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Abstract
Background  Interleukin-37 (IL-37) has anti-inflammatory properties in innate and adaptive immunity. Patients with 
multiple sclerosis (MS), an autoimmune inflammatory demyelinating disease of the central nervous system (CNS), 
have increased serum levels of IL-37. However, it is unknown whether IL-37 has an inhibitory effect on ongoing 
autoimmune neuroinflammation, thus offering a potential MS therapy.

Aim  Here, we examined the effect of IL-37 in an experimental autoimmune encephalomyelitis (EAE) model after 
disease onset to determine if it was protective.

Findings  IL-37-treated mice developed a less severe disease than control mice, with reduced demyelination as 
determined by increased expression of myelin basic protein. IL-37 suppressed inflammation by decreasing infiltration 
of CD4 + T cells into the CNS and increasing the frequency of regulatory T cells, while IL-10 expression by CD4 + T cells 
decreased over time in the CNS.

Conclusion  Our findings confirm the immunomodulatory role of IL-37 in CNS inflammation during ongoing disease, 
thus indicating the potential of IL-37 as an inhibitory reagent for MS therapy.
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Introduction
IL-37 is a newly described cytokine of the IL-1 fam-
ily with anti-inflammatory properties thought to sup-
press ongoing innate and adoptive immune responses 
[1–3]. Although mice do not have a homolog for IL-37, 
the human protein is bioactive in mice [4, 5]. Indeed, 
experiments with a transgenic mouse line expressing 
the human IL-37 protein under the control of the Cyto-
megalovirus (CMV) promoter showed a dual signaling 
pathway by which IL-37 exerts its suppressive functions 
[1, 3]. IL-37 can intracellularly bind to SMAD3 and act 
as a nuclear transcription factor, or it can be processed 
and released to the extracellular space and act as a cyto-
kine [1]. Extracellular IL-37 signals through IL-18Ra and 
SIGIRR (IL-1R8), which are expressed by myeloid and 
lymphoid cells [6, 7].

In EAE or MS, inflammatory leukocytes infiltrate 
the CNS and inflict damage upon the myelin sheaths, 
neurons, and oligodendrocytes by producing inflam-
matory mediators such as IFN-γ, IL-17, GM-CSF, Gran-
zyme B, and TNF-α [8–11], . Thus, therapies targeting 
inflammatory mediators or stimulating production of 
anti-inflammatory cytokines are necessary to suppress 
neuroinflammation. Unfortunately, therapies that reduce 
local inflammation in the CNS to stop disease progres-
sion and restore tissue homeostasis are limited in effi-
cacy. Recently, Sánchez-Fernández et al. revealed that 
IL-37 suppresses inflammation and protects myelin loss 
in experimental autoimmune encephalomyelitis (EAE), a 
mouse model of multiple sclerosis (MS), when the treat-
ment was started before disease onset [12]. They dem-
onstrated that the beneficial effects of IL-37 in EAE are 
dependent on its extracellular receptor complex IL-1R5/
IL-1R8.

Infiltration of immune cells across the blood–brain 
barrier (BBB) leads to inflammation and demyelination in 
MS and EAE models. Given the anti-inflammatory effect 
of IL-37, we explored whether IL-37 can suppress inflam-
mation caused by infiltrated immune cells. We showed 
that IL-37-treated mice developed a much less severe dis-
ease and higher expression of myelin basic protein (MBP) 
than control mice when IL-37 was injected at disease 
onset, with increasing the frequency of Treg cells and 
decreasing CD4 + T-cell-derived IL-10 in the CNS.

Materials and methods
Mice
Adult female C57BL/6 mice (8–10 weeks) purchased 
from Jackson Laboratory (Bar Harbor, ME, USA) were 
kept in clean cages in a controlled environment with 
12 h/12 h of light/dark cycles throughout the experimen-
tal procedures.

Ethics declaration
Experimental protocols were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of 
Thomas Jefferson University (Protocol # 21-02-340).

EAE induction
Mice were injected subcutaneously with 200 µL of an 
emulsion containing 200 µg of MOG35 − 55 peptide (MEV-
GWYRSPFSRVVHLYRNGK; Genscript, NJ, USA) and 
200 µL of Complete Freund’s adjuvant supplemented 
with 10 mg/mL of heat-killed Mycobacterium tuberculo-
sis H37Ra. At the time of immunization and 48  h later, 
mice were also injected intraperitoneally with 200 ng of 
pertussis toxin. Depending on the severity of the symp-
tom, mice were scored using the following scale: 0 - No 
clinical symptoms; 0.5 - Partial paralysis of the tail or 
waddling gait; 1.0 - Full paralysis of the tail; 1.5 - Full 
paralysis of the tail and waddling gait; 2.0 - Partial paraly-
sis in one leg; 2.5 - Partial paralysis of both legs or one 
leg paralyzed; 3.0 - Both legs paralyzed; 3.5 - Ascending 
paralysis; 4.0 - Paralysis above the hips; 4.5 - mouse being 
unable to right itself for 30 s; and 5.0 - Death. EAE onset 
was the first day mice presented the first symptom of dis-
ease (EAE score 0.5, or 1) post immunization (p.i.). Peak 
of disease was considered on the day when EAE scores 
were the highest (approx. day 19 p.i.). The day mice 
exhibited decreased EAE score (day 26 p.i.) was consid-
ered as chronic phase of the disease.

Treatments
Recombinant human IL-37b (rhIL-37b) (R&D Systems) 
was reconstituted in phosphate-buffered saline (PBS) at 
200 µg/mL. Mice were treated intraperitoneally with 1 µg 
of rhIL-37b in 200 µl of PBS daily at disease onset until 
the end the study and control mice were treated with 
200 µl of PBS.

Preparation of infiltrating MNCs from the CNS and spleen
Mice were euthanized and perfused with ice-cold 
PBS for removal of brain and spinal cord, which were 
mechanically dissociated and enzymatically digested 
with 700  µg/mL Liberase TL (Sigma-Aldrich, USA) at 
37 ºC for 30  min. The digested CNS preparation was 
passed through a 70  μm cell strainer (Falcon, Tewks-
bury, MA) and washed with ice cold PBS. Cells were then 
enriched on a 30% Percoll gradient and re-suspended in 
IMDM/10% FBS. Regarding splenocytes, they were also 
passed through a 70 μm cell strainer and incubated with 
red-blood-cell lysis buffer for approximately 2 min. Har-
vested cells were then washed with ice-cold PBS prior to 
flow cytometry.
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Flow cytometry
For cell surface markers, CNS and spleen cells were incu-
bated with the following antibodies conjugated with their 
respective fluorochrome: CD49b-APC, CD45-APC/
Cy7, CD4-Alexa fluor 700, CD11c-DAPI, CD45-Alexa 
fluor 700, CD4-BV711, CD11b-BV786, and CD11c-PE/
Texas Red (Biolegend and BD Biosciences) in two dif-
ferent panels at the recommended dilution or FMO 
control Abs for 30 min on ice. For intracellular staining, 
cells were stimulated for 4 h with 50 ng/ml PMA (phor-
bol 12-myristate 13-acetate) and 500 ng/ml ionomycin 
(Sigma-Aldrich) in the presence of GolgiPlug (1:1000; 
BD Pharmigen). Cells were permeabilized with Fix and 
Perm Mediums (Thermo Fisher) and incubated with the 
following antibodies: IFN-γ-BV711, IL-17-BV786, TNF-
α-PE, IL-10-PE/Cy7, GM-CSF-PE/Texas Red, IL-4-DAPI, 
Foxp3-PE, IL-10-PE/Cy7 from Biolegend, and BD Biosci-
ences in two different panels. Dead Cell Stain Kit (Ther-
moFisher, L34959) was used to exclude dead cells. Flow 
cytometry was done using BD FACSAria Fusion flow 
cytometer (BD Biosciences), and data were analyzed 
using FlowJo (version 10).

Immunohistochemistry (IHC) and fluorescence image 
analysis
Mice were transcardially perfused with PBS; lumbar sec-
tions were collected and placed in 4% Paraformaldehyde 
(PFA) overnight. The tissues were then transferred to 
70% ethanol embedded in paraffin and cut into slices of 
4 microns thick. To perform IHC, paraffin was removed 
by passing through a series of xylene and alcohol, perme-
ablized with Triton X-100 and blocked with 2% bovine 
serum albumin (BSA). Primary antibody for MBP (1:500 
dilution; ThermoFisher, Cat# MA5-42370), was added, 
incubated overnight and next day incubated with second-
ary antibody (Goat Anti-Rabbit IgG H&L [FITC]; abcam, 
Cat# ab97050). DAPI was used to stain the nucleus, and 
the sections were mounted and imaged using a micro-
scope fluorescent microscopy (Nikon Eclipse E600; 
Nikon, Melville, NY). MBP expression was expressed as 
mean fluorescence intensity (MFI) in whole sections in 
both groups.

Statistical analyses
Two-tailed Student’s t-test was used for the compari-
son between two groups. Comparison of three or more 
groups was performed with one-way ANOVA. Graphs 
and statistical analyses were made in GraphPad Prism 
version 10 software. Data are shown as mean ± standard 
error of the mean (SEM). Values of p < 0.05 were consid-
ered significant.

Results
IL-37 suppressed ongoing EAE following onset 
administration
The immunomodulatory effect of IL-37 in EAE is still 
poorly understood. To investigate whether IL-37 sup-
presses EAE at priming phase or during disease, we 
immunized C57BL/6 mice with MOG35-55 peptide 
and treated them with rhIL-37b. We first examined the 
effect of IL-37 administered via intraperitoneal (i.p.) 
injection during the priming phase of EAE at days 1, 4, 
and 7 p.i. (1 µg/dose). IL-37-treated mice initially devel-
oped milder disease than control mice, but the differ-
ence diminished after disease peak (Fig.  1A). Indeed, 
at the end of the follow-up, IL-37-treated mice showed 
slight reduction (~ 0.4 point [16%]) in EAE clinical score. 
We next explored the effect of IL-37 treatment started 
after disease onset, when clinical at 1, by administering 
IL-37 daily. The treatment reduced EAE severity at the 
peak and chronic phase (Fig.  1B-C). At the end of the 
follow-up, IL-37-treated mice showed ~ 1.0 point (27.0%) 
and ~ 1.62 point (46.5%) decreases in EAE clinical score 
at peak and chronic phases of disease, respectively. Our 
data demonstrate that significant differences in clinical 
scores were observed 7–10 days after rhIL-37b adminis-
tration; therefore, the difference in mean clinical scores 
was only significant in the chronic phase (Fig. 1C), high-
lighting that rhIL-37b needs time to efficaciously sup-
press EAE. These results show that IL-37 administration 
ameliorated severity of ongoing EAE when treatment was 
started at disease onset. Consistent with decreased clini-
cal scores, IL-37-treated EAE mice had a higher expres-
sion of MBP compared with PBS-treated mice (Fig.  2), 
indicating a reduced demyelination after IL-37 treatment. 
The histopathological analysis showed lower cell infiltra-
tion in the spinal cord of IL-37-treated EAE mice than of 
PBS-treated mice (Figure S1).

IL-37 mostly decreased infiltration of CD4 + T cells into CNS 
but increased frequency of Treg cells
We next explored the impact of IL-37 on infiltration of 
immune cells in the CNS. We enumerated immune cells 
including CD4 + T cells, DC, B cells, NK cells, monocyte/
macrophages (Mo/Macrophages; Mφ; CD11b + CD45hi) 
and microglia (CD11b + CD45lo) in the CNS, and found 
decreased numbers of CD4 + T cells and microglia fol-
lowing IL-37 administration (Fig. 3A). We then analyzed 
CD4 + T cell subsets by enumerating T helper (TH)-1 
cells (CD4 + IFN-γ + IL-17-), TH-2 cells (CD4 + IL-4+), 
TH-17 cells (CD4 + IL-17 + IFN-γ-), TH-17 + 1 cells 
(CD4 + IFN-γ + IL-17+), and Treg cells (CD4 + Foxp3+) in 
the CNS at disease peak and chronic phase. An increase 
in the frequency of Treg cells in IL-37-treated mice was 
observed at disease peak (Fig.  3B), but no difference in 
the chronic phase (Fig. 3C and D). When we statistically 



Page 4 of 11Yazdani et al. Journal of Neuroinflammation          (2024) 21:301 

Fig. 1  IL-37 treatment ameliorated EAE at both priming and ongoing phases. (A) C57BL/6 mice were immunized to induce EAE and treated i.p. with IL-37 
(1 µg/ dose; n = 5) and PBS (n = 4) at days 1, 4, and 7 p.i. The clinical scores were evaluated daily for 21 days p.i. Mean clinical scores for IL-37-treated and 
PBS-treated groups were calculated as the sum of daily scores for each mouse divided by the number of days per group. (B-C) EAE mice were treated i.p. 
with 1 µg of rhIL-37b/ day when they showed the first symptoms of EAE. PBS was administered i.p. to the control group in the same way. Clinical scores 
were followed for 20 days p.i. (peak; n = 7 per group) (B) and 26 days p.i. (chronic; n = 4 per group) (C), and mean clinical scores were compared between 
IL-37-treated mice and control. Clinical scores were analyzed by multiple unpaired t-tests. Mean clinical scores were analyzed by Student’s t-test. Data 
shown as mean ± SEM. Values of p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) were considered significant. Ns: not significant
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compared CD4 + TH-cells between peak and chronic 
phases, we found a significant reduction in the frequency 
of TH-1 cells at chronic compared to the peak of dis-
ease, and this reduction was much stronger when IL-37 
was administrated (Fig. 4A). We did not find any signifi-
cant difference in the frequency of other CD4 + TH cells 
(Fig. 4A), even in Treg cells (Fig. 4B) in the presence or 
absence of IL-37 administration during inflammation.

We also investigated the effect of IL-37 treatment on 
splenic cells. We found greater numbers of all immune 
cell types analyzed in the spleens of IL-37-treated mice 
compared to control mice, suggesting that fewer immune 
cells left the spleen to infiltrate the CNS following IL-37 
administration (Fig.  3E). Among CD4 + T cell subsets, 
IL-37 significantly increased the frequency of Treg cells 
in the spleen, similar to the CNS (Fig. 3F). These results 
indicate that IL-37 treatment decreased infiltration of 
CD4 + T cells into the CNS and increased the frequency 
of Treg cells in both the CNS and the spleen at the peak 
of EAE disease.

IL-37 treatment reduced IL-10 production by CD4 + T cells
We explored whether IL-37 affects cytokine production 
by CD4 + T cells in EAE mice. The levels of all inflamma-
tory cytokines produced by gated CD4 + T cells, including 
IL-17, GM-CSF, IFN-γ, and TNF-α were decreased after 
IL-37 administration in the CNS, although this reduction 
was only significant in the TNF-α level (Fig. 5). A slight 
increase in IL-4 level in IL-37-treated mice was observed, 
although that was not significant (Fig. 5).

T cells are the main source of IL-10 in vivo, regulat-
ing tissue homeostasis and immune reactions. Recently, 
it has been reported that CD4 + T cell-derived IL-10 
promotes CNS inflammation in EAE mice by sustaining 
effector T cell survival [13]. We determined if IL-37 has 
an impact on IL-10 production by examining CD4 + T 
cells in the CNS. At the peak of EAE, IL-10 expression 
was comparable in all CD4 + T cell subsets between IL-
37-treated mice and control (Fig.  6A and C); but IL-10 
expression was significantly decreased in the chronic 
phase in both Treg and TH-17 cells following IL-37 treat-
ment (Fig.  6B and C). When we statistically compared 
IL-10 expression by TH cells between peak and chronic 
phases, we observed significantly lower IL-10 expression 

Fig. 2  IL-37 enhanced MBP expression. (A) The lumbar section of the spinal cord was harvested from EAE mice treated with PBS (left) or rhIL-37b (middle) 
at the peak of disease (n = 4 mice in each group). Naïve mice (right) are illustrated as a control to show healthy spinal cord. (B) Mean fluorescent inten-
sity of MBP expression in both groups was measured using FIJI software. Unpaired t-test was performed to analyze these two groups. Data shown as 
mean ± SEM. Values of p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) were considered significant. Ns: not significant
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in TH-17 cells at chronic compared to peak after IL-37 
treatment, but IL-10 expression was comparable in 
other CD4 + TH cells (Fig.  7A). Significant augmenta-
tion of IL-10 expression was observed in Treg cells at 
the chronic phase compared to the peak of EAE without 
IL-37 treatment, while a similar level of IL-10 produc-
tion was observed in both peak and chronic phases of 
IL-37-treated EAE mice. Interestingly, the percentage 
of IL-10 producing Tregs was significantly lower at the 
chronic phase in IL-37-treated mice than in control mice 

(Fig.  7B). Reduced IL-10 expression in TH-17 cells and 
suppression of increased IL-10 expression in Treg follow-
ing IL-37 treatment highlight the inflammatory role of 
IL-10 at the chronic phase.

Discussion
In the present study, for the first time, we show that IL-37 
treatment after disease onset effectively suppressed EAE, 
with increased number of Tregs in the CNS and reduced 
IL-10 production by CD4 + T cells. Transgenic expression 

Fig. 3  IL-37 reduced infiltration of immune cells into the CNS. Numbers of infiltrated immune cells in the CNS of IL-37- and PBS-treated mice at the peak 
(A) and chronic phase (C) of EAE. Proportions of TH subsets among CD4 + T cells isolated from the CNS of IL-37- and PBS-treated mice at peak (B) and 
chronic phase (D) of EAE. The number of immune cells (E) and CD4 + T cell subsets (D) in the spleen of IL-37- and PBS-treated mice at the peak of disease. 
Unpaired t-test (n = 7 per group in peak; n = 4 per group in chronic) was used to analyze the two groups. Data shown as mean ± SEM. Values of p < 0.05 (*), 
p < 0.01 (**) and p < 0.001 (***) were considered significant. Ns: not significant
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of human IL-37, or treatment with IL-37 before dis-
ease onset, were reported to decrease neurological defi-
cits and inflammation in the spinal cord of EAE mice, 
and beneficial effects of IL-37 in EAE relied upon IL-37 
receptor (IL-1R5/IL-1R8) [12]. However, whether IL-37 
inhibits ongoing disease and the mechanism whereby 
IL-37 ameliorates CNS autoimmunity has not been elu-
cidated until now.

Few studies have assessed the role of IL-37 in MS. 
Some studies reported increased IL-37 levels in the 
serum of MS patients compared to healthy individuals 
[14, 15], although production of IL-37 from CD4 + T cells 
in MS patients was lower than in healthy controls [16]. 
MS patients with higher IL-37 levels had lower severity 
scores than patients with less IL-37 [16]. This suggests 
that IL-37 likely suppresses inflammation in MS, similar 

to its effect in EAE. However, investigation regarding the 
functional mechanism of IL-37 in EAE models remains 
to be clarified. IL-37 levels were found to increase at 
the peak and chronic phase of EAE [12], and significant 
reduction of clinical scores was observed over time. In 
our study, the greatest ameliorating effect of IL-37 was 
seen in the chronic phase. The reduced clinical scores in 
our IL-37-treated mice correlated with decreased infiltra-
tion of CD4 + T cells into the CNS, similar to the previous 
study [12]. Given that neuroinflammation in EAE/MS is 
driven by inflammatory leukocytes, including CD4 + T 
cells, infiltrating the CNS parenchyma [17, 18], decreased 
infiltrated CD4 + T cells into the CNS by IL-37 can be 
correlated with the suppression of CNS inflammation in 
EAE/MS. Significantly reduced levels of pro-inflamma-
tory cytokines were observed at the early stage of EAE, 
e.g., day 3 after disease onset, in mice with constitutive 
transgenic expression of hIL-37, indicating its regulatory 
effect in the priming phase of EAE development [12]. In 
the present study, we confirmed the therapeutic effect 
of IL-37 treatment on T cell responses at the peak and 
chronic phase of EAE, which is more relevant to its clini-
cal application. Further, while an increase in proportions 
of Treg cells was reported in the spinal cord of hIL-37tg 
transgenic mice [12]; we also observed this increase in 
the CNS following IL-37 administration, especially at 
the chronic phase. Reduced infiltration of inflammatory 
CD4 + T cells and increase in frequency of Treg cells in 
the CNS in the chronic phase of EAE highlight that IL-37 
suppresses inflammation by switching the phenotype of 
CD4 + T cells in the CNS to regulatory phenotypes over 
time in EAE.

T cells are believed to be the main source of IL-10 
in vivo, facilitating its delivery to inflammatory sites 
to regulate tissue homeostasis and immune reac-
tions [19]. It has been recently reported that CD4 + T 

Fig. 5  Production of inflammatory and anti-inflammatory cytokines in 
total CD4 + T cells of the CNS following IL-37 treatment. The frequencies 
of cytokine-producing CD4 + T cells in the CNS of IL-37- and PBS-treated 
mice at the peak of disease. Analyses between these two groups were car-
ried out by unpaired t-tests (n = 7 per group). Data shown as mean ± SEM. 
Values of p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) were considered sig-
nificant. Ns: not significant

 

Fig. 4  IL-37 reduces proportion of TH-1 cells at chronic phase during CNS inflammation. (A) The frequencies of CD4 + T cells at EAE peak compared to 
chronic phase in IL-37-treated (blue) and PBS-treated mice (black). (B) The frequencies Treg cells at peak compared to chronic phase of EAE disease in 
IL-37-treated (blue) and PBS-treated mice (black). Analyses between these two groups were carried out by unpaired t-tests (n = 7 per group in peak; n = 4 
per group in chronic). Data shown as mean ± SEM. Values of p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) were considered significant. Ns: not significant
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cell-derived IL-10 promoted CNS inflammation in 
MOG35 − 55-induced EAE, as mice with T cell-specific 
IL-10 knockout had reduced disease severity. However, 
IL-10 produced by B cell and myeloid cells had protec-
tive roles in EAE, highlighting that T cells are the key 
source of pro-inflammatory IL-10 in EAE [13]. The study 
defined that CD4 + T cell-derived IL-10 promotes effec-
tor T cell survival in the CNS, highlighting that CD4 + T 
cells are important as both a prominent source and target 
of pro-inflammatory IL-10 in vivo [13]. Given the immu-
nomodulatory role of IL-37 in EAE, we explored whether 
IL-37 ameliorated EAE by reducing CD4 + T cell-derived 

IL-10 in an EAE model. Interestingly, we found a signifi-
cant decrease in IL-10 production by CD4 + T cells, espe-
cially TH-17 and Treg cells, of IL-37-treated EAE mice. 
Suppression of IL-10 expression by IL-37 administration 
during inflammation indicates that IL-10 is probably an 
inflammatory cytokine in the CNS, consistent with the 
previous report [13]. Support for this hypothesis comes 
from a study by Liu et al., showing that IL-10 produc-
tion in the CNS increased EAE severity by restraining the 
autoreactive T cells essential for immunopathogenesis 
[20]. Cannella et al. also showed that IL-10 had a wors-
ening or no effect on EAE [21]. Sánchez-Fernández et al. 

Fig. 6  EAE suppression by IL-37 is mediated by reducing IL-10 producing CD4 + T cells of the CNS. The frequencies of IL-10 expression in different CD4 + T 
cell subsets from the CNS of IL-37-treated and PBS-treated EAE mice at the peak of disease (A) and chronic phase (B). Analyses between these two groups 
were carried out by unpaired t-tests (n = 7 per group in peak; n = 4 per group in chronic phase). (C) Representative flow cytometry dot-plots showing IL-10 
expression in Treg and TH-17 cells from the CNS of PBS-treated and IL-37-treated EAE mice at disease peak and chronic phase. Data shown as mean ± SEM. 
Values of p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) were considered significant. Ns: not significant
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found a slightly reduced IL-10 protein in the spinal cord 
of hIL-37tg mice relative to wild type mice at the peak 
of EAE; however, they did not characterized IL-10-pro-
ducing CD4 + T cells in the CNS [12]. The deleterious 
effect of IL-10 in other autoimmune diseases, such as in 
a mouse model of systemic lupus erythematous, has also 
been reported, as IL-10 neutralization delayed disease 
onset [22]. Whether IL-10 has pro or anti-inflammatory 
role probably depends on the specific context, including 
the type of cells involved, the presence of other stimuli 
or factors, and the overall inflammatory environment. 
Therefore, the therapeutic approach using IL-10 as an 
anti-inflammatory agent has failed due to an insufficient 
understanding of complex IL-10 effects in immune sys-
tem [23, 24]. The clear point derived from our findings is 
that IL-10 producing CD4 + T cells are probably inflam-
matory in the CNS, as reducing their presence amelio-
rates EAE scores.

Whether the suppressive feature of Treg is related 
to IL-10 is still controversial. Owing to the inhibitory 
feature of IL-10 on IL-2 and IFN-γ production by TH1 
cells, IL-10 was initially considered an “anti-inflamma-
tory cytokine.” However, it is now defined as an immu-
noregulatory cytokine with pleiotropic functions, 
exerting multiple and sometimes even opposite effects on 
immune cells [25], as IL-10 can potentiate killing capac-
ity of effector CD8 + T cells [26]. The different cellular 
source of IL-10 and the location of the cells producing 
and responding to IL-10 and even timing of its secretion 
might determine suppressive vs. inflammatory activity of 
IL-10 [25], as opposite outcomes were found when EAE 
mice were treated with IL-10 short- or long-term [21, 27, 
28].

In addition to IL-10 production, Treg cells exert their 
regulatory effects on immune responses by multiple 

other mechanisms, including secretion of suppressor 
cytokines (e.g., TGF-β1, IL-35), IL-2 consumption, cytol-
ysis of targeted cells, and/or decreased costimulation 
and antigen presentation [29, 30]. For example, although 
Treg-derived TGF-β1 may not be essential for Treg sup-
pressive function, this cytokine is crucial for Treg devel-
opment in the thymus and periphery [31]. TGF-β1 also 
inhibits differentiation and effector functions of Th1 
cells [32] and the MHC class II expression in antigen-
presenting cells (APCs), thus inhibiting their functions 
[33]. Treg-derived IL-35 inhibits the differentiation of 
TH17 cells from naïve CD4 + T cells [34]. Tregs express 
high levels of cytotoxic T-lymphocyte-associated antigen 
(CTLA)-4, a negative regulator that, by binding CD80 
and CD86 on APCs, inhibits their costimulatory signal-
ing required for T cell activation [35]. Further, Tregs 
can stimulate dendritic cells to produce indoleamine 
2,3-dioxygenase (IDO), an enzyme whose metabolites 
suppress T cell responses [36]. IL-37 has been shown to 
increase the suppressive activity of Treg cells in vitro by 
inducing their expression of CTLA-4 and Foxp3, as well 
as elevating production of TGF-β1, but not of IL-10 [37]. 
Nold et al. reported the similar findings, demonstrating 
that pro-inflammatory cytokines, including IL-1β, IL-6 
and TNF, were increased in human PBMCs treated with 
siRNA against IL-37 without affecting IL-10 expression 
[1]. Regarding the effects of IL-37 independent of IL-10 
in other autoimmune model, McNamee et al. demon-
strated that IL-10 was not required for anti-inflammatory 
effects of IL-37 in colitis, as IL-10-receptor antibody 
blockade did not reverse IL-37-mediated protection [38]. 
These data, together with our findings, demonstrate a 
dispensable role of IL-10 production in IL-37-induced 
suppressive activity of Tregs. Further studies are needed 
to define regulatory mechanisms of IL-37-induced Tregs .

Fig. 7  IL-37 reduced frequency of IL-10 producing Treg cells during CNS inflammation. (A) The frequencies of IL-10 producing CD4 + T cells at EAE peak 
compared to chronic phase in IL-37-treated (blue) and PBS-treated mice (black). (B) The frequencies IL-10 producing Treg cells at peak compared to 
chronic of EAE disease in IL-37-treated (blue) and PBS-treated mice (black). Analyses between these two groups were carried out by unpaired t-tests (n = 7 
per group in peak; n = 4 per group in chronic). Data shown as mean ± SEM. Values of p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) were considered significant. 
Ns: not significant
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Conclusion
Our findings show the protective effect IL-37 in EAE 
model after disease onset, as IL-37-treated mice devel-
oped a less severe disease than control mice, with sig-
nificantly reduced demyelination. IL-37 suppressed 
infiltration of CD4 + T cells into the CNS and increased 
the frequency of Tregs, while IL-10 expression by 
CD4 + T cells decreased over time in the CNS. Together, 
our findings confirm the immunomodulatory role of 
IL-37 in CNS inflammation during the ongoing stage, 
thus indicating the potential of IL-37 as a novel inhibi-
tory reagent for MS therapy.
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