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Ivermectin Protects Against Experimental Autoimmune
Encephalomyelitis in Mice by Modulating the Th17/Treg
Balance Involved in the IL-2/STATS Pathway
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Abstract—— Multiple sclerosis (MS), a T-cell-mediated autoimmune disease that affects
the central nervous system (CNS), is characterized by white matter demyelination, axon
destruction, and oligodendrocyte degeneration. Ivermectin, an anti-parasitic drug, has
anti-inflammatory, anti-tumor, and antiviral properties. However, to date, there are no
in-depth studies on the effect of ivermectin on the function effector of T cells in murine
experimental autoimmune encephalomyelitis (EAE), an animal model of MS. Here, we
conducted in vitro experiments and found that ivermectin inhibited the proliferation of total
T cells (CD3*) and their subsets (CD4* and CD8™ T cells) as well as T cells secreting the
pro-inflammatory cytokines IFN-y and IL-17A; ivermectin also increased IL-2 production
and IL-2Ra (CD25) expression, which was accompanied by an increase in the frequency
of CD4*CD25*Foxp3* regulatory T cells (Treg). Importantly, ivermectin administration
reduced the clinical symptoms of EAE mice by preventing the infiltration of inflammatory
cells into the CNS. Additional mechanisms showed that ivermectin promoted Treg cells
while inhibiting pro-inflammatory Th1 and Th17 cells and their IFN-y and IL-17 secre-
tion; ivermectin also upregulated IL-2 production from MOGg;s_ss-stimulated peripheral
lymphocytes. Finally, ivermectin decreased IFN-y and IL-17A production and increased
IL-2 level, CD25 expression, and STATS5 phosphorylation in the CNS. These results reveal
a previously unknown etiopathophysiological mechanism by which ivermectin attenuates
the pathogenesis of EAE, indicating that it may be a promising option for T-cell-mediated
autoimmune diseases such as MS.
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spasticity, fatigue, pain, and cognitive deficits [2], the fol-
lowing major causes have been identified for MS as fol-
lows: cigarette smoking, female genders, and viral infec-
tion [3]. However, the exact etiology remains unknown.
Currently, MS is considered to be caused by shifts in the
ratio of various CD4* T helper (Th) cell subsets, includ-
ing an increase in pro-inflammatory Th1l and Th17 cells
and a decrease in anti-inflammatory Treg and Th2 cells
[4]. Therefore, an immunomodulatory strategy is crucial
for patients with MS. However, drugs or antibodies with
immunomodulatory effect have severe adverse effects,
including immunosuppression, on patients with MS.
Therefore, the development of new therapies that are both
effective and selectively immunosuppressive is a major
challenge for the treatment of MS.

Ivermectin, a broad-spectrum anti-parasitic medi-
cine, has anti-inflammatory, anti-cancer, and anti-viral
effects [5-9]. There is evidence that ivermectin may
exert its biological effects by binding to ligand-gated ion
channels, various ion transporters, or the nuclear recep-
tor farnesoid X receptor (FXR) [10, 11]. Although iver-
mectin has a low FXR representation in mammals, it is
well tolerated and has few side effects [12]. Moreover,
ivermectin has been shown to stabilize the open state of
P2X4 receptor channels [13], which bind to extracellular
adenosine triphosphate [14] and are involved in neuro-
degenerative diseases [15]. All these highlight the addi-
tional effect of ivermectin on immune cells, particularly
on receptors involved in diseases.

Interestingly, Blakley reported the immunosuppres-
sive function of ivermectin in mice and indicated that the
immunostimulatory properties of ivermectin are related
to Th cell subsets [16]. Most importantly, ivermectin can
alleviate experimental autoimmune encephalomyelitis
(EAE) by regulating microglial activity [17]. However,
the effect of ivermectin on T cell function and regulation
of inflammation has not yet been demonstrated. Given
the importance of CD4* T cells in MS, we further inves-
tigated the role of ivermectin in effector T cell function
using mitogen- or autoantigen-stimulated T cells from
naive or EAE mice.

MATERIALS AND METHODS

Animals

Specific pathogen-free female C57BL/6 mice, aged
6-8 weeks, were obtained from the Nanjing Biomedi-
cal Research Institution of Nanjing University (Nanjing,
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China). Mice were fed unlimited food and water and kept
on a 12:12 h light/dark cycle. The Institutional Animal
Care and Use Committee of Huaihe Hospital at Henan
University approved all animal experiments, and the
animals were handled in accordance with the National
Institutes of Health regulation for the care and use of
laboratory animals.

EAE Induction and Ivermectin Treatment

The EAE model was induced, as described previ-
ously [18]. Briefly, mice were immunized subcutane-
ously in the flanks with 200 pg of the MOGs;5_s5 peptide
emulsified in 200 pL of Complete Freund’s Adjuvant
(Sigma-Aldrich, St. Louis, MO), followed by an intra-
peritoneal (i.p.) of 200 ng pertussis toxin (List Biologi-
cal Laboratories, Campbell, CA) on days 0 and 2. Mice
were administered with ivermectin (MCE LLC, Shanghai,
China) (mixed with 1% carboxymethylcellulose sodium
solution) at doses of 0, 2, or 10 mg/kg per os (p.o.) once
every 2 days from day O until euthanasia after EAE induc-
tion. The following clinical scoring system was devel-
oped: O: no signs; 0.5: partial tail paralysis; 1: limp tail or
tail paralysis; 2: complete loss of tail tonicity or abnormal
gait; 3: partial hind limb paralysis; 4: complete hind limb
paralysis; and 5: moribund.

Cell Proliferation

Splenocytes from naive mice were isolated and
labeled with 5-pM Cell Proliferation Dye eFluor™ 450
(eBiosciences, San Diego, CA) and then co-cultured for
72 h with concanavalin A (ConA, Sigma-Aldrich, St.
Louis, MO) at 1.5 pg/mL concentration in the presence of
ivermectin (0, 0.5, 1, and 2 uM). The cells were then col-
lected and stained with fluorescent-conjugated anti-CD3,
anti-CD4, and anti-CD8 Abs (all from eBiosciences). Cell
Proliferation Dye eFluor™ 450 is a violet fluorescent
dye that attaches to cellular proteins containing primary
amines. With each cell division, the dye is distributed
evenly among daughter cell populations. Furthermore, on
day 14, lymphocytes from draining lymph nodes of mice
with EAE were stimulated for 72 h with the MOG35_s
peptide at 50 pg/mL concentration. After that, the cells
were collected, blocked, and stained with fluorescence-
conjugated anti-CD4 Ab and then fixed/permeabilized
using the Mouse Foxp3 Buffer Set (BD Biosciences)
and stained with fluorescent-conjugated anti-Ki-67 Ab
(eBiosciences). Cell proliferation was measured with a
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BD FACS Canto Plus flow cytometer (San Diego, CA),
and the data were analyzed with Flowjo 10.0 software
(Tree Star).

Flow Cytometry Analysis

Splenocytes from naive mice were co-cultured at the
density of 3 x 10° cells/mL in 24-well plates for 72 h with
ConA in the presence of ivermectin. The cultured cells were
collected, blocked with anti-CD16/CD32 Ab (BD Bio-
sciences), and stained with fluorescent-conjugated anti-CD4
and anti-CD25 Abs. After that, the cells were fixed/permea-
bilized using the Mouse Foxp3 Buffer Set (BD Biosciences),
and stained with fluorescent-conjugated anti-Foxp3 Ab
(eBiosciences). Additionally, other fresh cells from EAE
mice were restimulated with Cell Stimulation Cocktail
plus protein transport inhibitors (eBiosciences) for 4 h. The
stimulated cells were collected, blocked, and stained with
fluorescent-conjugated anti-CD4 Abs. Subsequently, they
were fixed and permeabilized with the Cytofix/Cytoperm
kit (BD Bioscience), and stained with fluorescence-labeled
antibodies for each cytokine tested. In addition, on day 14,
lymphocytes from draining lymph nodes were obtained from
EAE mice and stained with different fluorescent-conjugate
anti-CD4, anti-CD25, and anti-Foxp3 Abs using the Mouse
Foxp3 Buffer Set or stimulated with MOG35_s5 for 68 h and
then restimulated with Cell Stimulation Cocktail plus pro-
tein transport inhibitor (BD Biosciences). Finally, the cells
were subjected to intracellular staining. The cells were then
acquired with a BD FACS Canto Plus flow cytometer, and
the data were analyzed using Flowjo 10.0 software.

Cytokine Production

Splenocytes from naive mice were cocultured
with ConA in 24-well plates for 72 h in the presence
of ivermectin at the indicated doses. Cell-free superna-
tants were then collected to measure the levels of IL-2,
IFN-y and IL-17A by using their corresponding ELISA
kits (IL-2 and IFN-y kits: BD Biosciences; IL-17A kit:
eBiosciences). Additionally, on day 14, lymphocytes from
draining lymph nodes of mice with EAE were stimulated
for 72 h with the MOGg;5_s5 peptide and then the cell-
free supernatants were collected to measure the levels
of IL-2, IFN-vy, and IL-17A. Lastly, on day 14, the brain
and spinal cord of EAE mice were collected and lysed
to measure IL-2, IFN-y, and IL-17A levels, as described
previously [19].

Histopathological and IHC Analysis

After 30 days of EAE induction, mice were eutha-
nized with CO, and then perfused with an intracardiac
infusion of 10% formalin. The spinal cord was removed
and fixed with 10% paraformaldehyde. The fixed spinal
cord was embedded in paraffin, and cross-sections were
stained with hematoxylin and eosin (H&E) to assess infil-
tration of inflammatory cells and stained with Luxol fast
blue (LFB) to assess CNS demyelination. The levels of
inflammatory cell infiltration were categorized as follows:
no cells were assigned a severity level of 0; a few scattered
cells were assigned a severity level of 1; organization of
infiltrates near blood vessels were assigned a severity level
of 2 and substantial perivascular cuffing with expansion
into surrounding parenchyma or parenchymal infiltration
without evident cuffing were assigned a severity level of
3 [20]. The degree of demyelination was graded as 1 for
traces of subpial demyelination, 2 for marked subpial and
perivascular demyelination, 3 for confluent perivascular
or subpial demyelination, 4 for massive perivascular and
subpial demyelination involving one half of the spinal cord
with the presence of cellular infiltrates into CNS paren-
chyma, and 5 for extensive perivascular and subpial demy-
elination involving the entire section of the cord with the
presence of cellular infiltration into CNS parenchyma [21].

Immunohistochemical single stainings using
3,3'-diaminobenzidine tetrahydrochloride hydrate (DAB)
were routinely conducted on formalin-fixed paraffin-
embedded tissue sections that had been deparaffinized and
rehydrated. To retrieve antigens for immunohistochemis-
try, the tissue sections were steamed in either 10-mM cit-
rate buffer (pH6.0) or I-mM EDTA in 10-mM Tris buffer
(pH8.6) for 1 h. Primary antibodies for MBP (1:300),
Ibal (1:500), CD45 (1:300), and CD68 (1:250, all from
Servicebio®, Wuhan, China) were allowed to incubate
overnight at 4 °C. HRP-conjugated secondary antibodies
were each applied at room temperature for 1 h. Finally,
DAB development was carried out. Under a microscope
observation, the inflammatory cell count (Ibal, CD45, and
CD68) and demyelinated white matter percentage were
determined using the Image-Pro Plus software.

Western Blotting Assay

On day 14, EAE mice were euthanized with CO, over-
dose; their spinal cord was collected and lysed with a RIPA
lysis buffer containing PMSF and phosphatase inhibitors.



The lysates were centrifuged, and the supernatants were col-
lected for determination of concentration protein using a BCA
assay. The same amount of protein was separated on 10%
SDS-PAGE gels and then transferred to the nitrocellulose
membrane. The membrane was blocked before incubation
with the following primary antibodies: phosphor-STATS
(1:1000) (Cell Signaling Technologies, Danvers, MA) and
B-actin (1:5000) (Sigma-Aldrich). The membrane was then
incubated with HRP-conjugated secondary antibodies.
Detection was performed using ECL reagents. The p-actin
staining of each lane was used as a loading control and as
a normalization factor for the optical density of the band.

Quantitative Real-time PCR

Total RNA was extracted from the brain and spi-
nal cord by using a modified chloroform/phenol method
(TRIzol™, Invitrogen, Carlsbad, CA), and the first
strand of cDNA was generated using the Universal RT-
PCR Kit (M-MLV) (Solarbio, Beijing, China) in accord-
ance with the manufacturer’s protocol. The obtained
cDNA was then amplified by PCR in triplicate by using
the Universal SYBR Green Fast gPCR Mix (Abclonal,
Wuhan, China) and the following specific primers:
CD25-forward: 5'-GAAGTGTGGGAAAACGGGGT-3',
CD25-reverse: 5'-GGCAGGAAGTCTCACTCTCG-3;
CD45-Reverse:5'-GTGCCTCTCCAGATTTCCCC-3/,
CD45-reverse: 5'-TGTCCCACATGACTCCTTTCC-3;
CD68-forward: 5" TGATCTTGCTAGGACCGCTTA-3;
CD68-reverse: 5'-TAACGGCCTTTTTGTGAGGA-3';
Ibal-forward: 5'-GGATTTGCAGGGAGGAAAA-3’,
Ibal-reverse: 5'"“TGGGATCATCGAGGAATTG-3'; mye-
lin basic protein (MBP)-forward: 5'-GCTTCTGGAGGG
TGATGCC-3'; MBP-reverse: 5'-CCAAGAGTCGTC
CAGGTCATAG-3'; p-actin-forward: 5'-CTTTTCCAG
CCTTCCTTCTTGG-3', p-actin-reverse: 5'-CAGCAC
TGTGTTGGCATAGAGG-3". The 24T method was
used to determine the expression of CD25 mRNA nor-
malized to f-actin mRNA, as described previously [22].

Statistical Analysis

All data were expressed as mean + SEM. Graph-
Pad Prism 8.0 was used for statistical analysis. Statistical
differences were determined by using one-way ANOVA,
followed by Tukey’s test for multiple comparisons, or a
non-paired Student’s #-test. Statistical significance was
defined as a P-value <0.05.
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RESULTS

Ivermectin Inhibited T Cell Proliferation In Vitro

To investigate the role of ivermectin in T cell pro-
liferation, we cultured naive splenocytes labeled with
the cell proliferation dye eFlour™ 450 in the presence of
ivermectin and ConA. Similar with the findings of Ventre
[23], we observed that ivermectin did not affect cell via-
bility at the indicated doses (Fig. 1a), but it significantly
inhibited the proliferation of total T cells (Fig. 1b, ¢),
CD4™" T cells (Fig. 1b, d), and CD8* T cells (Fig. 1b, ¢)
at 2.0 uM, but not at 0.5 and 1.0 uM.

Ivermectin Inhibited IFN-y and IL-17A Production
While Increasing IL-2 Production in ConA-Stimulated
Splenocytes

To determine the effect of ivermectin on the secre-
tion of pro-inflammatory cytokines by T cells, we culti-
vated naive splenocytes in the presence of ivermectin and
ConA. As shown in Fig. 2, ivermectin dose-dependently
suppressed secretion of IFN-y and IL-17A, from Th1 and
Th17 cells, respectively, in ConA-treated splenocytes
from naive mice. Surprisingly, ivermectin treatment at
2.0 uM increased the production of IL-2 by ConA-treated
naive splenocytes. All these findings suggest that iver-
mectin may selectively affect Th cells that selectively
secrete cytokines.

Ivermectin Promoted CD25 Expression and Treg
Cell Proportions

IL-2 is an important growth factor for maintaining T
cell activation and clonal expansion by binding its recep-
tors. To better understand the mechanisms underlying the
effect of ivermectin, we measured IL-2 receptor (IL-2R)
a-chain (CD25) and CD4"CD25%Foxp3* regulatory T cells
(Treg) in ConA-stimulated splenocytes. We found that iver-
mectin at 2.0 uM, but not at 0.5 and 1.0 uM, increased the
expression of CD25, a middle/later activation marker of T
cells, in total T cells (Fig. 3a), CD4* T cells (Fig. 3b), and
CD8™ T cells (Fig. 3c) following activation of naive spleno-
cytes, indicating that ivermectin may promote middle/later
T cell activation. Furthermore, an interesting finding was
that ivermectin administration increased the proportion of
Treg in splenocytes treated with ConA (Fig. 3d).
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Fig. 1 Ivermectin inhibits T cell proliferation. a Naive mice splenocytes were incubated with ivermectin at 0, 0.5, 1, and 2 pM for 24 h, and cell
viability was determined using a CCK8 kit. b—e Naive mice splenocytes were stained with the dye eFlour™ 450 and then co-incubated with ConA in
the presence of ivermectin (0, 0.5, 1, and 2 pM) for 72 h. Cells were collected and then co-stained with fluorescent-conjugated anti-CD3, anti-CD4,
and anti-CD8 Abs. Flow cytometry was used to classify (b) and obtain the proliferation of total T cells (¢), CD4* T cells (d), and CD8" T cells (e)
gated on CD3*, CD37CD4*, CD3*CD8* cells, respectively. Cell proliferation was accessed, as described in the “Materials and Methods” section. The
values are expressed as mean+SEM, n=4. *P <0.05, **P <0.01. IVM, ivermectin.

Ivermectin Alleviated Both Clinical Sign and CNS
Destruction in EAE Mice

Next, we used a T-cell-mediated autoimmune dis-
ease model, the mice EAE, to determine the effect of
ivermectin on effector T cell responses. As observed in
a previous study [23], we noted that ivermectin at a dose
of 10 mg/kg body weight attenuated the clinical signs of
EAE (Fig. 4a, b). Histopathological analysis showed that
administration of ivermectin at the same dose reduced
infiltration of inflammatory cells (Fig. 4c) and demyeli-
nation of the spinal cord in EAE mice (Fig. 4d). Then,
we accessed how 10 mg/kg ivermectin affected demyeli-
nation and infiltrating cells of CNS in EAE mice. Com-
pared to those with EAE alone, the mice treated with
ivermectin showed higher intensity of the MBP marker as
demonstrated by immunostaining for MBP (Fig. 4e, f).
This was confirmed through evaluation of MBP mRNA
expression (Fig. 4h). Additionally, the ivermectin-treated

EAE mice showed a reduction in microglia, lympho-
cytes, and macrophages, as indicated by immunostain-
ing for Ibal, CD45, and CD68 (Fig. 4e, g). This was
further substantiated by evaluating the mRINA expression
of these markers (Fig. 4h). These results indicated that
ivermectin prevented CNS demyelination and infiltration
of inflammatory cells.

Ivermectin Inhibited Autoantigen Myelin-Induced
Specific T Cell Proliferation in EAE Mice

To assess whether ivermectin alleviates the clinical
symptoms of EAE through its effect on autoantigen reac-
tive T cell response, we examined antigen-specific T cell
proliferation in draining lymphocytes from EAE mice by
flow cytometry. As shown in Fig. 5a, administration of
10 mg/kg ivermectin reduced MOG-induced CD4* T cell
proliferation ex vivo.
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Fig. 2 Effect of ivermectin on cytokine production in response to ConA stimulation. Cell-free supernatants were obtained from naive mice spleno-
cytes co-incubated with ConA for 72 h in the presence of the indicated concentrations of ivermectin. IL-2 (a), IFN-y (b), and IL-17A (c) levels were
then measured in the cell-free supernatants by using ELISA. The values are expressed as mean +SEM, n=4. *P <0.05, *P <0.01. IVM, ivermectin.
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Fig. 3 Effect of ivermectin on CD25 expression and Treg cells in response to ConA stimulation. Naive mice splenocytes were co-incubated with
ConA in the presence of the indicated concentrations of ivermectin for 48 h. The cells were collected to measure CD25 expression on CD3* (a),
CD4* (b), CD8" (¢) T cells, and CD4*CD25%Foxp3*Treg cells (d) gated on CD3*, CD3*CD4*, CD3*CD8", and CD3*CD4*CD25" cells. The val-
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Representative images of MBP, Ibal, CD45, and CD68 immunostaining in spinal cords at day 30 from control EAE and IVM-treated EAE mice at
day 30, and quantification of MBP, Ibal, CD45, and CD68 positively stained areas in spinal cords of IVM-treated and control group. h On day 14
post-immunization, the spinal cord of EAE mice was collected and lysed to MBP (myelin), Ibal(microglia), CD45 (lymphocytes), and CD68 (mac-
rophage, M@) mRNA expression by real-time PCR. Data are displayed as mean + SEM (n=8/group). *P <0.05, ** P<0.01.

proportion of CD4TCD25* T cells (Fig. 5b) and Treg
cells (Fig. 5¢) but decreased the proportion of pathogenic
Th1 (Fig. 6a, b) and Th17 (Fig. 6a, c) cells as well as their
IFN-y (Fig. 6e) and IL-17A (Fig. 6f) secretion. However,
a significant increase of IL-2 was observed in EAE mice
treated with 10 mg/kg ivermectin.

Ivermectin Ameliorates Neuroinflammation in EAE Mice

Secretion of IFN-y and IL-17 by CNS-infiltrating T
cells is critical for EAE development [24, 25]. To assess
the protective effect of 10 mg/kg ivermectin on EAE
development, we collected brain and spinal cord from

EAE mice at day 14 after MOG immunization to measure
IFN-y and IL-17A levels (Fig. 7). In addition to lowering
IFN-y and IL-17A levels in the brain, ivermectin inhib-
ited IFN-vy, but not IL-17A, in the spinal cord.

Ivermectin Exerts Its Protective Effect Through
the STATS Pathway

Signal transducers and activators of transcription 5
(STATS) play a key role in mediating cell response fol-
lowing the stimulation with cytokines, interferons, and
growth factors through various mechanisms [26]. STATS
can promote Treg cell development while inhibiting Th17
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Fig. 5 Ivermectin inhibits autoantigen-specific CD4" T cell proliferation while increasing CD25 expression and number of Treg cells. a Draining
lymphocytes from EAE mice were collected on day 14 post-immunization and restimulated with the MOG;5_s5 peptide for 72 h to determine T cell
proliferation by using co-staining with fluorescent-conjugated anti-CD4 and anti-Ki-67 antibodies, as described in the “Materials and Methods”
section. Representative flow cytometry data showed the percentage of Ki-67 gated on CD4" T cells of two groups (a, left panel). Summary of the
CD4*%Ki-67* population (a, right panel). b and ¢ Freshly isolated lymphocytes were multi-stained with fluorescent-conjugated anti-CD4, anti-
CD25, and anti-Foxp3 Abs to determine CD25 expression (b) in CD4* T cells and Treg cells (¢). Representative flow cytometry data showed the
percentage of CD25 (b, left panel) and Treg (c, left panel) gated on CD4* and CD4* CD25" cells of two groups. Summary of the CD4*CD25" (b,
right panel) and Treg population (¢, right panel). Data are expressed as mean+SEM (n=_8/group). A significant difference was determined by the
unpaired -test. *P <0.05, **P<0.01. IVM, ivermectin.
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Fig. 6 Ivermectin suppresses autoantigen-specific Th1l and Th17 cells while increasing IL-2 levels. Lymphocytes from draining lymph nodes of EAE
mice were collected on day 14 post-immunization and restimulated with Cell Stimulation Cocktail plus protein transport inhibitorss_s5 for 4 h to deter-
mine Thl (IFN-y-producing CD4* T cells) and Th17 (IL-17A-producing CD4* T cells) cells by flow cytometry. Representative flow cytometry data
showed Th1 and Th17 cells gated on CD4" T cells of two groups (a). Summary of the Thl (b, right panel) and Th17 population (c, right panel). d—f
ELISA was used to determine the IL-2 (d), IFN-y (e), and IL-17A (f) level in the cell-free supernatants from lymphocytes of mice with EAE that had
been stimulated for 72 h with the MOG;5_ss peptide. The values are expressed as mean+SEM (n=8/groups). *P <0.01, **P <0.001. IVM, ivermectin.

cell differentiation through the transmission of the IL-2/
IL-2R signals [27]. Because 10 mg/kg ivermectin pro-
motes IL-2 production and CD25 expression in T cells,
we hypothesized that STATS phosphorylation is involved
in the protective effect of ivermectin in EAE develop-
ment. To confirm this hypothesis, we first examined the
IL-2 level and CD25 mRNA expression level in the brains
of EAE mice and found that ivermectin increased IL-2
production (Fig. 8a) and CD25 expression (Fig. 8b) in
the brains of EAE mice. Subsequently, the expression of
phosphorylated STATS expression in mouse brain was

measured using a Western blotting assay. As shown in
Fig. 8c, EAE mice exhibited lower p-STATS expression
in their brain than naive mice; however, this effect was
reversed by ivermectin administration.

DISCUSSION

Ivermectin has recently attracted considerable atten-
tion following its promising results against SARS-CoV-2,
such as the alleviation of the symptoms of COVID-19
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Fig. 7 Effect of ivermectin on IFN-y and IL-17A levels in the brain and spinal cord. The brain and spinal cord were collected from EAE mice on
day 14 post-immunization and lysed, as described in the “Materials and Methods” section to evaluate the levels of IFN-y (a and b) and IL-17A (¢
and d) by conducting an ELISA assay. The values are expressed as mean +SEM (n=_8/group). *P <0.05, **P <0.01. IVM, ivermectin.

patients and lowering of the inflammatory response
in animal models [28, 29]. In addition, ivermectin can
improve the clinical symptoms of EAE in part by inhibit-
ing the activation of microglia [17]. Ivermectin may also
reduce allergic skin inflammation by inhibiting antigen-
specific T-cell proliferation and activation and cytokine
production [23]. However, it remains unclear whether
ivermectin regulates pathological T-cell responses in
EAE mice. In the present study, we found that ivermec-
tin inhibited T-cell proliferation and IFN-y and IL-17A
secreted by Thl and Th17 cells in vitro, which might be
supported by the protective effect of ivermectin on the
progression of EAE by inhibiting the proliferation of
pathological T cells and reducing Thl and Th17 cells.
Interestingly, ivermectin treatment increased IL-2 pro-
duction, CD25 expression, and the number of Treg cells
both in vitro and in vivo. Finally, we discovered that this
effect could be mediated possibly through an increase in
the phosphorylation of STATS, the IL-2/IL2R transducer.
Taken together, these results suggest that ivermectin has
a broad suppressive effect on T cell-mediated immune
function, including alteration of CD4* T cell subsets.
IL-2 is a multi-functional cytokine that regulates T
cell growth and proliferation, increases cytolytic activ-
ity, promotes Treg development, and triggers activation-
induced cell death [30]. Therefore, IL-2 serves as an
important immunomodulator for the balance between
regulatory and effector T cells [31]. Blocking IL-2 can
trigger and exacerbate autoimmune diseases [32]. STATS,
an important IL-2/IL-2R signal transducer, is required
for Treg development. Thus, IL-2 promotes and main-
tains Treg cell development and function by increasing

STATS phosphorylation [33, 34]. IL-2 and phosphoryl-
ated STATS, however, can inhibit the differentiation of
Th17 cells [35]. The development of Th17 cells can be
enhanced by the deficiency of IL-2 or the disruption of
its transcription factor STATS [36], while the administra-
tion of IL-2 can directly inhibit Th17 cell differentiation
[37]. In the present study, ivermectin treatment resulted
in a decrease of Th17 cells and concomitant increase
in the secretion of IL-2 levels by T cells, CD25 expres-
sion level, and the proportion of Treg cells in peripheral
lymphocytes both in vitro and in vivo. Ivermectin also
inhibited pro-inflammatory cytokines such as IFN-y and
IL-17A and increased the level of IL-2 and CD25 in the
CNS. A noteworthy observation is that ivermectin treat-
ment increased STAT5 phosphorylation in the brain of
EAE mice. These results suggest that ivermectin exerts
its anti-inflammatory effects by maintaining Treg/Th17
cell balance, which may be mediated partly by the IL-2/
STATS signaling pathway.

The purinergic P2X4 receptor (P2X4R) plays
an important role in neurological diseases such as MS
and amyotrophic lateral sclerosis, as well as in immune
cell function [17, 38—40]. The expression of P2X4R is
increased in the optic nerve of patients with MS and in
the spinal cord of EAE mice [39]. On the other hand,
blockade or deficiency of P2X4R may exacerbate clinical
symptoms in EAE mice by activating microglia and mac-
rophages and stopping remyelination but not by impairing
immune priming [17]. Interestingly, ivermectin, as a posi-
tive allosteric modulator of P2X4R, alleviated clinical
EAE symptoms in mice injected with 1 mg/kg ivermec-
tin after disease onset (14 days post-immunization [dpi]).
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Fig. 8 Effect of ivermectin on the IL-2/IL-2Ra/STATS5 signaling in the brains of EAE mice. a and b On day 14 post-immunization, the brains of
EAE mice were collected and lysed to determine IL-2 level (a) and CD25 mRNA expression (b) by ELISA and real-time PCR, respectively. ¢ The
expression of p-STATS and fB-actin proteins in the brains was measured by a Western blotting assay. The values are expressed as mean+ SEM (n=6/

group). ¥*P <0.05, **P <0.01. Control: naive mice; IVM, ivermectin.

However, mice treated with ivermectin before EAE induc-
tion or preonset (5 dpi) were not protected from the sub-
sequent EAE. These results suggest that ivermectin treat-
ment might have different effects on disease progression
at different stages of EAE. Indeed, we found no evidence
of protection by ivermectin in EAE mice administrated
2 mg/kg ivermectin orally at preonset (0 dpi), whereas
this protective effect was observed in EAE mice admin-
istrated 10 mg/kg ivermectin orally. Furthermore, using
in vitro microglial polarization and myelin phagocytosis,
Zabala et al. showed that ivermectin promotes a switch
of microglia to an anti-inflammatory phenotype, which

then promotes remyelination [17]. However, it remains
unknown whether ivermectin affects T cell responses in
EAE mice. In the present study, we confirmed and extend
a previously unknown mechanism by which ivermectin
protects against EAE.

Regrettably, only a few research studies have con-
centrated on the impact of ivermectin on T-cell-mediated
autoimmune illnesses, which include MS, rheumatoid
arthritis, type 1 diabetes, inflammatory bowel diseases
(IBD), Sjogren’s syndrome, systemic lupus erythema-
tosus, and psoriasis. While case reports have displayed
the protective effect of ivermectin on systemic lupus



erythematosus [41-43] and psoriasis [44], there is still
insufficient evidence to demonstrate its effectiveness on
rheumatoid arthritis, type 1 diabetes, and Sjogren’s syn-
drome. Moreover, the few investigations carried out on
IBD and MS have solely centered on animal models [17,
45]. Hence, it is crucial to conduct more human studies
to comprehensively examine the therapeutic potential of
ivermectin in several autoimmune diseases.

In summary, the presented study showed that iver-
mectin can directly attenuate EAE clinical symptoms by
altering T-cell responses and CD4* T cell subsets. To our
knowledge, this is the first study to show that the protec-
tion is related to its effect on T-cell responses, particu-
larly by the reduction of pathogenic Th1l and Th17 cells
and enhancement of Treg cells; all these processes may
be related to the ivermectin-induced IL-2/STATS path-
way. These new findings contribute to a better under-
standing of the mechanisms underlying the protective
effects of ivermectin against T-cell-mediated autoim-
mune diseases. Further studies are required to further
extend this study by establishing a causal relationship
between the events involved to determine whether iver-
mectin directly affects the differentiation of naive CD4*
T cells into different CD4™ T cell subsets and to provide
direct evidence for the role of ivermectin in controlling
the IL-2/STATS pathway.
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