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Tim-3, an immune checkpoint inhibitor, is widely expressed on the immune cells and
contributes to immune tolerance. However, the mechanisms by which Tim-3 induces
immune tolerance remain to be determined. Major histocompatibility complex II (MHC-II)
plays a key role in antigen presentation and CD4+T cell activation. Dysregulated
expressions of Tim-3 and MHC-II are associated with the pathogenesis of many
autoimmune diseases including multiple sclerosis. Here we demonstrated that, by
suppressing MHC-II expression in macrophages via the STAT1/CIITA pathway, Tim-3
inhibits MHC-II-mediated autoantigen presentation and CD4+T cell activation. As a result,
overexpression or blockade of Tim-3 signaling in mice with experimental autoimmune
encephalomyelitis (EAE) inhibited or increased MHC-II expression respectively and finally
altered clinical outcomes. We thus identified a new mechanism by which Tim-3 induces
immune tolerance in vivo and regulating the Tim-3-MHC-II signaling pathway is expected
to provide a new solution for multiple sclerosis treatment.
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INTRODUCTION

T cell immunoglobulin mucin domain 3 (Tim-3) is widely expressed on the surface of many
immune cells including T cells and macrophages (1, 2). As an immune checkpoint inhibitor, Tim-3
contributes to immune tolerance by inducing T cell apoptosis or by suppressing the activation of
innate immune cells (1, 3). Deregulated upregulation of Tim-3 has been associated with many
tumors or chronic infectious diseases, while dysregulated downregulation or dysfunction of Tim-3
leads to many kinds of autoimmune diseases such as multiple sclerosis (4) and rheumatoid arthritis
(4–6). Recently, our findings and other reports showed that Tim-3 may control T cell response
indirectly via regulating the function of innate immune cells (1, 3, 7). However, the mechanism by
which Tim-3 mediates immune tolerance, especially innate immune tolerance, remains
largely unclear.
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MHC-II is expressed on many innate immune cells especially
on professional antigen-presenting cells such as macrophages or
dendritic cells. Following activation, MHC-II is upregulated
and mediates antigen presentation and T cell activation.
Unfortunately, dysregulated expression or variations of MHC-II
lead to many immune disorders such as multiple sclerosis (8, 9).
Investigations on the mechanisms by which MHC-II is regulated
under different physiopathological conditions may provide useful
solutions for many immune disorders. Multiple sclerosis (MS) is
an autoimmune demyelinating and neurodegenerative disease of
the central nervous system and the leading cause of non-traumatic
neurological disability in young adults. Current therapeutic
options for progressive multiple sclerosis remain comparatively
disappointing and challenging.

The innate immune system is the first line of defense against
antigens, and the adaptive immune system takes over by the
innate immune system presentation of the antigens.
Macrophages and microglia are important components of the
innate immune system. They participate in the primary response
to microorganisms and play a role in inflammatory responses,
homeostasis, and tissue regeneration. In the initial phase of MS
and EAE (an animal model of MS), macrophages from
peripheral tissues infiltrate into the CNS and, together with
residential microglia, contribute to the pathogenesis of MS.
Strategies that target innate immune cells to prevent or treat
immune disorders have shown therapeutical potential (10).
Preventing multiple sclerosis by controlling the activity of
macrophages/microglia may provide an alternative strategy.

Currently, it is found that the MHC-II molecule is the related
gene for multiple sclerosis (11, 12). The expression of MHC-II is
regulated by MHC class II transactivator (CIITA) (13). By
reducing the MHC-II expression or blocking the MHC-II–
peptide complex interaction on CD4+T cells, the multiple
sclerosis progression can be significantly alleviated (14, 15).
These data suggested that MHC-II may act as a therapeutic
target for immune disorders such as multiple sclerosis. However,
how MHC-II is regulated during different physiopathological
conditions remains to be determined.

Here using cell-based, molecular biology and in vivo
approaches, we identified a new way of MHC-II regulation;
that is, by suppressing CIITA expression, Tim-3 inhibits
MHC-II expression in macrophages and then downregulates
the presentation of autoantigen MOG to CD4+T cells, finally
leading to immune tolerance in mice with experimental
autoimmune encephalomyelitis.
RESULTS

Tim-3 Inhibits MHC-II Expression in
Macrophages/Monocytes
In our previous studies, we demonstrated that Tim-3 inhibits the
activity of the phagocytosis (16) and MHC-I antigen
presentation (7) of macrophages. There is great interest to
keep on investigating whether Tim-3 inhibits other antigen
presentation functions in macrophages and other immune
Frontiers in Immunology | www.frontiersin.org 2
functions. MHC-II expression was increased by anti-Tim-3
antibody inhibition in mouse macrophage cell line RAW264.7
(Figure 1A). Tim-3 was also knocked down by siRNA in
RAW264.7, whose results (Figure 1B) showed that MHC-II
expression was increased by Tim-3 knockdown. To test this
further, the peritoneal macrophages of wild-type C57BL/6 mice
(WT) mice, Tim-3-KO, and Tim-3-TG mice were extracted and
analyzed. The MHC-II expression in Tim-3-KO mice was
increased in macrophages compared with WT mice
(Figure 1C), and MHC-II expression was decreased in
macrophages from Tim-3-TG mice compared with WT mice
(Figure 1D). WT mice were intraperitoneally injected with anti-
Tim-3 antibody or control antibody, and peritoneal
macrophages were harvested after 48 h. The MHC-II
expression was increased after anti-Tim-3 antibody inhibition
(Figure 1E). In addition, the expression of MHC-II on Tim-3
transgenic HEK-293T cells was decreased at both the mRNA and
protein levels (Figure 1F). To find out whether Tim-3 also
inhibited MHC-II expression on human monocytes/
macrophages, Tim-3 and HLA-DR mRNA expression data
from the GEO dataset (GSE34151) (7, 17) were collected. The
67 healthy individual samples were analyzed and showed an
inverse correlation (r = -0.2458, p = 0.0450) between the
expression of Tim-3 and MHC-II (HLA-DR) in CD14+
monocytes/macrophages (Figure 1G). These results suggest
that Tim-3 signaling inhibited MHC-II expression not only in
mouse macrophages but also in human macrophages.

Tim-3 Inhibits CIITA Expression in
Macrophages
Tim-3 signaling inhibited MHC-II expression, but how Tim-3
inhibits MHC-II is still unclear. CIITA is the transcription factor
of MHC-II (13), and Tim-3 may also inhibit the CIITA
expression. To test the hypothesis, the Tim-3 function to CIITA
was explored. CIITA expression was increased by anti-Tim-3
antibody inhibition in RAW264.7 (Figure 2A). Tim-3 was also
knocked down by siRNA, whose results (Figure 2B) showed that
CIITA expression was increased. To test this further, the
peritoneal macrophages of WT, Tim-3-KO, and Tim-3-TG mice
were extracted and analyzed. The CIITA expression in Tim-3-KO
mice was increased in macrophages compared with WT mice
(Figure 2C), and CIITA expression was decreased in macrophages
from Tim-3-TG mice compared with WT mice (Figure 2D). The
CIITA expression was increased after anti-Tim-3 antibody
inhibition in mice (Figure 2E). These results suggest that Tim-3
signaling inhibited CIITA expression in macrophages.

Tim-3 Signaling Inhibits MHC-II Expression
Through CIITA in Macrophages
After determining the inhibitory effects of Tim-3 on CIITA, we
examined whether Tim-3 inhibits MHC-II expression through
CIITA. To test this hypothesis, we silenced CIITA in RAW264.7
cells by siRNA (Figure 2F). Knockdown of CIITA led to
decreased MHC-II mRNA and protein expression, which
cannot be reversed by Tim-3 antibody blockage in RAW264.7
(Figure 2G). In addition, the dual-luciferase reporter assay
January 2022 | Volume 12 | Article 770402
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revealed that CIITA-induced upregulation of MHC-II in HEK-
293T cells could be reversed when Tim-3 was co-transfected
(Figure 2H). These results showed that Tim-3 signaling inhibits
MHC-II expression in macrophages through CIITA.

STAT1 Acts as a Signaling Adaptor for
Tim-3-Mediated Suppression on the
CIITA-MHC-II Pathway
We previously found that STAT1 helps Tim-3 to transduce
signal (7). The STAT1-CIITA signaling pathway is involved in
the regulation of MHC-II transcription (18–20). To test whether
Tim-3 inhibits CIITA expression via STAT1, we first examined
the Tim-3 and STAT1 signal to CIITA. The results showed that
the expression of CIITA mRNA in RAW264.7 cells increased
after Tim-3 antibody blockage, which could be reversed by the
STAT1 inhibitor fludarabine (Figure 3A). CIITA and MHC-II
mRNA increased after STAT1 transgenetic overexpression and
reversed by Tim-3 co-overexpression (Figure 3B). Furthermore,
the CIITA and MHC-II expression in protein level can be
reversed by Tim-3 co-overexpression (Figure 3C). These
results showed that Tim-3 signaling inhibits MHC-II
expression in macrophages through STAT1-CIITA.

Tim-3 Inhibits MHC-II and Ameliorates the
EAE Mouse Model
To study whether Tim-3 inhibits the macrophage MHC-II
expression and antigen presentation in vivo, the EAE model
Frontiers in Immunology | www.frontiersin.org 3
was constructed on wild-type (WT) or Tim-3-TG C57BL/6 mice.
The dynamic development and progression of EAE were
monitored for the disease scores and body weights. MHC-II
and CIITA expression was decreased in EAE mice macrophages
from Tim-3-TG mice compared with WT mice (Figures 4A, B).
CD4+ T cells in the Tim-3-TG group differentiate fewer IFN-
g+CD4+ T (Th1) cells and IL17+CD4+ T (Th17) cells, with more
Foxp3+CD4+ T (Treg) cells (Figure 4C). Tim-3-TG significantly
reduced the development and severity of EAE by disease score
and weight loss, with less inflammatory cell infiltration and
demyelination lesions in white matter by H&E and LFB
staining (Figures 4D, E). These data indicated Tim-3 can
attenuate the development and progression of EAE in mice.

CIITA and MHC-II expression in peritoneal macrophages of
EAE mice was upregulated in the Tim-3 blockage group
(Figures 5A, B). CD4+ T cells in the anti-Tim-3 group
differentiate more IFN-g+CD4+ T (Th1) cells and IL17+CD4+
T (Th17) cells, with few Foxp3+CD4+ T (Treg) cells (Figure 5C).
After Tim-3 signaling blockage, the severity of EAE is
significantly developed by disease score and weight loss
(Figure 5D). H&E and LFB staining showed that inflammatory
cell infiltration and demyelination lesions in white matter were
significantly increased in the Tim-3 blockage group (Figure 5E).
The data indicated that Tim-3 blockage exacerbated the
development and progression of EAE in mice.

These data indicate that Tim-3 could inhibit MHC-II
expression, which decreased macrophage antigen presentation
A B C D E F

G

FIGURE 1 | Tim-3 inhibits MHC-II expression in macrophages. (A) The MHC-II expression of RAW264.7 cells cocultured with anti-Tim-3 antibody (20 mg/ml) or
isotype antibody for 24 h (upper, mean ± SD, n = 3). (B) Tim-3 knockdown (Tim-3-si) RAW264.7 cells and (negative control, NC) RAW264.7 cells (upper, mean ±
SD, n = 3). (C) The peritoneal macrophages from Tim-3 knockout mice (Tim-3-KO) and WT mice (upper, mean ± SD, n = 6). (D) The peritoneal macrophages from
Tim-3 transgenic (Tim-3-TG) mice and wild-type (WT) mice. The MHC-II expression was detected by cytometry, Western blot, and RT-PCR (mean ± SD, n = 6).
(E) WT mice were treated with anti-Tim-3 antibody or isotype antibody (10 mg/kg) by intraperitoneal injection at 0 and 24 h, and peritoneal macrophages were
collected at 48 h to detect MHC-II protein and gene levels (mean ± SD, n = 6). (F) 1 and 2 mg of Tim-3 plasmid and 2 mg of vector plasmid were transferred into
HEK-293T cells, respectively, and MHC-II protein level was detected at 48 h. (G) The expression data of Tim-3 and MHC-II in CD14+ monocytes/macrophages from
67 healthy individuals were collected from the GEO dataset (GSE34151), and their correlation was analyzed (*p < 0.05; **p < 0.01; ***p < 0.001).
January 2022 | Volume 12 | Article 770402
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and stimulation to CD4+ T cells with increased anti-
inflammatory Treg and decreased pro-inflammatory Th1 and
Th17 CD4+ T cells. Tim-3 can relieve EAE mouse spinal cord
demyelination and improve clinical scores by inhibiting MHC-II
expression and CD4+ T cell stimulation.

MHC-II plays a critical role in antigen presentation and
CD4+ T cell activation. To verify if Tim-3 regulates the MHC-
II antigen presentation function and control, anti-Tim-3
antibody was added to peritoneal macrophages and incubated
Frontiers in Immunology | www.frontiersin.org 4
with the MOG35-55 peptide for MHC-II presentation. Then,
mouse spleen cells were added to the macrophages with or
without anti-MHC-II antibody blockage. The result is analyzed
by FACS, which showed that Tim-3 signal blockage could
decrease anti-inflammatory Treg (Figure 6C) and increased
pro-inflammatory Th1 (Figure 6B) and Th17 CD4+ T
(Figure 6A) cells through MHC-II presentation. The spleen
cells were also had more proliferation by inhibiting the Tim-3
signal through MHC-II presentation (Figure 6D). The results
A B

C D

E F

G H

FIGURE 2 | Tim-3 signaling inhibits MHC-II expression through CIITA in macrophages. (A) The CIITA expression of RAW264.7 cells cocultured with anti-Tim-3
antibody (20 mg/ml) or isotype antibody for 24 h (left, mean ± SD, n = 3). (B) Tim-3-si RAW264.7 cells and RAW264.7 cells (left, mean ± SD, n = 3). (C) The
peritoneal macrophages from Tim-3-KO and WT mice. The CIITA expression was detected by Western blot and RT-PCR (mean ± SD, n = 6). (D) The peritoneal
macrophages from Tim-3-TG mice and WT mice (left, mean ± SD, n = 6). (E) WT mice were treated with anti-Tim-3 antibody or isotype antibody (10 mg/kg) by
intraperitoneal injection at 0 and 24 h, and peritoneal macrophages were collected at 48 h to detect CIITA protein and gene levels (mean ± SD, n = 6). (F) siRNA-
CIITA was transfection with RAW264.7 cells; CIITA and MHC-II expression was detected by Western blot at 48 h. (G) siRNA-CIITA was transfection with RAW264.7
cells cocultured with or without anti-Tim-3 antibody, and MHC-II expression was detected by RT-PCR (mean ± SD, n = 3) and Western blot at 48 h. (H) HEK-293T
cells were transferred into pGL3-MHC-II reporter plasmid and CIITA plasmid, with or without Tim-3 plasmid for 48 h. Dual-fluorescence was analyzed (mean ± SD,
n = 3). (*p < 0.05; **p < 0.01; ***p < 0.001). ns, Not Significant.
January 2022 | Volume 12 | Article 770402

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tang et al. Tim-3 Relieves EAE by MHC-II
showed that Tim-3 can inhibit macrophage MHC-II antigen
presentation to CD4+ T cells in vitro.
DISCUSSION

In this study, we found that Tim-3 inhibits MHC-II expression in
macrophages via the STAT1/CIITA pathway and inhibits
antigen presentation and CD4+T cell activation in the EAE
model. Moreover, blockade of Tim-3 signaling in EAE mice
increased MHC-II expression and altered clinical outcomes. We
identified a new mechanism that Tim-3 induces immune
tolerance by MHC-II presentation, which paves a new way for
multiple sclerosis treatment and other MHC-II related diseases.

Inourprevious studies,Tim-3 inhibits theMHC-I expressionand
antigen presentation function. Wang et al. (7) found that MHC-I-
restricted antigen presentation by macrophages was inhibited by
Tim-3-NLRC5 both in vitro and in a Listeria monocytogenes
infection model in vivo. Li et al. (21) also found that Tim-3
blockage increases the expression of MHC-I on macrophages and
promotes the activation of VSV-specific CD8+ T cells and also
markedly attenuates vesicular stomatitis virus (VSV) encephalitis
by decreased mortality and improved neuroethology in mice. In this
study, we found that Tim-3 can inhibit the MHC-II expression and
antigen presentation to CD4+ T cells, which relieves EAE mouse
spinal cord demyelination and improves clinical scores. Tim-3 could
also shift CD4+ T cells from a proinflammatory Th1 and Th17
phenotype to a less damaging, antiinflammatory Treg phenotype.
These studies showed thatTim-3 inhibitsnotonlyMHC-I expression
and function but also MHC-II in different animal models, which
suggests that Tim-3 may have more function and potential in
macrophage antigen function.

Understanding MHC-II antigen presentation in health and
disease may be critical for developing tools to control autoimmune
responses and to modulate strong responses against infections and
cancer (8). CD4+ T cells that interact with MHC-II–bound peptides
then promote B cell differentiation and antibody production, as well
asCD8+Tcell responses.The immuneprocessofMHC-II isvital and
Frontiers in Immunology | www.frontiersin.org 5
tightly controlled, with one step of unregulated responses that can
promote infectious diseases, autoimmune diseases, and cancer.
MHC-II alleles are indeed associated with autoimmune diseases
and are often the strongest risk factors (22), such as MS, type 1
diabetes, systemic lupus erythematosus, ulcerative colitis, Crohn’s
disease, and rheumatoid arthritis. In this study, we found that Tim-3
inhibits MHC-II expression and antigen presentation with EAE
model amelioration, which indicates that the Tim-3-targeting
therapeutic strategy could have more potential for cancers and
infectious and autoimmune diseases. There are two possible
solutions to the design of a Tim-3-targeting therapy (2). One is
IgG4monoclonal antibodies, which could inhibit Tim-3 signaling in
the immune system. The other is the use of IgG1 Tim-3 antibodies
with CDC and ADCC function, which could kill dysfunctional
immune cells with Tim-3 expression and differentiated monocytes.
Elimination of dysfunctional Tim-3-expressing immune cells could
be a new way to address immune tolerance (2). These problems are
still waiting to be solved.

Multiple sclerosis (MS) is a chronic inflammatory disease of the
central nervous system that involves demyelination and axonal
degeneration. The multiple sclerosis treatment began with the
approval of IFN-b and glatiramer acetate, then the first monoclonal
antibody natalizumab, followed by oral medications (fingolimod,
teriflunomide, dimethyl fumarate, and cladribine). Recently, new
monoclonal antibodies (alemtuzumab and ocrelizumab) have been
approved (23). MS treatment remains some problems. One is that
progressive MS degenerative mechanisms differ from RRMS
inflammatory mechanisms and that the neurodegenerative
processes are not resolved by immunomodulatory compounds
(24). Another is that animal models limit the understanding of
pathophysiological mechanisms in progressive MS (25, 26). The
current understanding is that progressive MS is characterized by
chronic inflammation behind a closed blood–brain barrier with
activation of microglia and continued involvement of T cells and B
cells (24).

The goal of therapeutic modulation of T cell composition and
differentiation in progressive MS is generally to normalize
inflammation and minimize any involvement of T cell infiltrates.
A B C

FIGURE 3 | Tim-3 signaling inhibits CIITA expression through STAT1 in macrophages. (A) RAW264.7 cells were incubated with 20 mg/ml anti-Tim-3 antibody or
control antibody for 24 h in the presence of the STAT1 inhibitor fludarabine (10 mM) or dimethyl sulfoxide control and then were collected, and CIITA mRNA levels
were examined by RT-PCR (mean ± SD, n = 3). (B) HEK-293T cells were transfected with STAT1 plasmid, with or without Tim-3 plasmid for 48 h, and the mRNA
levels of CIITA (mean ± SD, n = 3) and MHC-II (mean ± SD, n = 3) were detected. (C) HEK-293T cells were transfected with STAT1 plasmid, with or without Tim-3
plasmid and lysed, and the protein levels of CIITA and MHC-II were analyzed at 48 h (*p < 0.05; **p < 0.01; ***p < 0.001).
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T cells can be found in the brain and spinal cord parenchyma of
patients with PPMS and RRMS (27). Targeting T cells to slow
disease progression needs more research. However, several
interesting approaches could effectively target T cells, some of
which are under investigation.

In summary, this study aims at finding themechanism that Tim-
3 could inhibit MHC-II expression and antigen presentation
function through STAT1-CIITA, which relieves the EAE model
(Figure 7), paving the way for Tim-3 as a potential therapeutic
target to clinical usage.
Frontiers in Immunology | www.frontiersin.org 6
MATERIALS AND METHODS

Animals
Female 6–8-week-old C57BL/6J mice were purchased from
Sibefu; Tim-3 transgenic mice were obtained from Cyagen
Biosciences (Guangzhou, China). All mice were raised in a
specific pathogen-free condition with free access to food and
water. All experiments were performed according to the protocol
approved by the Animal Ethics Committee of the Academy of
Military Sciences (permit number: 2020-715).
A

B

C

D E

FIGURE 4 | Tim-3 inhibits MHC-II and ameliorates the EAE mouse model. MOG was emulsified into CFA, WT, and Tim-3-TG mice (n = 8) were immunized
subcutaneously, and pertussis toxin (500 ng/mouse) was injected intraperitoneally at 2 and 48 h after immunization. On the 20th day after immunization, the mouse spinal
cords, peritoneal macrophages, and spleens were harvested. (A) Flow cytometry was used to detect the expression of MHC-II on the surface of macrophages. The
percentage of MHC-II and the GeoMean were counted (mean ± SD, n = 6–8), (B) and the expression level of MHC-II was detected by RT-PCR (mean ± SD, n = 6) and
Western blotting. (C) Flow cytometry was used to detect the activation levels of IL-17+CD4+T, IFN-g+CD4+T, and Foxp3+CD4+Tcells in splenic lymphocytes (mean ± SD,
n = 8–10). (D) The weight and clinical scores of the EAE mice were recorded from the 10th day. (E) The mouse spinal cord tissue was isolated and stained with HE and
LFB (*p < 0.05; **p < 0.01).
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EAE Induction
EAE was established as described in the literature (28, 29).
Briefly, the complete Freund’s adjuvant (CFA, Sigma, F5881)
was added with 50 mg of Mycobacterium tuberculosis (H37Ra,
BD, 0052519) to prepare a final concentration of 6 mg/ml.
MOG35-55 (SBS Genetech, Beijing) was emulsified with CFA
(0.3 mgMOG35-55 and 0.6 mg H37Ra per mouse). The mice were
Frontiers in Immunology | www.frontiersin.org 7
immunized subcutaneously on the back, and Pertussis toxin
(PTX, List Biological Laboratories, 180243A1) was injected
intraperitoneally at 0 and 48 h after immunization (500 ng
PTX per mouse each time). Groping, twenty C57BL/6J mice
were immunized and randomly divided into two groups: anti-
Tim-3 antibody (21) group and control antibody group (10 mg/
kg, i.p, every other day). Eight Tim-3-TG mice and eight WT
A C

D E

B

FIGURE 5 | Blockade of Tim-3 exacerbated multiple sclerosis in the EAE model. MOG was emulsified into CFA, mice were immunized subcutaneously, and
pertussis toxin (500 ng/mouse) was injected intraperitoneally at 2 and 48 h after immunization. The immunized WT mice were divided into two groups (n = 10): one
group is injected with anti-Tim-3 antibody, and the other group is injected with isotype antibody (10 mg/kg, intraperitoneal injection every other day. On the 20th day
after immunization, the mouse spinal cords, peritoneal macrophages, and spleens were harvested. (A) Flow cytometry was used to detect the expression of MHC-II
on the surface of macrophages. The percentage of MHC-II and the GeoMean were counted (mean ± SD, n = 5), (B) and the expression level of MHC-II was
detected by RT-PCR (mean ± SD, n = 6) and Western blotting. (C) Flow cytometry was used to detect the activation levels of IL-17+CD4+T, IFN-g+CD4+T, and
Foxp3+CD4+T cells in splenic lymphocytes (mean ± SD, n = 6–10). (D) The weight and clinical scores of the EAE mice were recorded from the 10th day. (E) The
mouse spinal cord tissue was isolated and stained with HE and LFB (*p < 0.05; ****p < 0.0001).
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mice were immunized. The weight and clinical score of the EAE
were recorded from the 10th day after immunization (30, 31).

H&E and LFB Staining
The mice were sacrificed on the 20th day after immunization.
The mouse spinal cord was obtained and fixed with 4%
paraformaldehyde, then paraffin embedding and tissue
sectioning were performed. Perform hematoxylin and eosin
staining was done to assess the state of the cortical and
neuronal cells of the parenchymal. The Luxol fast blue method
is used to stain myelin integrity. The microscope image was
Frontiers in Immunology | www.frontiersin.org 8
scanned with Pannoramic DESK, P-MIDI, P250 (Hungary,
3DHISTECH), and analyzed with Pannoramic Scanner software.

Cell Culture and Transfection
RAW264.7 cells and HEK-293T cells were from ATCC and were
cultured under the culture guidelines. si-RAW264.7 cells (stably
knocked out Tim-3) come from our laboratory (16). All cells
using Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, streptomycin (50 mg/ml), and
erythromycin (5 mg/ml) were cultured in an incubator (37°C,
5% CO2).
A

B

C

D

FIGURE 6 | Tim-3 inhibits macrophage MHC-II antigen presentation in vitro. Peritoneal macrophages were collected from WT mice, and anti-Tim-3 antibody (10 mg/
ml) was added to culture overnight then incubated with MOG (10 mg/ml) for 4 h. Moreover, they were incubated with or without anti-MHC-II antibody (10 mg/ml) for
30 min, and then splenic lymphocytes were added to coculture for 24 h. The splenic lymphocyte suspension was collected to detect the ratio of (A) IL-17+CD4+T
(mean ± SD, n = 4), (B) IFN-g+CD4+T (mean ± SD, n = 4), and (C) Foxp3+CD4+T cells by flow cytometry (mean ± SD, n = 3). (D) Splenic lymphocytes of WT mice
were cocultured for 3 days and photographed with a microscope, and then spleen cells were for collected for counting (mean ± SD, n = 3) (*p < 0.05; ***p < 0.001).
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For cell transfection, Tim-3 plasmid gradient transfection was as
follows: Vector or 1- and 2-mg Tim-3 plasmids were transfected into
HEK-293T cells, respectively. Tim-3, CIITA, and STAT1 plasmids
were transfected into HEK-293T cells alone or in combination and
cultured for 48 h after transfection. The plasmid was previously
stored in our laboratory. The CIITA knockdown, Vector, and
CIITA siRNA (Guangzhou Ribobio, S1105) were transfected into
RAW264.7 cells for 48 h. In the cell blocking experiment,
RAW264.7 cells were cocultured with anti-Tim-3 antibody (20
mg/ml) or isotype antibody for 24 h. Also, 10 mM fludarabine
(STAT1 inhibitor) was added on RAW264.7 cells which were then
cocultured with anti-Tim-3 antibody (20 mg/ml) for 24 h.

Western Blotting
The cells were collected and lysed with the lysis buffer, in which
protease and phosphatase inhibitors were added, then the
supernatant was centrifuged and collected. The loading buffer was
added and boiled for 10 min and then stored at -20°C. The protein
concentrations of the sample were assessed using BCA Protein
Analysis Kit (Thermo Fisher, TF268083). The protein sample was
boiled for 5 min and was electrophoresed by SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis) and then
transferred to a polyvinylidene difluoride (PVDF) membrane.
Then, the membrane was blocked for 1 h with TBST containing
5% milk at room temperature. The blots were incubated with the
following primary antibodies overnight at 4°C: anti-CIITA antibody
(Abcam, ab49132), anti-MHC-II antibody (Abcam, ab180779), and
anti-mouse b-actin antibody (Abcam, ab8227). The dilution
Frontiers in Immunology | www.frontiersin.org 9
method of the above antibodies is according to the instructions.
Afterward, the membrane was washed three times with TBST, 10
min each time, then incubated with Goat anti-rabbit IgG or Goat
anti-mouse IgG antibodies for 40 min at room temperature, then
washed three times with TBST for 10 min each time.

Real-Time PCR
The peritoneal macrophages of Tim-3-TG andWT EAE mice were
collected, and RNA was extracted according to the TRIzol
instructions (Ambion, 28218) (32). The concentration and purity
of RNA were assessed by a Q5000 ultraviolet spectrophotometer
(Quawell Technology Inc., Sunnyvale, USA). The RNAwas reverse-
transcribed by using TransScript First-Strand cDNA Synthesis
SuperMix (TransGen Biotech, N20730). Quantitative real-time
PCR was performed using UltraSYBR One-Step RT-qPCR Kit
(Beijing ComWin Biotech, CW0659) and a LightCycler 480 PCR
system. The relative expression of interesting genes was detected
using the 2-DDCt method, and internal control (18S ribosomal
mRNA) was used for normalization of the target genes (7). The
interesting primer sequences were shown as follows:

18S: sense 5′-TTGACGGAAGGGCACCACCAG-3′
Anti-sense 5′-GCACCACCACCACGGAATCG-3′
MHC-II: sense 5′-GCGGAGAGTTGAGCCTACG-3′
Anti-sense 5′-CCAGGAGGTTGTGGTGTTCC-3′
CIITA: sense 5′-TGTTTTGGATGCTGCAAGGC-3′
Anti-sense 5′-AAGGCACAGTGGTATTCCCG-3′
FIGURE 7 | Schematic diagram of how Tim-3 inhibits MHC-II expression and relieves the EAE model. This schematic diagram demonstrated that Tim-3 suppresses
MHC-II expression in macrophages via the STAT1/CIITA pathway, and Tim-3 inhibits MHC-II-mediated autoantigen presentation and CD4+T cell activation, which
facilitated experimental autoimmune encephalomyelitis in mice.
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Dual-Luciferase Reporter Assay
The pGL3-MHC-II (1 mg) and pGL3-CIITA (1 mg) plasmids
(Shenggong, Beijing, China) were transferred into HEK-293T
cells, with or without Tim-3 plasmid, and cultured for 48 h. The
luminescence was detected with the Dual-Luciferase Report Assay
System (Promega, E1910). Briefly, the cells were washed with PBS
once and 200 ml lysis buffer was added, then 20 ml was added to a
96-well plate, 50 ml 1× Gold’s reagent was added to each well, and
firefly luciferin was measured immediately, and then 50 ml 1× Stop
reagent was added to measure Renilla luciferase. Finally, the relative
of firefly fluorescein/renilla fluorescein was calculated (33).

FACS Analysis
The spleen lymphocytes of EAE mice (on the 20th day after
immunization) were separated with Ficoll density gradient
centrifugation. Peritoneal macrophages were isolated as
previously described (7), washed twice with FACS (containing
2% fetal bovine serum), then stained with APC anti-mouse F4/80
antibody (BioLegend, 123116) and PE anti-mouse MHC-II
antibody (BioLegend, B117132), incubated at 37°C for 30 min,
and then washed once with FASC and resuspended in 1%
paraformaldehyde. For staining of spleen cells, firstly, the cells
were incubated with cell stimulation cocktail plus protein
transport inhibitors (Invitrogen, 2260623) for 4–6 h, washed
with FACS once for staining with PerCP anti-mouse CD4
antibody (BioLegend, 100538), and then washed with FACS;
200 ml fixation/permer buffer (Invitrogen, 2220750) was added
at 4°C overnight, and then permer buffer dilution washing and
staining were done on the APC anti-mouse IFN-g antibody
(BioLegend, 505810), PE anti-mouse IL-17 antibody (BioLegend,
506904), and APC anti-mouse Foxp3 antibody (eBioscience,
E07303-1635), and finally washing with permer buffer and
resuspension were performed.

MHC-II Neutralization Experiment In Vitro
Peritoneal macrophages and spleen cells of wild-type mice were
obtained according to the above method. Then, anti-Tim-3
antibody was added to the peritoneal macrophages to incubate
Frontiers in Immunology | www.frontiersin.org 10
overnight, then MOG35-55 was also added to incubate for 4 h, and
then anti-MHC-II antibody (Invitrogen, 2190425) was added to
incubate for 30 min, and splenic lymphocytes were finally added
and, after 24 h, photographed with a microscope; then, spleen
cells for were collected for counting and then stained with PerCP
anti-mouse CD4 antibody and APC anti-mouse IFN-g antibody.

Statistical Analysis
Data analysis was analyzed with GraphPad Prism software
version 8. Data were expressed with mean ± standard error of
mean (SEM). Differences between groups were analyzed using
repeated-measure analysis of variance or t-test. A p value of less
than 0.05 is considered statistically significant.
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