug/ml, XMG1.2, Biolegend); and anti-IL-4 (3 pg/ml,
11B11, Biolegend). The culture medium was replaced (80%) with freshly
conditioned medium 48 h after plating and daily thereafter. Cells were
cultured for 5-6 days before harvesting.

For peptide stimulation, splenocytes (5 x 10° cells/well) were cultured
for 72 h in 96-well plates (F-Bottom; Falcon) in IMDM containing cytokines
and blocking antibodies as above in the presence of 0.4 mM of either
MOGss_s55 peptide (MEVGWYRSPFSRVVHLYRNGK) or NFM;s 35 peptide
(RRVTETRSSFSRVSGSPSSGF).

For treatments with FDA-approved drugs, mecamylamine (M9020;
Sigma) and oxybutynin (05015; Sigma) were administered starting on
day 3 after EAE induction. Oxybutynin (stock at 3.75 mg/ml sterile water)
was diluted, and 0.75 mg in 200 pl per mouse was administered daily via
gastric gavage as previously described [28]. As reported previously,
Mecamylamine (6.5 mg/kg in PBS) was administered daily by subcutaneous
injection [29].

Cell preparations, cell sorting, and flow cytometry

Cell preparations and flow cytometric analyses were performed essentially
as described [30]. All single-cell suspensions were treated with Fc-blocking
antibody (anti-CD16/32; 2.4G2; Tonbo) before staining with titered
antibody dilutions. The following antibodies were used for cell surface
staining: anti-CD3 (145-2c11), anti-CD4 (GK1.5), anti-CD8a (53-6.7), anti-
TCRyS (GL3), anti-NK1.1 (PK136), anti-CD19 (1D3), anti-CD25 (PC61), anti-
CD11b (M1/70), anti-CD11c (N418), anti-CD44 (IM7), and anti-CD62L (MEL-
14) (from BD Biosciences, BioLegend, or Thermo Fisher Scientific). Dead
cells were stained and excluded using 12.5 ng/ml DAPI (Sigma).

RNA extraction and real-time PCR

Purified or sorted cells were lysed in Trizol (Invitrogen). RNA was extracted
according to the manufacturer’s instructions and reverse-transcribed using
the iScript ¢<DNA Synthesis kit (Bio-Rad). For quantitative PCR, 10 pl
reactions contained 5 pl 2x Power SYBR Green PCR Sample Mix (Applied
Biosystems), 3 pl H,O, 0.5 pl of each primer (at 10 uM concentration), and
1 pl cDNA. Samples were run on an ABI 7900HT Fast Real-Time PCR system
(Applied Biosystems).

SPRINGER NATURE

Chromatin immunoprecipitation (ChIP)
ChlIP was performed essentially as described [30]. Briefly, in vitro-polarized
Th17 cells originating from Bhlhe40""ChATI™ and Bhihe40"ChATSPCD4 "
mice were sorted into ChAT-GFP™ and ChAT-GFP™ subsets and 10° Th17
cells were used per sample as input. Two biological replicate samples had
to be pooled to obtain sufficient cells for the third Bhlhe40-deficient
replicate. The anti-Bhlhe40 ChIP-grade antibody was from Novus
Biologicals (NB100-1800), and the IgG isotype control antibody was from
Santa Cruz (sc-2027). Primer sequences used for the gPCR analysis of
ChIP’ed chromatin were as follows:

ChAT_BS1_fwd: CAAGACAGGGAAAGTCCAATCTCAA

ChAT_BS1_rev: TCAGAAGAGTTTTGACCCTAGATGG

ChAT_BS2_fwd: TTAGAATACTTGTGGGCATTCAAGC

ChAT_BS2_rev: GCAAAACTATATCTGCTGGGTTCAG

Cox6al_fwd: GGTGCTGTCAGCGTCTCGGG

Cox6al_rev: CGGGTACCTGAACCCTCCTCG

ChrX_fwd: GGCTTACAAGTAGACACCATCACACT

ChrX_rev: TTGCAAGCAGGAGAACCTTAGTT

RNA sequencing

RNA of flow cytometrically-sorted lymphocytes was processed, and a
library was prepared using the lllumina NeoPrep System and protocols.
Sequencing was performed at the Princess Margaret Genomics Centre
(Toronto) on a Nextseq 500 instrument (lllumina) using a 75-cycle paired-
end protocol and multiplexing to obtain ~40 million reads/sample. The raw
76-base pair paired-end reads were quality-checked using FASTQC v0.11.2
and MultiQC v0.8 and aligned to the Mus musculus genome assembly
version GRCm38 (mm10) using Tophat v2.1.0. Aligned transcripts were
processed using Cufflinks [31] for abundance estimation and differential
expression tests using default settings. The differentially expressed gene
lists were analyzed to produce overlap Venn diagrams and arrive at a
statistically significant subset. Normalized FPKM values for the top genes
were used for expression heatmaps.

ATAC sequencing

Sorted cells (5x10% were suspended in a 50pl reaction mixture
containing 25l 2X TD Buffer (lllumina Nextera kit), 2.5 pl transposase
enzyme (lllumina Nextera kit, 15028252), and 22.5 pl nuclease-free water.
After 1 h incubation at 37 °C, DNA was purified using the Qiagen MinElute
PCR purification kit (28004) (10 ul final volume). ATAC-seq libraries were
prepared using the Buenrostro protocol [32] and sequenced as 50 base
paired-end reads on the lllumina HiSeq 4000 at the Genome Technology
Center at NYU. The three replicates of Th17-polarized CD4" T cells used for
ATAC-seq studies were prepared under slightly different conditions. Cells
of replicates 1 and 3 were stimulated using plate-bound antibodies against
CD3 and CD28, whereas replicate 2 cells were stimulated using plate-
bound anti-CD3 plus soluble anti-CD28. Replicate 3 cells were harvested in
the presence of sodium butyrate (0.25 mM). The raw 51-base pair paired-
end reads were quality-checked and processed using the ATACseq data-
processing pipeline standardized by the ENCODE project [33]. A peak list
for each replicate was obtained using MACS [34]. The functions
“dba.count” and “dba.peakset” from the DiffBind R package v2.12.0 were
used to generate consensus peaks. Read counts within a summit-centered
201-basepair window in these consensus peaks were used to compute fold
changes between each pair's corresponding ChATgfp+ and ChATgfp-
samples. A master list for each pair was assembled that contained fold
changes, peak locations, and read count values. A peak overlap analysis
was conducted in two steps using ChlIPpeakAnno v3.22.4. First, over-
lapping peaks between the ChATgfp+ and ChATgfp- samples were
determined for each pair and excluded from further analysis. Peaks unique
to the ChATgfp+ and ChATgfp- samples for each pair were retained.
Second, a 3-way overlap analysis of the retained peak sets across the three
ChATgfp+ samples was conducted to distill a total of 167 peaks that most
strongly represented the ChATgfp+ condition. ChIPpeakAnno was utilized
to annotate these 167 peaks. The Integrative Genomics Viewer (IGV) [35]
tool was used to illustrate selected peak regions.

Limitations of the study

The experimental setup of the adoptive transfer experiment (passive EAE
induction) has been employed similarly in many publications addressing
Th17 cell biology [15, 24]. Although the results obtained from these
experiments substantiate our in vivo findings achieved using active EAE
induction, we cannot exclude the possibility that these outcomes instead
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Fig. 1 T cell-specific ChAT deficiency reduces EAE severity. A EAE clinical scores of Chat™" (n = 7) and Chat"1CD4" (n = 5) mice immunized
with an emulsion containing MOGss_ss plus Complete Freund’s Adjuvant (CFA) and pertussis toxin (PTX). DPI, days post-immunization. Mean
clinical score: 0, no disease; 1, decreased tail tone or mild balance defects; 2, hind limb weakness, partial paralysis or severe balance defects
that caused spontaneous falling over; 3, complete hind limb paralysis or very severe balance defects that prevented walking; 4, front and hind
limb paralysis or inability to move the body into a different position; 5, moribund state. B Quantitation of absolute numbers of viable brain-
infiltrating immune cells per brain from the Chat”™ and Chat”CD4"® mice in A at day 30 post-EAE induction as determined by flow cytometry.
C Quantitation of absolute numbers of brain-infiltrating total Th cells (CD37CD4™) in the brain suspensions in B. D EAE clinical scores of
Chat"™ (n = 18) and Chat™™117a"® (n = 18) mice immunized as in A. E Histological analyses of the brains of the mice in D on day 30 post-EAE
induction. Cross-sections of the same brain areas were stained with anti-CD3 antibody (to detect T cells) or anti-Mac-1 (CD11b) antibody
(macrophages, activated microglia). Scale bars, 200 pm. Results shown are for one mouse/genotype representative of three mice/group.
F Representative flow cytometric analysis of Chat®"" mice or B6 wild type (WT) control animals (n = 4/group) that were immunized as in A and
analyzed on day 21 post-immunization to detect ChAT-GFP™ Th cells. Corresponding clinical scores are indicated. For all applicable panels,
data are the mean +s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. For A, D, significance was determined by regression analysis with
two-way analysis of variance (ANOVA) followed by Bonferroni post hoc multiple comparison test; (B, C) Student’s t-test (two-sided). Data are
representative of three (A, F) or two (D) independent experiments.

reflect proper cell activation (in vitro-polarized ChAT-GFP™ Th17 cells)
versus a cell state resembling anergy (in vitro-polarized ChAT-GFP™ Th17
cells). Alternative passive EAE induction experiments using ex vivo purified
ChAT-proficient and ChAT-deficient Th17 cells would eliminate potential
artifacts stemming from prolonged in vitro culture or polarization.

ChAT in all T lymphocytes. We induced EAE in these animals by
immunization with a peptide containing amino acids 35-55 of
myelin oligodendrocyte glycoprotein (MOGss.ss5) [25, 36]. Mice
with ChAT-deficient T cells resisted EAE progression and showed
milder symptoms than control littermates (Fig. 1A). In addition, the
total number of viable cells isolated from whole brain preparations
of these mutants was decreased compared to controls by day 30

RESULTS

ChAT deficiency in Th17 cells confers EAE resistance

To determine if ChAT is required in T lineage cells to induce
autoimmunity, we crossed mice harboring loxP-flanked ChAT
alleles with CD4"® animals to generate ChAT"CD4"® mice lacking

Cell Death & Differentiation (2023) 30:407 -416

post-EAE induction (Fig. 1B). Significantly, flow cytometric analysis
showed that the number of brain-infiltrating CD4" T helper (Th)
cells in these samples was also reduced (Fig. 1C). Similar results
were obtained for various other immune cell subsets normally
recruited to the CNS in EAE, including monocytes, macrophages/
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microglia, regulatory T cells, and B cells (Supplemental Figs.
S1A-D), whereas numbers of brain-infiltrating neutrophils, NK
cells, dendritic cells, and CD8" T cells were not affected (Fig.
S1E-H).

Next, we generated ChAT"™IL17a® mice lacking ChAT specifi-
cally in Th17 cells and subjected these animals to EAE induction.
Once again, these mutants showed delayed EAE progression and
significantly reduced clinical scores from day 20 post-
immunization onwards (Fig. 1D). Immunohistochemical analysis
(IHC) of brain sections at day 30 post-immunization revealed
infiltration by CD3% T cells and CD11b™ macrophages only in
control EAE-induced mice bearing ChAT" Th17 cells (Fig. 1E).
Similarly, immunofluorescent histopathological assessment of
spinal cord sections showed significantly more neurofilament
(NF) staining in ChAT"™L17a%® mice than in ChAT"" control
animals (Fig. S1l, J). Loss of NF staining indicates advanced axon
loss and neuronal degeneration [27], a feature we saw only in
control EAE-induced mice bearing ChAT" Th17 cells. We
confirmed these results using ChAT-GFP reporter mice, where
EAE disease scores correlated positively with the number of brain-
infiltrating ChAT-GFP™ Th cells (Fig. 1F). Because the timing of
differences in EAE-associated symptoms was virtually identical in
ChAT L7170 and ChATVCD4“"® mice, we concluded that ChAT’s
role in EAE induction was predominantly linked to Th17 cells.

Bhlhe40 controls ChAT expression in lymphocytes

Murine naive T cells (CD62LTCD44) at steady-state never
express ChAT; however, ChAT is detected in <10% of follicular
(FO) and marginal zone (MZ) B cells and antigen-experienced
CD44™" Th cells [3]. We investigated whether these rare ChAT"
cells shared a gene expression program. We sorted ChAT-GFP™
and ChAT-GFP" fractions of FO B cells, MZ B cells, and splenic
T cells from ChAT-GFP reporter mice and performed an unbiased
comparative RNAseq analysis. Heat-mapping of the top 20 up- or
down-regulated genes in ChAT-GFP™ T cells revealed that
elevations of Apoe, Ascl2, Esm1, and Padi4 mRNAs were highly
associated with ChAT expression, whereas Adh1, Cxcr6, Rras2,
and Ladl mRNAs were markedly increased in ChAT-GFP™ T cells
(Fig. 2A). We then identified four core genes linked to ChAT in
ChAT-GFP* T and B lymphocyte fractions: transcription factors
Bhlhe40 and Fosb; phosphatase Dusp1; and ChAT itself (Fig. 2B).
Bhlhe40, Fosb, and Dusp1 are known to contribute to EAE, Th17
cell pathogenicity, or proinflammatory processes [37-39].
Whereas Fosb regulates Th17 cell proliferation, Bhlhe40 is
implicated in Th17 pathogenicity [40-42]. We therefore tested
whether ChAT is a target gene of Bhlhe40 by generating
Bhlhe40"ChATI™PCD4™ mice. Deletion of Bhihe40 significantly
reduced ChAT in naive splenic CD4" T cells at steady-state (Fig.
S2A, B). The same was true for naive splenic CD4" T cells
induced to differentiate into Th17 cells in vitro by culture with
plate-bound anti-CD3 plus anti-CD28 antibodies in the presence
of IL-18 4 IL-6+IL-23, a cytokine cocktail (PM) that induces
polarization towards the pathogenic Th17 cell fate [15] (Fig. 2C,
D). Pertinently, an in silico motif analysis of the murine ChAT
promoter identified a putative Bhlhe40 binding site (BS1)
located ~100bp upstream of the first non-coding exon (Fig.
S2C). Chromatin immunoprecipitation (ChIP) analysis confirmed
the direct binding of Bhlhe40 to BS1 in in vitro-polarized Th17
cells  derived from  Bhlhe40" ChATY®  and  Bhlhe40"
fIChATIPCD4"® mice (Fig. 1E). Another putative Bhlhe40 binding
site (BS2) located about 500 bp upstream of the first coding
exon showed an increased (but not significant) trend towards
Bhlhe40 occupancy (Fig. 2F). No Bhlhe40 binding was detected
in a negative control region located on the X chromosome (Fig.
S2D). Bhlhe40 binding to the human ChAT promoter was verified
using a publicly available ChiP-seq dataset (Fig. S2E). Thus, ChAT
is a novel Bhlhe40 target in both humans and mice, and a key
player in Th17 cell pathogenicity.

SPRINGER NATURE

TCR signaling governs ChAT expression in Th17 cells

We next determined if TCR signaling was associated with ChAT
induction in Th17 cells. To monitor the kinetics of ChAT-GFP
expression, we isolated naive splenic CD4" T cells from ChAT-
GFP™ mice and subjected them to in vitro Th17 cell differentiation
utilizing plate-bound anti-CD3 plus soluble anti-CD28 antibodies
plus PM. About 20% of Th17 cells expressed ChAT-GFP after 5-6
days of culture under these conditions (Fig. 3A, Fig. S3A). Utilizing
plates coated with both anti-CD3 and anti-CD28 antibodies
yielded ~60% ChAT-GFP™ Th17 cells within 6 days (Fig. S3A),
and the amount of anti-CD3 antibody used for plate-coating
correlated positively with the percentage of ChAT-GFP™ Th17 cells
present on day 6 (Fig. S3B, top). Flow cytometric examination of
intracellular cytokines revealed that more IL-17a*, GM-CSF' and
IL-17a"™GM-CSF' cells were present in the ChAT-GFP* fraction
than among ChAT-GFP— cells across all anti-CD3 antibody levels
(Fig. S3B, middle, bottom). Therefore, the affinity of antigen
binding to the TCR, and thus the strength of TCR signaling, may
influence ChAT expression.

To test this hypothesis, we crossed 2D2 mice [which harbor
transgenic (tg) expression of a TCR specific for MOGss.55] with
reporter mice expressing both ChAT-GFP and IL77a-Katushka
[10, 43] to generate ChAT®FPIL17gX%*2D2  animals. Naive
ChAT®™PIL17a"*2D2 splenocytes were Th17-polarized in vitro
using either MOGss.s5 peptide or a peptide containing amino
acids 15-35 of neurofilament medium chain (NFM;5.35). MOG35.55
shows a low affinity for 2D2-tg T cells, whereas NFM;5 35 binds
with high affinity [44, 45]. We found that Th17 polarization in the
presence of NFM,s3s yielded ~20% ChAT-GFP™ Th17 cells,
whereas polarization in the presence of MOGss.s5 resulted in only
~8% ChAT-GFP™ Th17 cells (Fig. 3B, C). Notably, /L17a-Kat™ cells
were readily detected in NFM;s_3s-stimulated cultures but rare in
MOGss_s5-stimulated cultures. These data suggest that the degree
of TCR stimulation determines a T cell’s level of ChAT, and that this
ChAT is associated with both Th17 cell differentiation and IL-17
production.

Although both IL217"~ and IL21r™’~ mice can develop EAE, IL-
21 has been linked to some Th17 cell-associated functions [46, 47].
We recently showed that IL-21 induces ChAT-GFP expression in
~5% of in vitro-stimulated CD8+ T cells [6]. To determine if IL-21
induces ChAT in Th17 cells, we isolated naive T cells from B6,
ChATSPPIL217* and ChAT®™PIL21r~/~ mice and polarized them
in vitro in the presence of either PM or an alternative cocktail (HM)
of TGFB +IL-6 that induces the differentiation of homeostatic
Th17 cells [15, 16, 48-50]. We found no effect of IL-21R deficiency
on ChAT-GFP expression in either case (Fig. S4A, B). To confirm
these results in vivo, we examined CD4" Th cells isolated from
spleen and mesenteric lymph nodes (MLN) of B6, ChAT®PIL21r/+
and ChAT®PPIL21r™"~ mice. Unlike the spleen, MLNs contain Th17
cells even in naive mice [51]. We found that ChAT-GFP was
comparable in splenic and MLN CD4" Th cells of ChRAT® PiL21r+
and ChAT®™IL21r~'~ mice (Fig. S4 C, D), ruling out a major role for
IL21r signaling in inducing ChAT in CD4" Th cells in vivo.

ChAT determines Th17 cell pathogenicity through specific
patterns of gene expression and chromatin state

While the addition of IL-23 to TGF + IL-6 (HM) did not affect ChAT-
GFP* Th17 cell differentiation in vitro, the addition of TGFf to PM
significantly reduced their generation (Fig. 4A, B). Th17 cells
polarized in HM are much less pathogenic than Th17 cells
generated in PM [15, 16], a difference that could be due to differing
ChAT levels. To test this theory, we performed passive EAE induction
experiments in which Ragl-deficient mice undergo adoptive
transfer of pathogenic Th17 cells [16, 52]. Strikingly, fatal EAE
disease occurred when Ragi-deficient mice received 2D2-tg ChAT-
GFP* Th17 cells generated in vitro in PM for 6 days (Fig. 4C, D).
Rag1-deficient recipients transplanted with 2D2-tg ChAT-GFP" Th17
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Fig.2 Bhlhe40-associated Th17 gene expression pattern drives ChAT expression. A Heat map showing the top 20 up- and down-regulated
genes derived from comparative RNA-seq analysis of splenic ChAT-GFP* and ChAT-GFP~ CD4™ T cells. B Venn diagram showing numbers of
up-regulated genes (compared to ChAT-GFP™ counterparts) shared among ChAT-GFP™" splenic CD4" T cells (T-GFP™), follicular B cells (FoB-
GFP™), and marginal zone B cells (MZB-GFP™) at steady-state as identified by comparative RNA-seq analysis. The four core genes shared by all
these ChAT-GFP" subsets are indicated. C Representative flow cytometric analysis of ChAT-GFP expression in vitro-differentiated Th17 cells
derived from Chat®"Bhihe40™™ and Chat® "Bhihe40"CD4"® mice. Cells were stimulated for 6d with plate-bound anti-CD3 plus anti-CD28 in
the presence of IL-1B + IL-6-+IL-23 (PM). B6, WT control. D Quantitation of the ChAT-GFP™ Th17 cells in C. *P < 0.05, by Student’s t-test (two-
sided). Relative chromatin enrichment as percentages of input in in vitro-differentiated Th17 cells from the mice in C that showed direct
binding of Bhlhe40 to BST (E) or BS2 (F) in the murine Chat promoter region as revealed by ChIP. *P < 0.05, determined by regression analysis
with two-way analysis of variance (ANOVA) followed by Sidak post hoc multiple comparison test. Data in B, and D are compiled from two
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cells showed only mild EAE signs. Thus, ChAT is a critical
determinant of Th17 cell encephalitogenicity.

To explore the molecular basis of ChAT-driven Th17 pathogeni-
city, we performed gPCR analysis of selected target genes
previously implicated in Th17 biology. Naive Chat®™ T cells were
in vitro Th17-polarized in PM for 6 days, followed by isolation of
ChAT-GFP™ and ChAT-GFP™ Th17 cells. mRNA abundance analysis
revealed significant increases in ChAT, ll17a, I117f, 1122, and II2 in
ChAT-GFP' Th17 cells compared with their ChAT-GFP"™ counter-
parts (Fig. 4E). When we rePeated this polarization but followed it
by resting the cells in IL-2°° medium for 6 days, ~20% remained
ChAT-GFP™ (Fig. S5A). gPCR analysis revealed a 4-fold increase in
IL23r in these ChAT-GFP" Th17 cells, with less dramatic increases
in /121 and /2 mRNAs (Fig. S5B).

We next performed a limited ATAC-seq analysis of in vitro-
differentiated (PM) ChAT-GFP~ and ChAT-GFP™ Th17 cells (see
Methods). We identified 167 loci shared by ChAT-GFP™ Th17
fractions of three samples (Fig. S6A). Open chromatin stretches
predominately associated with ChAT-GFP™ Th17 cells occurred
within several genes of potential interest, including Bcl6, Tab2, and
Hdac4 (Fig. S6B; Table S1).

Taken together, these data shed light on the specific patterns of
gene expression and chromatin state underlying Th17 pathogenicity.

AChR antagonists diminish EAE severity and reduce ChAT-
GFP™ T cells in mice

Our data suggested that interference with cholinergic signaling in
Th17 cells might decrease their pathogenicity and block EAE
progression, a concept that might ultimately be translated to MS
therapy. Oxybutynin and mecamylamine are FDA-approved

SPRINGER NATURE

mAChR and nAChR antagonists, respectively, that are well-
characterized and known to cross the blood-brain barrier (BBB).
Importantly, both drugs ameliorate EAE symptoms in mice:
oxybutynin enhances remyelination, whereas mecamylamine
reduces inflammation and brain infiltration by T cells [29, 53].

We subjected ChAT-GFP reporter mice to EAE induction and
administered oxybutynin or mecamylamine daily starting on day
3. Both treatments delayed disease onset and drastically
impeded disease progression, as expected (Fig. 5A). On day 17
(the usual peak of EAE disease), we examined immune cell
infiltration and T cell-associated ChAT-GFP expression by flow
cytometry and found brain-infiltrating immune cells (Fig. S7A).
When calculating cohort disease scores, we observed one outlier
animal in each experimental cohort of 5 animals (Fig. S7B), likely
mice that either developed only very mild EAE or did not
respond to drug treatment.; these outliers were removed from
subsequent analyses. While we did not detect differences in
total numbers of brain-infiltrating cells in our drug-treated mice
(Fig. 5B), administration of mecamylamine or oxybutynin
significantly reduced the numbers of brain-infiltrating CD4™ T
helper cells (Fig. 5C). Strikingly, only mecamylamine treatment
reduced numbers of ChAT-GFP" T helper cells at disease peak
(Fig. 5D). These results indicate that multifaceted, non-
redundant mechanisms exist to interfere with the cholinergic
signaling that controls autoimmune inflammation, Th17 patho-
genicity, and licensing of T cells to cross the BBB. Our data
further demonstrate that modulation of cholinergic T cells via
AchR antagonist drugs is a viable means of decreasing EAE
severity, a therapeutic strategy that may eventually be suitable
for the MS clinic.

Cell Death & Differentiation (2023) 30:407 -416



R. Nechanitzky et al.

A B

HM HM + IL-23 PM PM + TGFB 80 N
I q g Fy (%] —
105'5 105'5 ? 60-
i Ln L
10*1 10*1 by ns !
« | H 0 4] —
Q 3] 3] P
O 10°% 1073 o =
i EH w20 v
od L | Q v
LA 909 583 | 4 | i
0% 0 10° 10t 10° 0% 0 100 10t 10 S \\}{'b & &(,Q$
ChAT-GFP o .
> Q\x‘
8=
51 -m~ ChAT-GFP+Th17
— ChAT-GFP-Th17 100 2
= & o Wi ChAT-GFP+
s = B ChAT-GFP-
o = 2 o
4 3 2
o
g% 3 $ “
o e £ 504 -m- ChAT-GFP+ Th17 g
587 8 s
£ 2 —- ChAT-GFP-Th17 kS R
(1] S 24 1
1 o ! 11
z = o
) - e <
O f———0— =0 === —— 0 T X T T T
24 26 28 30 32 34 36 38 40 < a2 « NIRRT RN
FEIE VLI EF & P F
14 Days post transplantation b EV YT R

Fig. 4 ChAT is a key determinant of Th17 cell pathogenicity. A Representative flow cytometric analysis of ChAT-GFP expression by CD4™
splenocytes polarized towards the Th17 cell fate through stimulation with plate-bound anti-CD3 plus anti-CD28 in the presence of either HM
(TGFB + IL-6), HM + IL-23, PM, or PM + TGFp. Data are representative of at least two independent experiments. B. Quantitation of the data
shown in A. Each data point represents one biological replicate (mean of three technical replicates). C EAE clinical scores of Rag1-deficient
recipients transplanted with in vitro-generated and sorted 2D2 ChAT-GFP™ (green, n = 8) or 2D2 ChAT-GFP" (black, n = 7) Th17 cells. Disease
severity was scored daily. Data are the mean score + s.e.m. and are representative of three experiments. D Percent survival of the mice in C.
E gPCR determination of mRNA levels (relative to Actin) of the indicated genes in ChAT-GFP™ and ChAT-GFP" splenic T cells polarized towards
the Th17 fate by incubation in PM for 6 days. Data are the mean * s.e.m. of 5 biological replicates and representative of 2 experiments.

A, B
Fp
" == ChATG Fkkk ns
S 3 -#- ChAT®P Oxybutynin 20 L 1
n —o~ ChAT®™P Mecamylamine i .
= ©
8 T
£ ® e
o 8% 10 A -
2 5§ 5[
s g .
s g o
0.

> &
& S &
I & &
S &
& ©
\“
C —_— D d
|
*
0. | — B
i 0.0

CD4* T cells
per brain x 10e6
s o o o
2 8 &
E__‘.
ChAT*CDA4* T cells
per brain x 10e6
e o2 o o ¢
2 8 5 8
E
}r
E_‘*

o & & ’ \ Y
J & o S
© & <

« «

Fig. 5 AChR antagonists impair brain infiltration by Th cells in EAE-induced mice. A Clinical scores of Chat"" mice that were immunized to
induce EAE and either left untreated or treated daily with mecamylamine or oxybutynin starting on day 3 (n = 5 mice/group). B Quantitation
of absolute numbers of total viable brain-infiltrating immune cells per brain from the Chat®™ mice in A at day 17 post-EAE induction as
determined by flow cytometry. C Quantitation of absolute numbers of brain-infiltrating Th cells (CD3"CD4™) in the brain suspensions in B.
D Quantitation of absolute numbers of brain-infiltrating ChAT-expressing Th cells (ChAT-GFP*CD3"CD4") in the brain suspensions in C. For
B-D, n =4 mice/group. For A significance was determined by regression analysis with two-way analysis of variance (ANOVA) followed by
Bonferroni post hoc multiple comparison test; for B-D, significance was determined using ordinary one-way ANOVA followed by False
Discovery Rate (FDR) post hoc multiple comparisons correction. The FDR was controlled by employing the two-stage step-up method of
Benjamini, Krieger, and Yekutieli. Data are from one experiment.
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DISCUSSION

Our study has elucidated that ChAT expression is a key feature
driving Th17 pathogenicity, both in vivo (EAE induction) and
in vitro (under inflammatory conditions lacking TGF{). Further-
more, we demonstrated that TGFf antagonizes ChAT induction
and that ChAT expression is associated with increased intrinsic
Th17 cell pathogenicity. In vitro, we found up-regulation of
important proinflammatory mediators such as IL-17f, IL-22, IL-23r,
and Tab2. In vivo, our examination of ChAT-GFP reporter mice
revealed that EAE severity correlates positively with the number of
brain-infiltrating ChAT' T cells and that ChAT-deficiency reduces
this infiltration as well as disease symptoms. Our experiments
using AChR antagonists confirmed that Th cells need ACh-
mediated signaling to breach the BBB. Although these drugs did
not alter the total number of all immune cell types infiltrating the
brain, they did decrease the number of ChAT" (and thus
potentially pathogenic) Th cells in brain tissue.

ACh controls endothelial cell activation and BBB integrity
[54-62], but it is unclear whether ACh acts alone during BBB
permeabilization. The increased brain infiltration phenotype we
observed in ChAT-GFP* mice is reminiscent of the enhanced
vasodilation capacity of ChAT" CD8™ T cells responding to chronic
LCMV infection [6]. While IL-21 signaling was critical for ChAT
expression in CD8" T cells, it does not induce ChAT in Th17 cells.
Thus, there are multiple routes to achieving ChAT expression in
immune cells, necessitating their delineation in specific disease
scenarios. With respect to autoreactive Th17 cells, it appears that
strong TCR activation induces ChAT expression, which might exert
vasodilative effects on the BBB that facilitate infiltration of Th cells
into the brain. The emergence of ChAT-GFP* Th cells was blocked
only by treatment with mecamylamine (a pan-nAChR antagonist),
suggesting that mAChRs and nAChRs have non-redundant
functions in this context. We propose that signaling through
nAChRs drives the expression of a neuronal-associated pathogenic
gene expression pattern (e.g., Hdac4, Gdf7, Tab2, Il1rl2, Bcl6) in an
autocrine manner [63], whereas signaling through mAChRs might
work in a paracrine fashion. However, this hypothesis and the
delineation of potential target cells (endothelial cells, macro-
phages, neutrophils, or others) responding to the ACh production
by ChAT* Th17 cells remain to be determined in future studies.

Interestingly, in a recent report, increased EAE severity was
associated with ACh released by the vagus nerve rather than by
ChAT" T cells [64]. Although both ChAT and ChAT" T cells were
reduced upon vagotomy in mice, these subsets were not
investigated for their functions. Vagotomy did, however, reduce
Th17 cell frequency and proliferation. We speculate that vagus
nerve-induced ACh may have propelled the differentiation of
pathogenic Th17 cells that bolstered EAE progression.

Our work has pinpointed four key genes expressed in ChAT"
lymphocytes, namely ChAT, Bhlhe40, Fosb, and Duspl. We
identified ChAT as a novel Bhlhe40 target in Th17 cells, in line
with Bhlhe40’s known role in shaping of Th17 cell pathogenicity
[37, 40]. Because Bhlhe40 function is vital in human memory Th
cells [65] as well as in tissue-resident memory and tumor-
infiltrating T cells [66], it will be interesting to investigate ChAT
in these cell populations. The MAPK phosphatase Duspl is
implicated in human chronic inflammatory diseases and is a
positive regulator of T cell activation [39, 67]. Notably, Dusp1-
deficient mice show reduced sensitivity to EAE induction [39, 671.
Fosb is linked to inflammation, Th17 pathogenicity, and pro-
inflammatory, excitotoxic microglia [38, 68-72]. Importantly, the
products of all four core genes (including ChAT) can localize to the
nucleus under certain conditions [42, 73-76]. Although ChAT-GFP”
and ChAT-GFPT Th17 cells showed comparable mRNA levels of
these genes, a ChAT-associated cholinergic system might induce
post-translational modifications of the corresponding proteins
that would allow them to participate in a gene expression
program linked to Th17 cell pathogenicity.
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Our initial ATAC-seq results identified open chromatin stretches
in the Gdf7 and Hdac genomic regions in pathogenic ChAT* Th17
cells. Gdf7 induces a program driving sensory neuron differentia-
tion [77], whereas Hdac4 is a histone deacetylase that controls the
expression of cholinergic components in neuromuscular junctions
[78]. Both Bhlhe40 and Hdac4 negatively regulate Pgc-Ta, which
increases mitochondrial efficiency [79-82]. Upregulation of Hdac4
and Bhlhe40 in pathogenic ChAT" Th17 cells might thereby
decrease ROS generated by the enhanced metabolism of these
cells. In this way, ACh signaling may safeguard the pathogenic
Th17 cell fate under hypermetabolic conditions, a hypothesis to
be explored in future work.

In conclusion, our data indicate that strong TCR activation in the
absence of TGFp signaling initiates a cholinergic program that drives
Th17 cell pathogenicity. In other words, ChAT expression in Th17 cells
appears to be a consequence of chronic activation of these cells, a
scenario strikingly similar to the inflammatory setting in MS patients;
that is, incessant autoimmune T cell stimulation coupled with
prolonged inflammation. Our study may therefore point to promising
starting points for the design of novel MS treatments.

DATA AVAILABILITY

The bulk RNA-seq and the ATAC-seq raw and processed data files can be accessed
using the GEO SuperSeries with accession GSE215673. The Bhlhe40 TFBS track shown
in Fig. S2C is from the JASPAR CORE 2022 Predicted Transcription Factor Binding Sites
repository incorporated as a standard track into the UCSC Genome Browser. The
Bhlhe40 ChIPseq track shown in Fig. S2E corresponds to the IgG-rab ChIP-seq Signal
from the Snyder Lab dataset (ENCODE/SYDH, GSM935440). In addition, all data
needed to evaluate the conclusions in this publication are present in the main article
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