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Abstract Multiple sclerosis (MS) is a neuroinflammatory
demyelinating disease, mediated by pathogenic T helper 17
(Th17) cells. However, the therapeutic effect is accompa-
nied by the fluctuation of the proportion and function of
Th17 cells, which prompted us to find the key regulator of
Th17 differentiation in MS. Here, we demonstrated that the
triggering receptor expressed on myeloid cells 2 (TREM-
2), a modulator of pattern recognition receptors on innate
immune cells, was highly expressed on pathogenic CD4-
positive T lymphocyte (CD4" T) cells in both patients with
MS and experimental autoimmune encephalomyelitis (EAE)
mouse models. Conditional knockout of Trem-2 in CD4* T
cells significantly alleviated the disease activity and reduced
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Th17 cell infiltration, activation, differentiation, and inflam-
matory cytokine production and secretion in EAE mice. Fur-
thermore, with Trem-2 knockout in vivo experiments and
in vitro inhibitor assays, the TREM-2/zeta-chain associated
protein kinase 70 (ZAP70)/signal transducer and activator of
transcription 3 (STAT3) signal axis was essential for Th17
activation and differentiation in EAE progression. In con-
clusion, TREM-2 is a key regulator of pathogenic Th17 in
EAE mice, and this sheds new light on the potential of this
therapeutic target for MS.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory, demy-
elinating, and neurodegenerative disease of the central
nervous system (CNS) [1]. According to the Atlas of MS
database, ~2.5 million people suffer from MS worldwide.
However, currently, no curative treatment is available [2].
The pathogenesis of MS has been attributed to a breakdown
of T lymphocyte tolerance to CNS self-antigens, resulting
in chronic inflammation with subsequent demyelination
and neurodegeneration [3]. The imbalance and balance of T
helper (Th) subsets lead to the onset and remission condition
of the disease [4]. Among them, T helper 17 (Th17) cells
play a prominent role in the progression of MS. During MS
development, Th17 cells infiltrate into the CNS and produce
interleukin-17 (IL-17), IL-6, and granulocyte-macrophage
colony-stimulating factor (GM-CSF) to induce inflammation
[5]. Another T cell subset, regulatory T cells (T,,,) take part

reg
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in the remission stage of MS by restraining an excessive
effector T cell response [6].

The activation and maturation of Th17 cells are com-
plicated, with adequate T cell receptor (TCR) expression,
co-stimulatory molecules, and cytokines. Prior to TCR
recognition of the antigenic peptides presented by anti-
gen-presenting cells, zeta-chain-associated protein kinase
70 (ZAP70) predominantly resides within the cytoplasm,
where it is autoinhibited [7]. After TCR triggering, immu-
noreceptor tyrosine-based activation motif ITAM)/C chain
of the T-cell receptor (CD3{) and lymphocyte-specific pro-
tein tyrosine kinase (LCK) phosphorylation levels maintain
sufficient intensity and duration [7, 8]. The autoinhibited
conformation of ZAP70 is disrupted by binding to phos-
phorylated ITAMs [9]. The active conformation of ZAP70
is further stabilized through the phosphorylation of its inter-
domain linker and activation loop by LCK [10, 11]. Many
cytokines that regulate Th17 development, including IL-6,
IL-21, and IL-23, may signal through the signal transducer
and activator of transcription 3 (STAT3) [12-14]. IL-6
synergizes with interleukin-6 receptor (IL-6R) to regulate
Th17 cell differentiation and to maintain cytokine expres-
sion in effector Th17 cells [15]. Many findings suggest that
IL-6-dependent STAT3 signaling is critical for autoimmune
responses. Hyperactivation of STAT3 in patients with MS
has been reported and this is correlated with disease pro-
gression [16]. In inflammatory bowel disease, IL-6/STAT3
signaling is an important regulator of the proliferation of
pathogenic cells [17, 18]. Furthermore, the number of Th17
cells, as well as Th17-related cytokines such as IL-17 and
IL-6, are increased in patients with systemic lupus erythe-
matosus [19]. The T,, cells have been reported to promote
remission of MS by restraining the Th17 response. However,
the clinical trials based on T, did not succeed as expected
[20] because the imbalance of Th subsets was regulated by
other immune cells and the immune environment. Therefore,
the upstream regulation of Th17 differentiation might be the
key to the development of a therapeutic target for MS.

Multiple pattern recognition receptors, such as the toll-
like receptor (TLR) and triggering receptor expressed on
myeloid cell (TREM), were necessary for antigen presen-
tation and the differentiation of T cells [21]. In previous
studies, TREM family members were widely expressed
in myeloid cells, such as macrophages, monocytes, and
dendritic cells [22]. Among this family, TREM-1 and
TREM-2 are typical members that can interact with the
ITAM-containing adapter DNAX activation protein of 12
kDa (DAP12) to exert their respective functions. TREM-1
plays a pro-inflammatory role by amplifying TLR sign-
aling. TREM-2 exhibits a multifunctional phenotype in
infectious and inflammatory diseases, which may depend
on complex ligands and signal pathways. Lipids (exposed
upon axonal injury), nucleic acids (released by dying
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cells), and proteins (expressed on cell and bacterial sur-
faces and heat shock proteins) have been proposed to
potentially bind to TREM-2 [23, 24]. It has been reported
that TREM-2 has anti-inflammatory effects on the innate
immune cells during infectious and inflammatory dis-
eases. On one hand, TREM-2 regulates the inflammatory
response in a mouse model of sepsis induced by Gram-
negative bacteria [24]. For example, in the liver injury
model induced by chemical agents, liver injury and inflam-
mation are aggravated in TREM-2 deficient (Trem-27'")
mice [25]. On the other hand, TREM-2 promotes inflam-
mation and amplifies immune responses in some diseases.
For example, the inflammatory response, organ damage,
and death rate caused by Burkholderia pseudomallei infec-
tion were decreased in TREM-2 deficient mice [26]. From
our previous research, TREM-2 promotes the pro-inflam-
matory Thl response through CD3¢/ZAP70 in Mycobac-
terium tuberculosis [27] and SARS-CoV-2 [28] infection,
which indicated that TREM-2 also plays a crucially impor-
tant role in Th cells.

In addition to its critical role in infectious diseases,
TREM-2 also plays an important role in neural diseases.
As per previous reports, TREM-2 and DAP12 are predomi-
nantly expressed by microglia. Moreover, microglial dys-
function caused by TREM-2/DAP12 impairment is involved
in the pathogenesis of Nasu-Hakola disease. The variant of
TREM-2 (loss-of-function mutation, R47H) may lead to a
predisposition to Alzheimer’s disease and frontotemporal
dementia [29, 30]. TREM-2 activation attenuates neuroin-
flammation and neuronal apoptosis after intracerebral hem-
orrhage, mediated by activation of the phosphatidylinosi-
tol 3-kinase (PI3K)/v-akt murine thymoma viral oncogene
homolog (Akt) signaling pathway [31]. The imbalance of
TREM-2 inhibits the lipopolysaccharide-induced neuroin-
flammatory response in BV-2 cells [32]. However, unlike
Dap12 knockout (Dap12~'7) mice (fewer microglia and
aberrant morphology), Trem-2~"~ mice show no spontane-
ous abnormalities in myelin, even in aged mice. The pro-
tective effect of TREM-2 for myelin maintenance relies
on DAPI12. In MS, the soluble myeloid trigger receptor-2
level is increased in cerebrospinal fluid (CSF) and is consid-
ered a new marker of microglial activation [33]. Appropri-
ate microglial activation contributes to myelin clearance,
which is thought to be required for remyelination [34]. In a
model of MS, experimental autoimmune encephalomyelitis
(EAE), excessive activation of microglia is detrimental to
regeneration [35]. However, a controversial result has been
obtained. DAP12-deficient mice have been shown to be
highly resistant to EAE. This may be because TREM-2 is
one of the DAP12-associated receptors. With more ligands
of TREM-2, such as ZAP70, TREM-2 may not always play
a neuroprotective role in MS. In conclusion, previous stud-
ies of TREM-2 all focused on the myeloid cells, especially
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microglia in the CNS. Nevertheless, its function in the Th
cells of the peripheral immune system is not clear.

In the present study, we reported that TREM-2 was
highly expressed in the CD4" T cells from patients with
MS and from EAE mice. With Trem-2 conditional knockout
and adoptive T cell experiments, we found that TREM-2
regulated Th17 activation, differentiation, and Th17-related
cytokine secretion. In CD4* T cells, ZAP70 phosphoryla-
tion was triggered by TREM-2 and promoted the activation
of STAT3. TREM-2 promoted Th17 polarization through
the ZAP70/STAT3 signal pathway during EAE. This study
sheds new light on the promise of regulating the pro-inflam-
matory Th17 response to treat MS.

Materials and Methods
Patients with MS and Healthy Controls

We enrolled 12 relapsing-remitting patients with MS (based
on the 2010 McDonald diagnostic criteria) from the Nanfang
Hospital of Southern Medical University. We also recruited
12 controls without inflammatory diseases. The demo-
graphic and clinical features of the participants are listed in
Table 1. Patients enrolled in the database were diagnosed
by 2 specialized neurologists. All procedures were approved
by the Fifth Affiliated Hospital of Sun Yat-sen University
and were performed according to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
(ZDWY.XBZLK.011).

Preparation of Peripheral Blood Samples
After the collection of 2 mL of EDTA-anticoagulated blood,

we immediately centrifuged all samples to obtain serum
samples. Peripheral blood mononuclear cells were isolated

Table 1 Demographic and clinical features of patients with MS and
healthy controls

MS (n=12) CTLs (n=12)
Gender (female/male) 8/4 715
Age! (years) 33.25 (19-55) 35.64 (22-57)
Age at onset (years) 30 (16-48) n.a.
Disease duration? (years) 0.48 (0.1-1) n.a.
EDSS score 3.75 (2-1.5) n.a.

Values indicate the mean (range) unless otherwise indicated

CTLs controls, EDSS Expanded Disability Status Scale, MS multiple
sclerosis, n.a. not available

T At the sampling time point

2From disease onset to sampling

using lymphocyte separation medium (Beyotime Biotechnol-
ogy, Shanghai, China).

Mice

Female C57BL/6 mice (4—-6 weeks old) were purchased
from Guangdong Medical Laboratory Animal Center. Rag2
knockout (Rag2~'~) mice were purchased from Guang-
zhou Sebiona Biological Science and Technology Co. Ltd
(Guangzhou, China). Trem-2 knockout (Trem-2""") mice
were generously provided by Marco Colonna (Washing-
ton University, USA). Cd4 conditional knockout Trem-2
(Cd4€™Trem-2"%) mice were generated by Trem-210¥/iox
and Cd4-Cre mice. Trem-211°% mice were from the Model
Animal Research Center (Nanjing, China); Cd4-Cre mice
were purchased from the Jackson Laboratory (Sacramento,
USA), stock no. 022071. Mice were housed at room tem-
perature (23 + 1 °C) with a 12-h/12-h light-dark cycle and
with ad libitum access to food and water. All experimental
procedures were approved by the Fifth Affiliated Hospital
of Sun Yat-sen University Ethics Committee (2021.00156).

Data Re-analysis

Re-analysis data were from the Gene Expression Omnibus
(GEO:; https://www.ncbi.nlm.nih.gov/geo/). The GEO acces-
sion numbers of Human Bulk-RNA sequencing data were
GSE66763, and for Mus musculus, GSE57098. We used the
average value of messenger RNA (mRNA) expression as the
expression value for that sample. For heatmap representa-
tion, the normalized expression of each mRNA was used.

Cell Preparation and Culture

Lymphocytes from the spleen and lymph nodes were col-
lected under sterile conditions. Cell suspensions were
ground and filtered with 40 pm nylon mesh strainers. Then
the cells were held in ice-cold Roswell Park Memorial Insti-
tute (RPMI) 1640 medium for subsequent experiments.

Cells were incubated in RPMI 1640 (2 x 10° cells/
mL) with MOGg;5_ss (20 pg/mL) in a humidified incubator
at 37 °C with 5% CO, for 48 h. The RPMI 1640 medium
was supplemented with 10% fetal bovine serum, 2 mmol/L
L-glutamine, 1 mmol/L sodium pyruvate, 100 IU/mL peni-
cillin/streptomycin, and 2 X 10~ mol/L 2-methylimidazole
(2-ME) (Life Technologies, Carlsbad, CA, USA).

Flow Cytometry Analysis
For surface staining, cells were washed and stained for 30
min with fluorescently conjugated monoclonal antibod-

ies (mAbs). The mAbs of human targets for flow cytom-
etry were as follows: FITC-CD4 [catalog number (CAT):
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317408, Biolegend, San Diego, USA], Percp-cy5.5-CD3
(CAT: 344813, Biolegend), APC-CD8 (CAT: 980904, Bio-
legend), PE-TREM-2 (CAT: FAB17291P, BD, New Jer-
sey, USA). The mAbs of mice were as follows: FITC-CD3
(CAT: 110204, Biolegend), PE-cy7-CD4 (CAT: 100421,
Biolegend), Pacific blue-CD8 (CAT: 100725, Biolegend),
PE-TREM-2 (CAT: FAB17291P, BD), APC-cy7-CD62L
(CAT: 104427, Biolegend), APC-CD69 (CAT: 104513,
Biolegend), CD11c-PEcy7 (CAT: 117318, Biolegend),
F4/80-APC (CAT: 123116, Biolegend). For intracellu-
lar staining, cells were stimulated for 6-8 h at 37 °C in
5% CO,. To detect cytokines, Brefeldin A (BFA) (Sigma,
St. Louis, USA, 10 pg/mL) was added after 4 h. After
stimulation, cells were washed in cold phosphate-buffered
saline (PBS). Cell surface staining was applied followed
by fixation/permeabilization (CAT: 00-5123-43, eBiosci-
ence, San Diego, USA) and stained with the antibodies:
IFN-y-V450 (CAT: 560371, BD Biosciences), TNF-APC
(CAT: 506307, Biolegend), IL-6-APC (CAT: 504507,
Biolegend), IL-17-APC-cy7 (CAT: 506939, Biolegend),
IL-4-PEcy7 (CAT: 504118, Biolegend), STAT3-PE (CAT:
612569, BD Biosciences), pZAP70-Pc5.5 (CAT: 693809,
Biolegend) or their corresponding isotype controls. Cell
phenotype was tested using a FACS Calibur instrument
(BD LSR II, USA). The BD Influx™ machine (BD Bio-
sciences) and Sony MA900, Tokyo, Japan) were used for
cell sorting, including CD4* T and CD8* T cells. The data
were analyzed by FlowJo-V10 (BD).

Thymidine Incorporation Assay

The proliferation of mouse CD4" T cells was measured
by the incorporation of [3H]thymidine. Briefly, purified
CD4* T cells were incubated for 48 h with increasing con-
centrations of plate-bound anti-CD3 in wells. During the
final 8 h of stimulation, [3H]thymidine was added to the
medium. The amount of incorporated [3H]thymidine was
measured as counts per minute. The instrument we used
was from Beckman (8100 LS beta-counter) (Beckman,
Bria, USA).

CD4* T Cell Transfer

Spleens were isolated from wild-type (WT) and Trem-
27~ mice. Then CD4" T cells were purified with CD4
microbeads and autoMACS (CAT: 130-104-454, Miltenyi,
Bergisch Gladbach, Germany). CD4* T cells were counted
and washed 3 times with PBS. Single-cell suspensions were
then injected into the tail veins of Rag2™'~ mice at 5 x 10°
cells per mouse. EAE was induced after mice were immu-
nized the day following CD4" T cell transfer.
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Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR)

Total RNA was isolated with TRIzol reagent (Thermo
Fisher Scientific, Massachusetts, USA). First-strand com-
plementary DNA (cDNA) was obtained with a Synthesis Kit
(Thermo Fisher Scientific); 2 pL of total cDNA and Synergy
Brands (SYBR) Green PCR Master Mix (Applied Biosys-
tems, Massachusetts, USA) were mixed. Then Eppendorf
Master Cycle Realplex2 was used for real-time PCR (40
cycles). The RT-qPCR conditions were as follows: 3 min
of enzyme activation at 95 °C, followed by denaturation at
95 °C for 20 s and annealing of primers at 60 °C for 20 s,
and extension at 72 °C for 20 s. qPCR data were analyzed
by the AACT method.

Enzyme-Linked Immunosorbent Assay (ELISA)

Cytokines secreted by CD4™ T cells were quantified by a
two-site enzyme-linked immunosorbent assay (Dakewee
Bio-engineering Co., Ltd, Shenzhen, China). The Kkits
used were as follows: Human IL-17 Quantikine ELISA kit
(CAT: 1111702, Dakewe), Human TNF Quantikine ELISA
kit (CAT: 1117202, Dakewe), Human GM-CSF Quantikine
ELISA kit (CAT: 1117302, Dakewe), Human IFN-y Quan-
tikine ELISA kit (CAT: 1110002, Dakewe), Mouse IL-17
Quantikine ELISA kit (CAT: 1111703, Dakewe), Mouse
IFN-y Quantikine ELISA kit (CAT: 1210002, Dakewe),
Mouse IL-6 Quantikine ELISA kit (CAT: 1210602, Dakewe)
and Mouse TNF-a Quantikine ELISA kit (CAT: 1211702,
Dakewe).

Western Blotting

Cells were washed with PBS and prepared using radio
immunoprecipitation assay (RIPA) buffer. After electropho-
resis, proteins were electroeluted onto a polyvinylidene fluo-
ride (PVDF) membrane. After blocking with 5% non-fat dry
milk in phosphate buffered solution with Tween (PBST), the
membranes were incubated overnight with primary antibod-
ies at 4 °C [CAT: 91068 (TREM-2); 9139 (STAT3); 9145
(pSTATS3); 3165 (ZAP70); 2701 (pZAP70); 93473 (B-Actin),
Cell Signaling Technology, Boston, USA]. Then appropri-
ate horseradish peroxidase (HRP)-conjugated secondary
antibodies were chosen to incubate with the membranes.
The membranes were visualized with Plus-ECL (CAT:
NEL102001EA, PerkinElmer, CA, USA).

EAE Model
Mice were immunized with MOGj;5_s5 (MEVGW YRSPF-

SRVVHLYRNGK) (CAT: BYX-P-003, Bioyears, Wuhan,
China) and complete Freund’s adjuvant (CFA) (Difco
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Laboratories, Massachusetts, USA). Briefly, MOG;5_s5/
CFA emulsion was injected subcutaneously in the arm-
pits of their forelimbs (0.1 mL/mice). Pertussis toxin (List
Biological Laboratories, Inc., Campbell, CA) was injected
i.p. on the day of immunization and 48 h later. Weight and
clinical scores were monitored every two days. The follow-
ing standard EAE scoring system was applied: (0) no dis-
ease, (1) floppy tail, (2) hind limb weakness, (3) full hind
limb paralysis, (4) quadriplegia, and (5) death. Mice with
intermediate-level presentations were scored in increments
of 0.5. Mice with a clinical core between 3.5 and 4.5 were
considered to have reached the peak of the disease.

Statistical Analysis

Statistical analysis of the data was carried out with Graph-
Pad Prism 8.0.2 software (GraphPad Software, San Diego,
USA), using Student’s #-test. Differences between groups
were considered significant at P <0.05.

Results

The Expression of TREM-2 and Th17-Related
Cytokines Are Up-Regulated in the Peripheral CD4% T
Cells of Patients with MS

To explore the heterogeneity between MS CD4* T cells and
healthy CD4" T cells, mRNA sequencing data (GEO, data-
base ID GSE66763) of these two types of CD4™ T cells were
analyzed. Th17-related cytokines (IL-17, TNF, GM-CSF,
and IFN-y) were significantly increased in CD4" T cells
from patients with MS (Fig. 1A, MS: n = 4; Healthy: n =5,
IL17A: P <0.001; ILI7F: P =0.012; TNF: P = 0.162; GM-
CSF: P <0.001; IFNG: P <0.001). The concentrations of
these cytokines were significantly increased in the peripheral
blood of patients with MS (Fig. 1B, n=7,IL-17: P = 0.009;
TNF: P = 0.082; GM-CSF: P = 0.031; IFN-y: P = 0.041).
These results indicated that Th17 plays an important role in
MS; this is consistent with previous studies [36]. To further
explore the regulatory mechanism of Th17 versus naive T
cells, TREM family expression was analyzed (Fig. 1C, n =
3, TREM-1: P=0.221; TREML-1: P=0.109; TREM-2: P =
0.011; TREML-2: P =0.501; TREM-3: P = 0.135; TREML-
4: P = 0.869). Compared with naive T cells, TREM-2 was
highly expressed in Th17 cells. However, other TREMs,
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Fig. 1 CD4" T cells from MS peripheral blood express higher Th17-
related factors and TREM-2. A Heatmap showing ILI7A, ILI7F,
TNF, GM-CSF, and IFNG mRNA expression (MS: n = 4; Healthy:
n = 5). Red means relatively up-regulated genes, and blue means
relatively down-regulated genes. B Production of cytokines (IFN-y,
IL 17, TNF-a, and GM-CSF) in serum from patients with MS and
healthy controls as detected by ELISA (n = 7). C Heatmap of the
mRNA expression of TREM family members (TREM-1, TREML-1,

TREM-2, TREML-2, TREM-3, and TREML-4) (n = 3). Red means
relatively up-regulated genes, and blue means relatively down-regu-
lated genes. D Frequency of TREM-2 on CD4* T cells and number
of TREM-2*CD4* T cells in the human peripheral blood CD4* T
cells from MS (n = 12). For B and D, Student’s #-test was used and
the data are shown as the mean + SEM. *P <0.05, **P <0.01, ***pP
<0.001
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including TREM-1, TREML-1, TREML-2, TREM-3, and
TREML-4 did not significantly differ in Th17 versus naive
T cells. Meanwhile, the proportion and number of periph-
eral TREM-2*CD4* T cells were significantly increased in
patients with MS (Fig. 1D, n = 12, frequency: P <0.001;
absolute number: P <0.001). These results suggested that
the progression of MS may be associated with TREM-2 and
Th17 cells.

Increasing TREM-27CD4" T Cells Are Positively
Correlated with the Progression of the EAE Model

EAE is the most commonly used experimental model for
MS. We then established EAE- and completed Freund’s
adjuvant-induced (CFA, control group) mouse models of
MS and inflammatory pain, respectively. Then we analyzed
the proportions of TREM-2-positive cells among CD4*
T cells (CD3*CD4%), cytotoxic T lymphocytes (CTLs;
CD3*CD8"), B cells (CD37CD19%), and macrophages
(CD37CD11c*F4/80%) in their spleen and lymph nodes
(axillary, inguinal, para-aortic, and mesenteric nodes)
(Fig. 2A-D, n = 6, Th cells in spleen: P = 0.025; Th cells
in para-aortic nodes: P = 0.014). Compared with the CFA
group, TREM-27CD4* T cells were significantly increased
in the spleen of EAE mice. However, there was no signifi-
cant difference in TREM-2*cells among other immune cells
between CFA and EAE mice. These results matched those of
human samples (Fig. 1D). In order to match the character-
istics of MS [37], we divided the process of EAE into three
stages: the early stage, the onset stage, the peak stage, and
the recovery stage based on the clinical scores (Fig. 2E, n =
12, P <0.001). At the peak stage of the disease, the propor-
tion of TREM-2¥CD4" T cells in the spleen also reached its
peak value (Fig. 2F, n = 6, P <0.001). Furthermore, there
was a positive correlation between clinical score and the
proportion of TREM-2TCD4 cells measured (Fig. 2G, n
=38, R* = 0.873, P <0.001). As MS/EAE are demyeli-
nating diseases that affect the CNS, we also examined the
expression of TREM-2 on CD 47T cells in the CNS (brain
and spinal cord) (Fig. 2H, n = 6, brain: P <0.001; spinal
cord: P <0.001). The results showed that the expression of
TREM-2 on T cells in the CNS of EAE mice was higher than
that of CFA mice. These results suggested that the expres-
sion of TREM-2 on CD4™" T cells is correlated with disease
progression.

TREM-2 Is Essential for CD4" T Cell Pathogenicity
and EAE Induction

In order to confirm that the TREM-2TCD4% T cell is
essential for EAE induction, we used Cd4 conditional
knockout Trem-2 (Cd4<*Trem-2"%) mice to establish the
EAE model. The clinical scores of wild-type (WT)-CFA,
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WT-EAE, and Cd4“™Trem-2"*-EAE mice were monitored
after EAE induction with MOGg3;5_s5. The clinical score of
Cd4“"*Trem-2"*-EAE mice was lower than that of WT-
EAE mice (Fig. 3A, n = 12, P <0.001). We then injected
Evans blue (EB) via the tail vein to check their blood-brain
barrier (BBB) integrity. The results showed that the spinal
cord of WT-EAE mice was significantly greater than that
of Cd4“"*Trem-2""*-EAE mice. The highest EB level in the
spinal cord of WT-EAE mice was indicative of more BBB
damage than that of Cd4“"*Trem-21"*-EAE mice that had a
low EB level (Fig. 3B, n =6, CFA vs EAE: P =0.031, EAE
vs Cd4"Trem-2"*-EAE: P = 0.020). Hematoxylin/eosin
staining showed that Trem-2 knockout reduced inflamma-
tory cell infiltration and tissue injury in the brain (Fig 3C).
In addition, flow cytometry showed that Th cell infiltration
was reduced in the brain and spinal cord of Cd4™Trem-
28X EAE mice compared with those of WT-EAE (Fig 3D,
n =6, brain WT-EAE vs Cd4“"“Trem-2""-EAE: P = 0.016;
spinal cord WT-EAE vs Cd4"Trem-2"*-EAE: P = 0.008).
These findings indicated that TREM-2 deficiency in CD4"
T cells impairs the pathogenesis of EAE. To evaluate the
direct role of TREM-2 in the regulation of CD4* T cell
pathogenicity in vivo, Rag2 knockout (Rag2™~) mice were
reconstituted with CD4* T cells from WT-EAE or Trem-2
knockout (Trem-2"'")-EAE mice (Fig. 3E). Mice reconsti-
tuted with WT CD4* T cells exhibited substantially higher
disease severity than mice reconstituted with Trem-27'~ T
cells (Fig. 3F, n = 6, P <0.001). These results indicated that
TREM-2 promotes the pathogenicity of CD4" T cells in the
EAE model.

TREM-2 Regulates the Expression of Th17 Cell-related
Genes After Immunization

In human samples, we found that TREM-2 was posi-
tively correlated with the Th17-related gene expression
level (Fig. 1). Thus, we investigated the role of TREM-2
in regulating Th17 cells. Firstly, we checked the number
and proportion of double-negative T cells, double-posi-
tive T cells, CD4* T cells, and CD8* T cells in the thy-
mus of Trem-2"'" mice (Fig. S1A-C). The results showed
that TREM-2 deficiency did not affect T cell development.
Immune organ (thymus and spleen) weight did not change in
Trem-2"'" mice (Fig. S1D). In the lymph nodes and spleen,
mature immune cells, including CD 4*T cells, CD8'T cells,
CD19"B cells, and macrophages, were also not affected in
Trem-2~'" mice (Fig. SIE, F). T-cell thymidine incorpora-
tion was conducted in vitro. There was no difference in pro-
liferation between WT and Trem-2~'~ CD4™ T cells (Fig.
S1G, H). The results indicated that TREM-2 does not affect
CD4* T development in the physiological state.

Next, we reanalyzed mRNA sequencing data between
Naive T vs three subsets of Th17 cells [38]. These four
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Fig. 2 High TREM-2 expression on CD4" T cells is significantly
correlated with EAE progression. A-D, The percentages of TREM-
2-positive cells after EAE induction in CD4" T cells (A), CD8* CTL
(B), B cells (C), and macrophages (D) from secondary lymphoid tis-
sues (spleen, axillary, inguinal, para-aortic, and mesenteric lymph
nodes) at the peak of EAE (n = 6). E Daily clinical EAE scores.
Arrows indicate different phases (blue, early; orange, onset; red, peak;
green, recovery) of the disease (n = 12). F The disease phases (early,
onset, peak, and recovery) assessed according to clinical scores. The

proportion of TREM-2*CD4* T cells increased in the spleen at two
stages of EAE (n = 6). G The correlation (R* = 0.8729) between the
percentages of TREM-2*CD4* T cells and clinical scores (n = 38). H
The proportions and numbers of TREM-2"CD4* T cells in the brain
and spinal cord measured at the peak of EAE (n = 6). The data shown
are the mean + SEM. Student’s #-test was used. *P <0.05, **P <0.01,
*#%P <0.001, ns, not significantly different. Th, T helper; CFA,
complete Freund’s adjuvant group; EAE, experimental autoimmune
encephalomyelitis
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Fig. 3 Conditional knockout of Trem-2 in CD4" T cells reduces Th
cell infiltration and EAE severity. A Daily clinical scores after EAE
induction in WT and Cd4<"*Trem-2""% mice (n = 6). B At the peak
of WT-EAE (day 14), EB was injected through the tail vein. After
8 h, brain and spinal cord (CNS) EB concentrations from CFA WT-
EAE and Cd4"Trem-2""*-EAE animals were measured (n = 6). C
H&E staining of spinal cord sections from WT and Trem-2~'~ mice
at the peak of EAE. Scale bars: 200 mm in left images, 50 mm in

different cell populations were: (1) Naive (CD4"CD62L")
in B6.2d2 mice; (2) Th17 differentiation from naive T cells
in vitro under the MOG3;5_ss peptide (12.5 mg/mL), TGF-f
(3 ng/mL), IL-6 (20 ng/mL), and IL-23 (20 ng/mL) (Th17-
vitro); (3) Adoptive transfer EAE was induced by inject-
ing these in vitro-primed Th17 cells into lymphopenic
RagZ‘/‘ mice. At the peak of EAE, Th17 cells were iso-
lated from these mice (Th17-act); (4) After EAE induction
with MOG35_ss. CD4" T cells were isolated at the peak of
EAE (Th-vivo). The design of experimental sample col-
lection for these data is shown in Fig. 4A. Compared with
Naive T cells, TREM-2 was strongly expressed in Th17 cells
(Fig. 4B, n = 3, Naive T vs Th-vivo: P = 0.002; Naive T
vs Th17-vitro: P = 0.012; Naive T vs Th17-act: P = 0.02;
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insets. D The proportion of Th cells (CD3*CD4") gated in CD45*
immune cells infiltrated into the CNS (n = 12). E Purified CD4%
T cells from WT-EAE or Trem-27'"-EAE mice adoptively trans-
ferred into Rag2~'~ mice. F Mean clinical EAE scores in immunized
WT>>Rag2™'~ or Trem-27'">>Rag2™~ mice (n = 6). One-way
ANOVA was used. The data shown are the mean + SEM. *P <0.05,
##P <0.01, ***P <0.001

Th17-vitro vs Th17-act: P <0.001). Other TREMs did not
significantly change during Th17 activation and polarization.
As akey cytokine of Th17, IL-17 was significantly increased
in the serum of EAE mice at the peak of EAE (Fig. 4C,
n = 6, P <0.001). Besides, the increasing concentration
of IL-17 was positively correlated with the proportion of
TREM-2"CD4" T cells (Fig. 4D, n = 12, R?>=0.674,P =
0.001). The levels of the Th17-related factors IL-6, TNF-
a, and IFN-y, but not IL-23, were increased in the spleen
of EAE mice (Fig. 4E, n =9, IL-6: P <0.001; IL-23: P =
0.052; TNF-a: P <0.001; IFN-y: P <0.001) and positively
correlated with TREM-2" Th cells (Fig. 4F, n = 18, IL-6: R?
=0.8161, P <0.001; IL-23: R* = 0.1886, P = 0.072; TNF-
a: R? = 0.8346, P <0.001; IFN-y: R* = 0.8346, P <0.001) .
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Fig. 4 TREM-2 is positively correlated with Th17 cell differentia-
tion in the EAE model. A Experimental design of cells examined for
RNA-sequencing. Naive T cells (CD4*CD62L") are isolated from
B6.2d2 mice and cultured under Thl7-stimulating conditions. For
EAE induction, these Th17 cells are injected into Rag2™~ mice. At
the peak of the disease, Thl7-act is collected. Samples for mRNA-
sequencing are Naive T cells, Th17-vitro, Thl7-act, and Th-vivo. B
Heatmap of mRNA expression of TREM family members (TREM-
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3). Red means relatively up-regulated genes and blue means rela-

tively down-regulated genes. C IL-17 secretion in serum as evalu-
ated by ELISA at the peak of EAE (n = 6). D Pearson’s R correlation
between the percentage of TREM-2*CD4" cells and the concentra-
tion of IL-17 (n = 12, R* = 0.6739). E qPCR of the expression of
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v: R? = 0.8346). T-test and one-way ANOVA were used. The data
shown are the mean + SEM. *P <0.05, **P <0.01, ***P <0.001
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«Fig. 5 TREM-2 promotes EAE development by regulating Th17
cells. A Flow cytometry showing the proportions of Thl, Th2, and
Th17 cells at the onset and peak stages of WT-EAE (n = 6). B The
expression of transcription factors of Th cells as measured by gPCR
(n = 6). C The proportion of Ki67-positive Th cells as measured by
flow cytometry (n = 6). D The expression of Th-related cytokines as
measured by gPCR (n = 9). E The proportion of CD4" T cells (gated
in lymphocytes) and Th17 cells (gated in CD4" T cells) as measured
by flow cytometry (n = 6) in the spinal cord and brain. F The apopto-
sis of splenic cells after stimulation with MOG;5_s5 for 48 h (n = 6).
G The cytokine concentration in the culture supernatant as measured
by ELISA (n = 6). T-test and one-way ANOVA were used. The data
shown are the mean + SEM. *P <0.05, **P <0.01, ***P <0.001

These results indicated that TREM-2 is correlated with Th17
differentiation during EAE.

Then, to determine whether TREM-2 promotes Th17
cells in the onset and the peak stages of EAE, the propor-
tion of CD4" T subsets (Th1, Th2, and Th17) from CFA,
WT-EAE, and Cd4“™Trem-2"*-EAE mice were monitored
by flow cytometry (Fig. SA). Compared with the WT-EAE
group, Th17 but not Th1 or Th2 cells were reduced in the
spleen of Cd4<"*Trem-21*-EAE mice in the peak stage of
EAE (Fig. 5A, n =6, P = 0.035). The expression of impor-
tant transcription factors, including T-bet (Th1), GATA3
(Th2), and retinoid-related orphan receptor-yt (RORyt)
(Th17), were also tested. The results showed that in both
onset and peak stages of EAE, Trem-2 knockout suppressed
expression of the transcription factor RORyt, but had no
effect on T-bet and GATA3 (Fig. 5B, n = 6, Onset RORyt:
P =0.014; Peak RORyt: P =0.004). Besides, at the peak of
EAE, Trem-2 knockout also decreased the number of prolif-
erated (Ki67") Th17 cells (activated Th17 cells) (Fig. 5C,
n = 6, Onset Ki67tTh17: P = 0.030; Peak Ki67"Th17: P
= 0.004). Furthermore, Th1 and Th17-related cytokines,
such as IFN-y, TNF-a, IL-23, and IL-6, were decreased in
the spleen of the Cd4<"*Trem-2"*-EAE group compared
with those of the WT-EAE group (Fig. 5D, n = 9, IFN-y
WT-EAE vs Cd4™Trem-2"*-EAE: P = 0.003; TNF-oa WT-
EAE vs Cd4“*Trem-2"*-EAE: P <0.001; IL-6 WT-EAE
vs Cd4“"Trem-2"*-EAE: P <0.001; IL-23R WT-EAE vs
Cd4°Trem-21-EAE: P = 0.003). These results indicated
that Trem-2 knockout affects the proportion of Th17 cells
and the production of cytokines. In the CNS of EAE mice,
Trem-2 knockout also decreased the proportion of CD4" T
cells and Th17 cells (Fig. 5E, n = 6, spinal cord CD4" T:
P = 0.005; spinal cord Th17: P <0.001; brain CD4* T: P
<0.001; brain Th17 cells: P <0.001). In vitro, MOGg;s_ss,
as antigen stimulation, was used to test the antigen-spe-
cific CD4" T cell response. After stimulation for 48 h, the
apoptotic rate of Cd4“"Trem-21% T cells was significantly
higher than that of the WT-EAE group (Fig. 5F, n =6, P
<0.001). Moreover, the Th17-related cytokines IFN-y, TNF-
o, IL-17, and IL-6 levels were reduced in TREM-
2-deficient T cells (Fig. 5G, n = 6, IFN-y: P <0.001; IL-17:

P =0.001; IL-6: P = <0.001; TNF-a: P <0.001). These
results demonstrated that TREM-2 promotes EAE progres-
sion by inducing Th17 cells.

TREM-2 Promotes the Differentiation and Function
of Th17 Cells in EAE

Th17 cells are differentiated from naive CD4* T cells
exposed to a specific cytokine environment, including
IL-6, IL-21, and IL-23R. The Th17 response is enhanced
by IL-17, TNF-a, and IFN-y but suppressed by IL-10 [39].
Besides, Th17 cells also express GM-CSF to promote
immune responses to self-antigens [40-42]. To further
evaluate the direct role of TREM-2 engagement on CD4™*
T cells in the development of EAE, the passive transfer
model of EAE disease was used (Fig. 6A). We found that
Rag2™'~ mice that received CD4* T cells transferred from
Trem-2~'~ mice showed impaired pathology upon EAE
induction (Fig. 6B, n = 6, P <0.001). In addition, we found
that fewer CD4* T cells accumulated in the lymph nodes
and spleen of the Rag2™'~ mice reconstituted with Trem-
27~ CD4* T cells compared with those with WT CD4*
T cells [Fig. 6C, n = 6, MLN: P = 0.08; spleen (SP) : P
<0.001], and Trem-2~'~ CD4* T cells exhibited a less acti-
vated phenotype (Fig. 6D, n = 6). In the peak stage, IL-17,
IL-6, TNF-a, and IFN-y were reduced in the serum from
Rag2~'~ mice -EAE reconstituted with Trem-2~'~ CD4*
T cell (Trem-2"'">>Rag2™'") compared to those from
Rag2™'~ mice -EAE reconstituted with WT CD4* T cells
(WT>>Rag2~"") (Fig. 6E, F; n = 6, IL-17: P = 0.07, IL-6:
P =0.036, TNF-a: P = 0.024, IFN-r: P = 0.034). RORqt,
an important transcription factor of Th17 differentiation and
function, and Th17-related cytokines were reduced in the
Trem-2~'~ group (Fig. 6E-H, n = 6, IL-22: P = 0.002; IL-
23R: P <0.001; RORyt: P <0.001; GM-CSF: P <0.001). In
summary, our data implicated TREM-2 as essential for the
differentiation and functional phases of Th17 cells in EAE.

TREM-2 Promotes the Pro-inflammatory Function
of Th17 Through pZAP70/STAT3

Our previous studies suggested that TREM-2 promotes Th1
responses by interacting with the CD3{/ZAP70 complex
following infection with M. tuberculosis and SARS-CoV-2
[27,28]. To investigate the role of TREM-2-mediated CD3¢/
ZAP70 signaling in Th17 differentiation during EAE devel-
opment, we reanalyzed this gene signature in the database
(GSE57098) of Naive T and Th17 cells. The results showed
that the genes encoding TNF-a, IL-6, IL-17, and GM-CSF
were highly expressed on Th17 cells (Fig. 7A), which is con-
sistent with the previous report [43]. Furthermore, STAT3
was also found to be highly expressed in Th17 cells (Fig. 7A,
n =3, Naive T vs Th-vivo: P =0.001; Naive T vs Th17-vitro:
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Fig. 6 TREM-2 promotes Th17 cell differentiation, proliferation, and
cytokine secretion in EAE. A Rag2™'~ mice are reconstituted with
WT or TREM-2-deficient CD4*% T cells. and EAE is induced (n =
6). B Clinical scores (n = 6). C The frequency of CD4* T cells from
lymph nodes and spleen (n = 6). D The expression of the activation
marker CD69 on splenic CD4* T cells (n = 6). E, F Concentrations

P =0.022; Naive T vs Th17-act: P = 0.020). However, there
was no significant difference in ZAP70 expression between
Naive T and Th17 cells (Fig. 7A). As an essential kinase in T
cell signaling, only phosphorylated ZAP70 (pZAP70) could
regulate STAT3 [44]. The proportions of STAT3-, pZAP70-,
TNF-a-, and IL-6-positive cells among Th17 cells were
increased in the EAE model compared with the CFA group
(Fig. 7B, n =6, STAT3*Th17: P = 0.004; pZAP70*Th17: P
= 0.007; TNF-a*Th17: P = 0.006; IL-6*Th17: P = 0.026).
We found that these factors were decreased in Th17 cells
from the Cd4¢"Trem-2""*-EAE group compared to the
WT-EAE group (Fig. 7B, n = 6, STAT3*Th17: P = 0.013;
pZAP70*Th17: P = 0.013; TNF-a*Th17; P = 0.006; IL-
6'Th17: P <0.001). Next, to test whether the proportion
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of Th17 (IL-17A* CD4%") cells is affected by pZAP70 or
STATS3 or both, we analyzed the expression of IL-17A"
or IL-6*Th17 in TREM-2-, pZAP70-, or STAT3-positive
CD4* T cells. Co-expression of TREM-2, STAT3, and
pZAP70 induced IL-17 production in CD4™ T cells (Fig. 7C,
n = 6, TREM-2*pZAP70*STAT3" vs others: P <0.001).
STAT3™ or pZAP70™ or TREM-2" Th cells expressed rela-
tively low levels of IL-17A (Fig. 7C). The expression of
IL-6 on Th17 cells was also affected by TREM-2, pZAP70,
and STAT3 (Fig. 7D, n = 6, TREM-2*pZAP70*STAT3"*
vs TREM-2*pZAP70"STAT3™: P <0.001; TREM-
2+tpZAPT0*STAT3* vs TREM-2"pZAP70*STAT3": P =
0.004). In vivo experiments showed that the proportion of
Th17 and their ability to secrete IL-6 were both reliant on



S. Qu et al.: TREM-2 Promotes Th17 in Multiple Sclerosis

29

TREM-2, pZAP70, and STAT3. For in vitro experiments,
MOG;5_s55 was used to culture mouse spleen cells. With
MOGg;;5_s5 re-stimulation, the levels of pSTAT3 and pZAP70
on CD4" T cells were increased in WT-EAE mice while
decreased in Cd4“"Trem-2*-EAE mice (Fig. 7E). In addi-
tion, TREM-2 deficiency in CD4* T cells suppressed the
secretion of IL-6 and IL-17 (Fig. 7F, n = 6, WT-EAE vs
Cd4 " Trem-2"*-EAE IL-17: P = 0.002; IL-6: P <0.001)
and the expression of GM-CSF, TNF-a, and IFN-y (Fig. 7G,
n = 6, WI-EAE vs Cd4<"*Trem-2""*-EAE GM-CSF: P
<0.001; TNF-a: P <0.001; STAT3: P <0.001; IFN-y: P
<0.001). Pre-treatment with the ZAP70 inhibitor 4-amino-
5-(4-chlorophenyl)-7-(t-butyl) pyrazolo(3,4-d)pyrimidine
(phloem protein 2, PP2), reduced these cytokines in the WT-
EAE group (Fig. 7F, G; n = 6; WT-EAE vs WT-EAE+PP2
IL-17: P = 0.039; IL-6: P = 0.007; GM-CSF: P <0.001;
TNF-a: P = 0.005; STAT3: P <0.001; IFN-y: P <0.001).
And there was no significant difference between the WT-
EAE and Cd4"Trem-2"*-EAE groups upon PP2 treatment.
These data indicated that TREM-2 affects the secretion of
IL-6 and IL-17 and the expression of GM-CSF, TNF-«, and
IFN-vy through pZAP70/STATS3.

Discussion

MS, a chronic inflammatory, demyelinating, and neurode-
generative disease, cannot be cured [45]. The clinical obser-
vations indicate that a therapeutic effect is related to the
fluctuation of Th17 cell proportion and function [46]. Th17
is considered a pathogenic factor of MS and an important
target to cure patients. Based on this proposal, we aimed
to investigate a key regulatory mechanism of Th17 in MS.

First, we showed a difference in peripheral CD4* T cells
between patients with MS and healthy people by analyzing
their mRNA-sequencing data. The data from flow cytometry
also showed that peripheral CD4* T cells from patients with
MS expressed high levels of Th17-related cytokines (IL-17,
TNF, GM-CSF, and IFN-y) which is consistent with the pre-
vious reports [47]. Importantly, TREM-2 was identified to be
highly expressed by Th17 cells from patients with MS. As
a pattern recognition receptor, TREM-2 has been reported
to regulate Th differentiation [28]. Moreover, TREM-2 has
a structural basis as a regulatory molecule interacting with
antigen-presenting cells and T cells [23, 24]. We hypoth-
esized that TREM-2 might be the receptor that regulates
peripheral Th17 in MS.

In order to assess the expression level of TREM-2,
we established the EAE-mouse model, which is the most
commonly-used experimental model for MS. During EAE,
TREM-2*CD4" T cells were increased in the spleen and
positively correlated with the clinical score. TREM-2 was
also expressed on CTL cells, B cells, and macrophages.

However, the TREM-2 expression level of these immune
cells did not have a significant relationship with EAE.
Therefore, we generated Cd4™Trem-2% mice to further
verify the specific role of TREM-2 on CD4" T cells during
EAE. The clinical score, BBB permeability, and immune
cell infiltration, which are characteristic of MS [48], were
decreased in Cd4“"*Trem-2"*-EAE mice. The normal BBB
effectively prevents EB from entering the central nervous
system from the blood circulation, so EB was used to assess
BBB permeability [49]. In our study, Cd4™Trem-2"% mice
were protected against immunization-induced autoimmune
neuroinflammation and this result is consistent with the pre-
vious reports [33]. Based on the literature and our results,
we believe that three reasons contribute to this phenomenon.
First, here, we used Trem-2 knockout mice to explore the
effect of TREM-2 on EAE, while Laura Piccio et al. used
TREM-2 blocking antibody, which may lead to the diversity
of the intervening effect. Secondly, TREM-2 plays various
roles in different cells via different mechanisms, so it may
play different roles in different stages of EAE. In the discus-
sion section of reference 33, the authors mention that the
exacerbating effect of blocking TREM-2 only works before
the clinical onset of EAE (days 5 and 9). This means that
TREM-2 plays different roles in different stages of EAE.
Most of the previous reports on TREM-2, including refer-
ence 33, mainly focus on the function of TREM-2/DAP12
in myeloid cells [29, 30]. In fact, TREM-2 could initiate
distinct downstream signaling pathways in different immune
cells. We found here that TREM-2 played a regulatory role
in EAE via affecting Th17 cells, and it has been demon-
strated that the CD3{/ZAP70 signal is the dominant sig-
nal pathway downstream of TREM-2 in T cells [27, 28].
Given the complex immune environment in EAE and the
complicated signal transduction mediated by TREM-2, it
is reasonable to conclude that TREM-2 plays diverse roles
during EAE by affecting the outcomes of different immune
cells. Meanwhile, Rag2~'~ mice reconstituted with Trem-
27/~ CD4" T cells developed decreased EAE disease. These
results demonstrated that TREM-2 is an essential factor for
the pathogenicity of CD4* T cells in EAE. By analyzing the
mRNA expression profiles of Naive T and Th17 cells, we
found that TREM-2 was highly expressed in activated Th17
cells in EAE. Interestingly, Th17 extracted directly from
EAE mice (Th17-act) had the highest levels of TREM-2
expression. These data indicated that TREM-2 might be
a biomarker for the diagnosis and auxiliary monitoring
of EAE. As in previous studies [50], the secretion of IL-17,
IL-6, TNF-a, and IFN-y was higher in EAE. These Th17-
related cytokines are all strongly correlated with the pro-
portion of TREM-2¥CD4" T cells. However, IL-23 did not
increase in EAE CD4* T cells. Two possible reasons may
be as follows. Firstly, IL-23 may have played an important
role in the generation of encephalitogenic cells during the
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«Fig. 7 TREM-2 promotes pathogenic Th17 via the pZAP70/STAT3
pathway in EAE. A Heatmap of the expression of ZAP70, STAT3,
and related cytokines (n = 3). Red means relatively up-regulated
genes, and blue means relatively down-regulated genes. B STAT3,
phosphorylated-ZAP70 (pZAP70), TNF-a, and IL-6 levels in Th17
cells as detected by flow cytometry (n = 6). C, D The percentages of
IL-17a* and IL-6% Th17 measured in Th cells in the absence or pres-
ence of pZAP70, STAT3, or TREM-2 (n = 6). E, Western blots of the
levels of phosphorylated and total STAT3 and ZAP70 with MOGg;5_s5
incubation. F, G Purified WT and TREM-2 deficient CD4" T cells
from spleens stimulated with MOGs;5_s5 in the presence or absence of
the pZAP70 inhibitor PP2 (20 ng/mL). The levels of IL-6 and IL-17
secretion as detected by ELISA (n = 6). The mRNA expression of
GM-CSF, TNF-a, STAT3, and IFN-y as determined by qPCR (n = 6).
One-way ANOVA was used. The data shown are the mean + SEM.
*P <0.05, #*P <0.01, ***P <0.001

induction phase of EAE, not in the effector phase [51]. Sec-
ondly, IL-23 may have been produced by antigen-presenting
cells, such as dendritic cells and monocytes/macrophages.
Here, we analyzed the gene expression in CD4* T cells. It
has been reported that IL-23 binds to the IL-23R on CD4*
T cells, which promotes the expression of IL-17 via STAT3
[52, 53]. Based on the relationship between TREM-2 and

Fig. 8 Graphical abstract. In
patients with MS and the EAE
model, TREM-2 is up-regulated
in CD4™ T cells and activates
the phosphorylation of ZAP70
and STAT3 in CD4" T cells,
which is essential for Th17
differentiation. In the initial
phase, TREM-2 promotes Th17
differentiation by enhancing
IL-6, IL-17, IL-22, and IL-23R
expression. In the effective
stage, TREM-2 induces the
pathogenic polarization of Th17
cells, which secrete 1L-17, \

TNF-a, IFN-y, and GM-CSF. Th17 \ 5N
tion and polarization res.ult in \ JARNIA RN Y
BBB damage and neuroinflam- N
mation. \\ 8 IL-23R
t\\«<. /&/«/’f E @
— o
®
3
3
=
0, E
e L7

Pathogenic Th17

A2
7 ,@ /@ il J BBB breakdown

LA \/I/Sj@;l/

Th17, we hypothesized that TREM-2 may promote EAE
progression by affecting Th17 cells and so we assessed the
proportions and related cytokines of Thl, Th2, and Th17
cells in CFA, WT-EAE, and Cd4“"“Trem-2"-EAE mice.
Our results showed that Trem-2 knockout decreased the acti-
vation, proliferation, and differentiation of Th17 cells as well
as the expression of TNF-a, IFN-y, IL-6, and IL-23R. In
vitro, after MOGs;5_ss stimulation, the proportion of viable
cells and secretion of TNF-a, IFN-y, and IL-6 were also
decreased with Trem-2 knockout. These results confirmed
that TREM-2 is essential for Th17 cell pathogenesis in EAE.

As drivers and the main culprits of autoimmune
response, the pathogenicity of Th17 cells is influenced in
three aspects: their polarization, maintenance (expansion),
and cytokine secretion [50]. During initial Th17 devel-
opment, IL-6 and IL-21 promote the early activation of
CD4™" T cells, which then acts as a positive amplification
loop to enforce Th17 differentiation [54]. In the initial
stage, STAT3 is activated and induces the secretion of
IL-6 and IL-17 [53]. In work by others, it has also been
reported that the absence of IL-21 or IL-21R has no sig-
nificant effect on Th17 differentiation [55, 56]. We found
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that TREM-2 induced the expression of IL-6, IL-22, and
IL-23R in CD4* T cells. IL-23 is also essential for the
maintenance and expansion (not initiation) of pathogenic
Th17 cells but not naive T cells with low IL23R [57]. Th17
differentiation is finally stabilized along with the up-regu-
lation of IL-23R [58]. During the maintenance and expan-
sion stage, retinoic acid receptor-related orphan RORyt,
IL-17, IL-22, and GM-CSF are also enhanced [47]. In our
study, the expression of IL-23R and RORyt were used
to assess the stability of pathogenic Th17 in the differen-
tiation and expansion stages. Autoreactive Th17 cells also
secrete IL-17, IL-6, IL-21, IL-22, GM-CSF, TNF-«a, and
IFN-y, which have proinflammatory actions to promote
the neuroinflammatory reaction of MS [50]. BBB disrup-
tion, an early and central event in MS pathogenesis, is
caused by IL-17 and IL-22, which disrupt tight junction
proteins in the CNS endothelial cells [59]. In our study,
Rag2™'~ mice reconstituted with Trem-2~'~ CD4* T cells
(Trem-27'~>>Rag2~'~ group) exhibited decreases in EAE
disease severity, lower numbers and activity of CD4% T
cells, and lower expression of cytokines (IL-17, IL-6,
IL-22, IL-23R, TNF-a, IFN-y, RORyt, and GM-CSF). Fur-
thermore, TREM-2 did not affect the early T cell develop-
ment and maturation. Taken together, we concluded that
TREM-2 is an essential factor during the differentiation
and functional phases of Th17 cells.

Our previous studies have found that TREM-2 inter-
acts with the TCR-CD3{-ZAP70 complex and enhances
proinflammatory Thl responses [27]. As a cytoplasmic
tyrosine phosphoprotein, ZAP70 has been reported to play
important roles in modulating the leukemia inhibitory fac-
tor (LIF)/Janus kinase (JAK)/STAT3 signaling pathway
[44]. STAT3 is critical for the differentiation of Th17 from
naive CD4" T cells [54]. We also found that TREM-2 aug-
mented the production of IL-17, IL-6, GM-CSF, TNF-
a, and IFN-y by enhancing the pZAP70/STAT3 signal in
CD4" T cells.

In summary, we found that TREM-2 regulated CD4"
T cell-mediated autoimmunity in vivo, while the loss of
TREM-2 in CD4* T cells dramatically ameliorated EAE
development. TREM-2 promoted EAE progression by
affecting the differentiation, expansion, and cytokine
production of Th17 cells. Furthermore, we demonstrated
that TREM-2 engagement on CD4" T cells regulated the
pathogenic Th17 by inducing pZAP70/STAT3 signaling
(Fig. 8). This study sheds new light on regulating proin-
flammatory Th17 and provides potential therapeutic tar-
gets for MS.
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