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T helper (Th) cells play crucial roles in inflammation and adaptive immune system.
Importantly, Th17 cells, a major pathogenic Th cell subset, are involved in the
pathogenesis of multiple sclerosis (MS) and its classical animal modal experimental
autoimmune encephalomyelitis (EAE). Previous studies have shown that parthenolide
(PTL), a sesquiterpene lactone, possesses potent anti-cancer and anti-inflammatory
activities. However, the immunosuppressive effect of PTL on the pathogenic Th17 cell
and MS is unclear. In this study, we showed that PTL treatment could alleviate clinical
symptoms by inhibiting inflammatory cell infiltration, reducing inflammation and
demyelination of CNS. In addition, the mRNA expression of cytokines and inflammatory
factors in CD4+ T cells, especially Th1 and Th17 cells, reduced in both CNS and peripheral
immune tissue of EAE mice. Furthermore, PTL could inhibit the reactivation of MOG-
specific T cells and the differentiation of naïve CD4+ T cells into Th17 cells in vitro. We also
found that PTL inhibited nuclear factor kappa B (NF-kB) signaling and retinoid-related
orphan receptor-gt (RORgt) in mouse Th17 cell and human Jurkat cell line. Taken together,
our data demonstrated a critical immune-suppressive effect of PTL on autoimmune
inflammation through regulating Th17 cells and the NF-kB/RORgt pathway.

Keywords: multiple sclerosis (MS) disease, T helper 17 cell (Th17 cell), parthenolide (PTL), nuclear factor kappa B
(NF-kB), experimental autoimmune encephalomyelitis (EAE), retinoid-related orphan receptor-gt (RORgt)
INTRODUCTION

Multiple sclerosis (MS) is a chronic autoimmune inflammatory demyelinating disease with
progressive damage to axons in the central nervous system (CNS) (1) and is mainly triggered by
the CD4+ T cells’ response to myelin antigens (2). Previous studies suggested that T helper (Th) 1 cell
differentiation is crucial during the development and progression of MS (3–5). Abnormal activation of
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other T helper cells, such as Th2 and Treg cells, is also related to
the occurrence of MS (6, 7). However, with the discovery of Th17
cells in 2005, more and more studies have shown that Th17 cells
are involved in the development of autoimmune syndromes, such
as MS (8–10). Th17 cells produce interleukin (IL)17 together with
many other proinflammatory cytokines, including IL-17F, IL-22,
IL-26, and granulocyte-macrophage colony-stimulating factor
(GM-CSF), further inducing the expression of tumor necrosis
factor a (TNFa), IL-6, granulocyte colony-stimulating factor (G-
CSF), IL-1, and the chemokine ligand 1, causing tissue-specific
inflammation (11).

Parthenolide (PTL) is a major sesquiterpene lactone, derived
from the medicinal plant feverfew (Tanacetum parthenium),
which belongs to a variety of natural products that have been
used for their potential anti-inflammatory and anti-cancer
properties (12–15). Studies have shown that PTL is a kind of
nuclear factor kappa B (NF-kB) inhibitor that can inhibit the
NF-kB pathway by directly binding to NF-kB subunits (15, 16).
Different from other NF-kB inhibitors with antioxidant
properties, PTL does not possess radical-scavenging activity
(17). Besides, PTL has other biological abilities, such as
inducing global DNA hypomethylation via specifically
suppressing DNA methyltransferase 1 (DNMT1) activity in
vitro and in vivo and showing high potency against leukemia
(18, 19). Although PTL is mainly studied in cancer treatment (20,
21), current studies showed that PTL can affect Th17/Treg
immune balance by regulating the metabolism of gut
microbiota (22), alleviate peritoneal fibrosis by suppressing the
TGF-b/Smad pathway (23), inhibit the initiation of experimental
autoimmune neuritis, and alleviate collagen-induced arthritis.
However, the exact effects of PTL on MS remains elusive.

The NF-kB signaling pathway plays important roles in
immune and inflammatory diseases, such as MS, rheumatoid
arthritis, and inflammatory enteritis (24, 25). The NF-kB family
has five members including NF-kB1 (p105), NF-kB2 (p100),
RelA (p65), RelB, and c-Rel. All of these members are present as
either homo- or heterodimers in cells (26). In T cells, the major
NF-kB subunits are p50/c-Rel or p50/p65 heterodimers, which
could be activated by T-cell receptor (TCR) stimulation (27). T
cells that are separated from c-Rel-knockout mice express lower
levels of CD25 and fail to differentiate into functional effector T
cells. In addition, c-Rel-knockout mice show the potential of
resistance to experimental autoimmune encephalomyelitis
(EAE) induced by myelin oligodendrocyte glycoprotein (MOG)
(28). Moreover, RelA (p65) is crucial for producing IL-17 in gdT
cells (29). Also, studies showed that NF-kB1 (p105/50) deficiency
could significantly protect mice from EAE (30). Studies have
demonstrated that a-Rel (p65) could combine to the Rorc gene
and control the Th17 transcription factor ROR-gt, further
affecting the differentiation of Th17 cells (31, 32).

In this study, we found that PTL could alleviate the clinical
symptoms and reduce the infiltration of inflammatory cells in the
CNS of EAE. We also explore the immunosuppressive role of
PTL in the inflammatory response of Th1 and Th17 cells in the
peripheral and central nervous system, as well as the potential
regulatory mechanism.
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MATERIALS AND METHODS

Animals
C57BL/6 female adult mice (6–8 weeks) were purchased from
Vital River (Beijing, China). The animals were housed in a
pathogen-free standard cage, fed with normal mouse chow and
water ad libitum, and maintained a 12-h on/off light cycle at the
Experimental Animal Center of Tianjin Medical University eye
hospital (Tianjin, China). The experiments were performed in
accordance with the guidelines for animal care and were
approved by the Animal Ethics Committee of Tianjin Medical
University eye hospital (Tianjin, China).

EAE induction
EAE was immunized as previously described (33). Briefly, 150 mg
of Myelin oligodendrocyte glycoprotein (MOG)35-55 peptide
(CL.Bio-Scientific CO., LTD, Xi’an, China) was emulsified in
complete Freund’s adjuvant (Difco, Detroit, MI) containing 5
mg/ml of heat-killedMycobacterium tuberculosis H37RA (Difco,
Detroit, MI) and subcutaneously (s.c.) injected into both flanks
of C57BL/6 mice (6–8 weeks) on day 0. On day 0 and day 2, 200
ng of pertussis toxin (List Biological Laboratories, Campbell, CA)
in 200 ml of PBS was given to each mouse via tail vein. The
peptide sequence is Met-Glu-Val-Gly-Trp-Tyr-Arg-Ser-Pro-
Phe-Ser-Arg-Val-Val-His-Leu-Tyr-Arg-Asn-Gly-Lys and the
purity is >95% (CL Bio-Scientific Co., Ltd., Xi’an, China).

PTL Administration
PTL was purchased from Tianjin Shilan Technology company,
purity >98%, and dissolved in DMSO (dimethyl sulfoxide;
Sigma-Aldrich, Missouri, USA). For the treated group, PTL
was intraperitoneally administered at 10 mg/kg of body weight
three times per week from day 1 after EAE induction according
to the previous reports (14, 22, 34). For the therapy group, mice
that showed clinical symptoms on day 11 after induction were
selected and randomly divided into two groups to receive PTL 10
mg/kg of body weight three times per week or DMSO (22).

Clinical Scoring
Clinical scores of EAE were measured daily from day 0 to day 28.
The EAE mice were weighed and examined daily, and disease
symptoms were assessed using the following standard score
system: 0, no obvious changes in motor functions; 1.0, limp
tail; 2.0, limp tail and wobbly gait; 3.0, bilateral hind limb
paralysis; 4.0, complete hind limb and partial fore limb
paralysis and 5.0, death (35). This scale allows the assessment
of subtle changes in neuronal pathology. The clinical score of 1.0
or above is used to calculate the incidence rate, and <0.5 is the
recovery period. The clinical scoring was evaluated and
calculated in a blinded manner.

Histology
Mice were sacrificed at day 21 after immunization and the
lumbar segment of spinal cords from EAE mice pretreated
with PTL or DMSO were removed and fixed in 4%
paraformaldehyde. Fixed spinal cords were embedded with
April 2022 | Volume 13 | Article 856694
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paraffin and cut into 10-mm sections. Hematoxylin-eosin (H&E)
and Luxol fast blue (Alfa Aesar, Ward Hill, USA) were used to
examine the inflammatory infiltration and demyelination,
respectively. The percentage of inflammatory infiltration and
demyelination areas were measured by software ImageJ.

Preparation of Single-Cell Suspensions
From CNS
Animals were perfused with cold PBS. The brains and spinal
cords were dissected and passed through a 70-mm strainer. Then,
the cells were incubated in 2.5 mg/ml collagenase D for 60 min at
37°C. The cells were washed in RPMI 1640 medium, and
mononuclear cells were isolated using a discontinuous Percoll
gradient (Pharmacia).

Flow Cytometry
Single-cell suspensions were separated from spleens, lymph
nodes, and spinal cords of DMSO or PTL-treated EAE mice at
onset and peak phase. For Th1, Th2, and Th17 cell staining, cells
were cultured (in triplicate) in complete RPMI 1640 medium
(containing 100 mM sodium pyruvate, 200 mM L-glutamine, 1
mg/ml penicillin/streptomycin, and 10% fetal bovine serum) and
stimulated with 50 ng/ml PMA (phorbol 12-myristate 13-acetate;
Enzo Life Sciences, Farmingdale, USA), 500 ng/ml ionomycin
(Enzo Life Sciences, Farmingdale, USA), and 1 mg/ml Brefeldin A
(Sigma-Aldrich, Missouri, USA) for 5 h. Cells were washed with
PBS and stained with APC-conjugated rat anti-mouse CD4
(eBioscience, CA, USA). Next, the cells were fixed,
permeabilized, and stained with PE-conjugated rat anti-mouse
IL-17A (eBioscience, CA, USA), FITC-conjugated rat anti-
mouse IFN-g (eBioscience, CA, USA), and PE-conjugated rat
anti-mouse IL-4 (eBioscience, CA, USA). Nonspecific staining
was monitored with isotype antibody controls. For Treg cell
staining, cells without stimulation were directly stained with cell
surface markers including APC-conjugated rat anti-mouse CD4
(eBioscience, CA, USA) and FITC-conjugated rat anti-mouse
CD25 (eBioscience, CA, USA). Next, the cells were fixed,
permeabilized, and stained by PE-conjugated rat anti-mouse
Foxp3 (eBioscience, CA, USA). BD FACSCelesta (BD, CA,
USA) was used to measure the cells and FlowJo software (Tree
star, Ashland, OR) was used to analyze the FACS data.

Real-Time qPCR
The total mRNA was extracted from PTL or DMSO-treated
mouse CNS, spleen, lymph node tissue, or differentiation Th17
cells by using TRIzol reagent (Invitrogen, CA, USA). Random
hexamers and M-MLV reverse transcriptase (Invitrogen,
Oregon, USA) were used for the conversion of mRNA to
cDNA. The mRNA expression was measured by using SYBR
green mix (Newbio industry, Beijing, China) and the ABI 7500
fast instrument (Applied Biosystems, Foster City, CA). The
primer sequences of target genes were as follows:

IL-4 Forward: TCATCGGCATTTTGAACGAG

Reverse: TTTGGCACATCCATCTCCG

IL-6 Forward: AGCCAGAGTCCTTCAGAGAG
Frontiers in Immunology | www.frontiersin.org 3
Reverse: GATGGTCTTGGTCCTTAGCC

IL-17a Forward: CTCCAGAAGGCCCTCAGACTAC

Reverse: AGCTTTCCCTCCGCATTGACACAG

IL-17f Forward: GAGGATAACACTGTGAGAGTTGAC

Reverse: GAGTTCATGGTGCTGTCTTCC

IL-22 Forward: CATGCAGGAGGTGGTACCTT

Reverse: CAGACGCAAGCATTTCTCAG

IFN-g Forward: GCATTCATGAGTATTGCCAAGTTT
Reverse: GATTCCGGCAACAGCTGGT

TNF-a Forward: ACCCTCACACTCAGATCATC

Reverse: GAGTAGACAAGGTACAACCC

T-bet Forward: GCCAGGGAACCGCTTATATG

Reverse: GACGATCATCTGGGTCACATTGT

RORc Forward: AGTGTAATGTGGCCTACTCCT

Reverse: GCTGCTGTTGCAGTTGTTTCT

IL-21 Forward: GCCTCCTGATTAGACTTCGTCAC

Reverse: CAGGCAAAAGCTGCATGCTCAC

GM-CSF Forward: GGCCTTGGAAGCATGTAGAGG

Reverse: GGAGAACTCGTTAGAGACGACTT

GATA3 Forward: CCTCTGGAGGAGGAACGCTAAT

Reverse: GTTTCGGGTCTGGATGCCTTCT

Foxp3 Forward: CCTGGTTGTGAGAAGGTCTTCG

Reverse: TGCTCCAGAGACTGCACCACTT

IL-10 Forward: CGGGAAGACAATAACTGCACCC

Reverse: CGGTTAGCAGTATGTTGTCCAGC

GAPDH Forward: ACCACAGTCCATGCCATCAC

Reverse: TCCACCACCCTGTTGCTGTA
T-Cell Proliferation and Cytokine Array
At day 21 after immunization, splenocytes (5 × 105/well) were
separated from PTL- or DMSO-treated EAE mice and cultured
in 96-well plates with complete medium. Cells were treated
without or with different doses of the MOG35–55 peptide at 37°
C in 5% CO2 for 72 h. The proliferation rate was measured using
the colorimetric Cell Proliferation ELISA BrdU Kit (Roche,
Basel, Switzerland).

At day 21 after immunization, splenocytes (5 × 105/well) were
separated from EAE mice and cultured in 96-well plate with
complete medium. Cells were activated with MOG35–55 peptide
(20 mg/ml), cultured without or with different doses of PTL at 37°
C in 5% CO2 for 72 h. The proliferation rate was measured using
the colorimetric Cell Proliferation ELISA BrdU Kit (Roche,
Basel, Switzerland).

Ex vivo T-cell recall assays were performed on day 21 after
immunization. Splenocytes (5×105) were cultured in 96-well
with 100 µl of RPMI 1640 medium with or without 20 µg/ml
of peptide MOG35–55 peptide or a non-relevant peptide
(ovalbumin OVA323–339; Sigma-Aldrich, Missouri, USA).
After 72 h, the supernatants were collected and the IFN-g and
IL-17A were measured by using ELISA kits (BioLegend, CA,
USA) following the manufacturer’s instructions.
April 2022 | Volume 13 | Article 856694

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


Zhang et al. PTL Treatment Alleviates EAE
T Helper Cell Differentiation
Total CD4+ naïve T cells were isolated from spleen and lymph
nodes by using Magnisort™Mouse CD4 naïve T cells Enrichment
Kit (Invitrogen, CA, USA) according to the manufacturer’s
instructions. Twenty-four-well plates were pre-coated with anti-
mouse CD3 mAb (5µg/ml; BioLegend, CA, USA) and anti-mouse
CD28 mAb (2 µg/ml; BioLegend, CA, USA) at 4°C overnight. For
Th17 cell differentiation, 5×105 CD4+ T cells were seeded in the
24-well plates and cultured at Th17 polarizing condition medium
supplemented with IL-6 (20 ng/ml), TGF-b1 (2 ng/ml), anti-IL4
(10 µg/ml), and anti-IFN-g (10 µg/ml) for 4 days. For Th1 cell
differentiation, equal amount of CD4+ T cells were seeded in the
24-well plate and cultured at Th1 polarizing condition medium
supplemented with IL-12 (20 ng/ml), anti-IL4 (10 µg/ml) for 4
days. For Treg cell differentiation, equal amounts of CD4+ T cells
were seeded in the 24-well plates and cultured at Treg polarizing
condition medium supplemented with TGF-b1(5 ng/ml) and IL-2
(2 ng/ml) for 4 days. During the differentiation, cells were treated
with PTL (3 mM). After the differentiation, cells were collected and
detected by FACS. All cytokines were purchased from R&D
Systems and BD Biosciences. mRNA expression of Th1-, Treg-,
and Th17-related cytokines, transcription factors, and surface
receptors was measured by RT-qPCR.

Western Blot
Western blotting was used to detect the expression of pIkBa, IkBa,
c-Rel, p65, and ROR-gt protein in the Jurkat cells and Th17 cells.
Naïve CD4+ T cells were cultured under Th17 polarizing
conditions with PTL (0, 1, and 3 mM) for 3 days. Jurkat cells
were treated with PTL (0, 1, and 3 mM) and incubated for 24 h. For
total protein extraction, RIPA lysis buffer (Sigma-Aldrich,
Missouri, USA) with protease and phosphatase inhibitor mixture
(Sigma-Aldrich, Missouri, USA) was used for the whole-cell lysate.
Nucleoprotein extract was followed by nuclear and cytoplasmic
extraction reagents (Thermo Fisher, Waltham, USA). Protein
concentration was determined by BCA protein assay kit (Sigma-
Aldrich, Missouri, USA). Proteins were detected using various
primary antibodies and antibody–antigen complexes were
measured by the Chemiluminescent HRP Substrate (Millipore,
MA, USA). Antibody for pIkBa, IkBa, c-Rel, and p65 were
purchased from Cell Signaling. RORgt were purchased from
Abcam. b-actin was purchased from Sungene.

Statistical Analysis
Statistical significance was determined by unpaired Student’s t-test,
two-way analysis of variance (ANOVA), andMann–WhitneyU test.
In all the statistical comparisons, when p value < 0.05, the difference
was considered to be significant (*p < 0.05, **p < 0.01, ***p < 0.001).
All the data were presented as the mean ± standard deviation (SD).
RESULTS

PTL Ameliorated the Clinical Symptoms of
Mice With EAE
To explore the potential anti-inflammatory role of PTL in EAE,
we treated mice with PTL (10 mg/kg) or vehicle control (DMSO)
Frontiers in Immunology | www.frontiersin.org 4
from day 1 post-immunization. Compared with the DMSO
control group, PTL-treated mice showed lower clinical scores
from day 10 to 28 after immunization (Figure 1A). Besides,
treatment with PTL delayed the occurrence of EAE and
decreased the EAE incidence (Figures 1A, B). In addition,
treatment with PTL ameliorated inflammatory infiltration and
demyelination in spinal cords, which were isolated from EAE
mice on day 21 (Figures 1C, D). Furthermore, to investigate the
therapy effects of PTL on EAE, EAE mice were treated with PTL
or DMSO from day 11 (onset day) after immunization.
Compared with the DMSO control group, PTL-treated mice
showed obviously decreased clinical scores and mean maximal
scores of EAE (Figures 1E, F). Collectively, these data suggested
that PTL significantly ameliorated the clinical symptom of
mice EAE.

PTL-Treated Reduced Th1 and Th17
Response in CNS of EAE Mice
Pathogenic CD4+ T subsets in CNS play key roles during EAE
progression. To investigate the function of PTL on pathogenic T
cells in CNS, brain cells and spinal cord cells were harvested on
day 21 of EAE mice. PTL treatment decreased the percentage
(Figure 2A) and total cell number (Figure 2B) of CD4+ T cells
compared with the DMSO control group. Furthermore, both the
cell percentage and cell number of Th1 and Th17 cells were
decreased by PTL treatment, while there is no significant change
in Th2 cells between the PTL-treated group and the control
group (Figures 2C–E). Consistently, mRNA expression of Th17-
related inflammatory factors (Il17a, Il17f, Il22, and Gmcsf) and
transcription factors (Rorc), and Th1 related inflammatory
factors (Ifng) were downregulated, while transcription factors
(Tbet), Th2-related inflammatory factors (Il4), and transcription
factors (Gata3) were not affected by PTL treatment (Figure 2F).
Taken together, our results suggested that PTL could reduce
immune cell infiltration and suppress Th1 and Th17 responses,
but not Th2 responses in the CNS during the peak phase of EAE.

PTL Inhibited Th1 and Th17 Response in
Peripheral Immune Organs of EAE Mice
To investigate whether the reduction of CD4+ T cell infiltration,
especially Th1 and Th17 cells, in the CNS was caused by an
abnormal activation in peripheral immune organs, we examined
the Th1, Th2, Th17, and Treg cells in spleen and LN of PTL- and
DMSO-treated EAE mice on day 11 after immunization. In both
spleen and lymph node, PTL treatment inhibited the Th1 and
Th17 cell response evidenced by decreasing the percentage and
total number of IFN-g- and IL-17A-positive Th cells.
Nevertheless, the percentage and total number of Th2 cells
were not significantly changed between the PTL-treated and
DMSO control groups (Figures 3A–C). Both Th2 and Tregs cells
are immune inhibitory cells and have protective roles in EAE
development and progression. Since Th2 cell response was not
affected by PTL, we further detected the Tregs in spleen and
lymph node by labeled Tregs with CD4, CD25, and Foxp3
antibodies. PTL did not influence the percentage of Tregs in
both spleen and lymph node (Figures 3D, E). To confirm these
April 2022 | Volume 13 | Article 856694
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findings, RT-qPCR was performed to examine the mRNA
expression of Th1-, Th2-, Th17-, and Treg cell-related
cytokines in lymphocytes of PTL- and DMSO-treated EAE
mice. As shown in Figure 3F, the expression of Th1 (Ifng)-
and Th17 (Il17a and Il17f)-related cytokines significantly
reduced after PTL treatment. In contrast, there were no
significantly changes in Th2 (Il4)- and Treg (Il10)-related
cytokines between two groups. These results suggested that
PTL inhibited the response of Th1 and Th17 cells in peripheral
immune organs during the onset of EAE.
Frontiers in Immunology | www.frontiersin.org 5
PTL Suppressed the Th1 and Th17
Cell Responses After
MOG35–55 Re-Stimulation
To further explore whether the suppression function of PTL was
related to MOG-specific T cells, the splenocytes from PTL- or
DMSO-treated EAE mice were separated on day 21 after
immunization and the proliferation was measured by BrdU
stain after MOG35-55 peptide restimulation at the indicated
concentrations. Results showed that MOG35-55 stimulated
proliferation of splenocytes from DMSO-treated EAE mice in a
A B

D

E F

C

FIGURE 1 | PTL ameliorated the clinical symptoms of EAE mouse. (A) Mean clinical scores of EAE mice treated with PTL (10 mg/kg) or DMSO (n = 24 mice/group).
(B) Incidence of EAE in the DMSO group and PTL (10 mg/kg)-treated group (n = 24). (C) H&E staining and Luxol fast blue staining of spinal cords isolated from
DMSO-treated mice and PTL-treated mice (n = 3 mice/group) on day 21 after immunization. (D) Quantification of spinal cord infiltrates and demyelination in the
sections, presented as infiltrates per mm2 (left) and demyelination area relative to total analyzed area (right) of DMSO-treated mice and PTL-treated mice shown in
(D, E) Mean clinical scores of EAE therapy with PTL (10 mg/kg) or DMSO (n = 18 mice/group). (F) Mean maximum clinical score of EAE mice treated with PTL (10
mg/kg) or DMSO. Data shown are representative of 3 independent experiments. The error bars shown were mean ± SD. *p < 0.05, **p < 0.01, ****p < 0.001 using
unpaired Student’s t-test. Two-way analysis of variance (ANOVA) followed by Bonferroni’s post-hoc test, was applied for multiple comparisons. For EAE scoring,
groups were compared using Mann–Whitney U test.
April 2022 | Volume 13 | Article 856694
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FIGURE 2 | PTL treatment reduced Th1 and Th17 response in CNS of EAE mouse. Cells were isolated from the CNS of EAE mice treated with DMSO or PTL on
day 21 after the immunizations and stimulated with PMA/ion plus golgi stop for 5 h (A) Percentage of CD4+ T cell and (B) absolute number of CD4+ T cell in CNS of
EAE mice treated with PTL or DMSO (n = 8). (C, D) Percentage of Th1, Th2, and Th17 cells in CNS of two groups of EAE mice (n = 5). (E) Cell numbers of Th1,
Th2, and Th17 cells in the CNS of two groups of EAE mice. (F) RT-PCR analysis of mRNA expression of Th1, Th2, and Th17 cell-related cytokines and transcription
factors, in lymphocytes separated from the CNS of two groups of EAE mice (n = 3). Data shown are representative of 3 independent experiments. The error bars
shown were the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 using unpaired Student’s t-test. ns means “not significant”.
Frontiers in Immunology | www.frontiersin.org April 2022 | Volume 13 | Article 8566946
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dose-dependent manner, whereas the stimulatory effect was
significantly lower on splenocytes from PTL-treated EAE mice
(Figure 4A). Furthermore, PTL inhibited proliferation of
splenocytes from EAE mice in the challenge of 20 mg/ml
MOG35–55 in a dose-dependent manner (Figure 4B). To
further explore the biological function of PTL on MOG-
specific T-cell re-activation, we performed ex vivo antigen-
specific recall assays and detected cytokine secretion in culture
supernatant by ELISA. The results showed that MOG-specific T
cells from PTL-treated mice produced less IFN-g and IL-17A
than those from DMSO treated mice (Figures 4C, D). In
addition, OVA stimulation showed no obvious differences on
IFN-g and IL-17A levels between PTL- and DMSO-treated mice.
These results suggested that PTL significantly inhibited the
reactivation of MOG-specific Th1 and Th17 cell response.

PTL Suppressed Th17 Differentiation
Since PTL could significantly inhibit Th1 and Th17 cell response
in EAE mice, we further investigate the effect of PTL on the
Frontiers in Immunology | www.frontiersin.org 7
differentiation of naïve T cells. Naïve CD4+ T cells were sorted
from spleen and LN and cultured with PTL under Th1, Th17, and
Treg differentiation conditions for 4 days. Interestingly, PTL did
not affect the differentiation of Th1 cell or Tregs, but significantly
decreased the differentiation of Th17 (Figures 5A–G). In
addition, RT-qPCR was used to detect the expression of
representative cytokines, transcription factors, and Th cells. As
shown in Figures 5C, E, H, PTL did not affect the expression of
Ifn-g, T-bet, Il-10, and Foxp3 significantly, but inhibited the
expression of cytokine Il-17a and transcription factor Rorc in
Th17 cells. These data further indicated that PTL could inhibit the
differentiation of Th17 cells in vitro.

PTL Inhibited Th17 Differentiation Through
Suppressing the NF-kB/ROR-gt Pathway
In order to systematically explore the effects of PTL on Th17
cells, we further studied the potential molecular mechanism of
PTL on Th17 cell inhibition. Previous studies have shown that
PTL could inhibit the NF-kB activation. Since the NF-kB
A

B

D
E

F

C

FIGURE 3 | PTL inhibited Th1 and Th17 response in peripheral immune organs of EAE mice. Cells were isolated from the spleen (left) or lymph node (right) of EAE
mice treated with DMSO or PTL (n = 6) on day 12 after the immunizations and stimulated with or without PMA/ion plus golgi stop for 5 h (A) Percentage of Th1
(represented by IFN-g), Th2 (represented by IL-4), and Th17 (represented by IL-17A) in spleens and lymph node of two groups of EAE mice. (B) Statistical analysis of
Th1, Th2, and Th17 cell numbers in spleens of two groups of EAE mice. (C) Statistical analysis of Th1, Th2, and Th17 cell numbers in lymph nodes of two groups of
EAE mice. (D) Percentage of Tregs from spleen (left) and lymph node (right) of two groups of EAE mice. (E) Statistical analysis of Tregs number in spleen and lymph
node. (F) RT-PCR analysis of mRNA expression of Th1, Th2, Th17, and Treg cell-related cytokines, transcription factors, and surface receptors in CD4+ T cells
separated from spleen of two groups of EAE mice (n = 3) on day 13 after the immunizations. Data shown are representative of 3 independent experiments. The error
bars shown were the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 using unpaired Student’s t-test. ns means “not significant”.
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pathway plays an important role in the processes of T-cell
activation (36), we hypothesized that PTL may inhibit Th17
cell differentiation via regulating the NF-kB pathway. To verify
this hypothesis, naïve CD4+ T cells were sorted from spleen and
LN and cultured with PTL (0, 1, and 3 mM) under Th17
polarization conditions for 48 h. The protein expression of
pIkBa in Th17 cells was significantly inhibited after PTL
treatment. Consistently, p65 and c-Rel, when combined with
IkBa in the cytoplasm, were significantly decreased in cell
nucleus (Figures 6A, B). Based on the finding that the Rel-
RORgt transcriptional axis plays critical roles in Th17 cell
differentiation and response (31), we further investigated if
PTL could suppress the ROR-gt expression under Th17
differentiation conditions. As expected, PTL significantly
inhibited the ROR-gt signaling (Figures 6A, B). In addition,
Jurkat cells were used to confirm the results we obtained in
primary Th17 cells, and as shown in Figure 6C, PTL inhibited c-
Rel and RORgt expression in Jurkat cells. Together, these results
indicated that PTL could inhibit Th17 cell differentiation via
suppressing NF-kB/ROR-gt.
DISCUSSION

PTL is extracted from the medicinal plant feverfew that has been
applied for the treatment of intermittent fever for centuries (37).
Frontiers in Immunology | www.frontiersin.org 8
Current studies also showed that PTL has strong anti-tumor, anti-
inflammatory, and anti-bacterial properties (16, 38). Recently, in a
coronavirus disease 2019 (COVID-19) study, PTL served as a herbal
candidate for COVID-19 clinical evaluation by reducing cytokines,
including IL-1, IL-2, IL-8, and TNF-a, and inhibiting inflammatory
signaling pathways (39). In this study, the effects of PTL on MS and
EAE inflammation were investigated both in vivo and in vitro. Our
data indicated the significantly protective impact of PTL on EAE, as
evidenced by the reduction in clinical symptoms, incidence of EAE,
inflammatory cell infiltration, and demyelination in CNS. We also
found that PTL alleviated MS by inhibiting MOG-specific Th1 and
Th17 proliferation, reactivation, and cytokine secretion.
Furthermore, our data suggested that PTL inhibiting the
differentiation of Th17 may be due to the suppression of the NF-
kB/ROR-gt signaling pathway.

MS is a typical inflammatory demyelinating disease of the
CNS. As a classical animal model of MS, EAE is widely used to
investigate the pathogenesis and therapeutic methods of MS (40,
41). Since PTL has been reported to have anti-inflammatory
properties, we detected whether PTL has an impact on inhibiting
the auto-immune inflammation of EAE. EAE mice treated with
PTL exhibited a lower clinical score and a lower incidence with
PTL in a dose-dependent manner. Besides, PTL treatment could
also inhibit inflammatory infiltration and demyelination in CNS,
suggesting that PTL can act on MOG-induced autoimmune
inflammatory response. In addition, PTL treatment after EAE
induction (inject PTL around day 11 after immunization)
A B

DC

FIGURE 4 | PTL modulates MOG35–55-reactive Th cell responses at day 21 after EAE induction. (A) Splenocytes were collected from spleen and lymph nodes of
DMSO- and PTL-treated mice and stimulated by MOG33-35 for 48 h in vitro. MOG (0, 0.1, 1, 10, and 20 mg/ml) was added, and cell proliferation was measured by BrdU
incorporation. (B) At day 21 after EAE induction, splenocytes were collected from spleen and lymph nodes and stimulated with or without MOG (20 mg/ml) for 48 h in
vitro. PTL (0, 0.1, 1, and 3 mM) was added, and cell proliferation was detected by BrdU incorporation. At day 21 after EAE induction, lymphocytes were collected from
spleen and lymph nodes of DMSO- and PTL-treated mice and cultured for 72 h without antigen (w/o) or with 20 µg/ml of the immunizing MOG or a non-relevant peptide
(OVA); then, levels of interferon IFN-g (C) and IL-17A (D) were measured by ELISA. The error bars shown were the mean ± SD. *p < 0.05, **p < 0.01, ****p < 0.001,
using unpaired Student’s t-test. Two-way analysis of variance (ANOVA) followed by Bonferroni’s post-hoc test was applied for multiple comparisons.
April 2022 | Volume 13 | Article 856694

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


Zhang et al. PTL Treatment Alleviates EAE
showed a similar protective function of PTL on EAE, suggesting
that PTL can not only prevent but also inhibit the progress
of EAE.

T helper cells, mainly including Th1, Th2, Th17, and Treg cells,
are important components of the adaptive immune system and are
involved in autoimmune diseases (42, 43). Particularly, Th17 cells
have been shown to take part in the pathogenesis of most
autoimmune syndromes (2, 5, 44). In CNS of EAE mice, PTL
significantly decreased CD4+ T cell percentage, especially Th1 and
Th17, but not Th2 cells. In the meantime, PTL could also suppress
Th1- and Th17-related cytokine levels, such as IL-17a, IL-17f, IL-22,
GM-CSF, IFN-g, and TNF-a in EAE mice CNS.

Infiltration of peripherally activated antigen-specific T cells
into the CNS may trigger the onset of MS (45). Therefore, we
investigated the influence of PTL on spleen and lymph nodes and
showed that PTL can decrease the percentages of Th1 and Th17
cells, consistent with the Th1 and Th17 cell percentage in CNS.

Different from Th1 and Th17 cells, Th2 and Treg cells served
as anti-inflammatory cells. As expected, PTL has no impact on
Th2 and Treg cell percentages in both peripheral immune tissue
and CNS. It was reported that PTL did not affect the absolute
number and percentage of Treg cells in spleen of inflammatory
bowel disease (IBD) mice (22), which is consistent with our data.
Moreover, the mRNA expression of inflammatory and Th1-/
Th17- related cytokines (TNF-a, IFN-g, IL-17a, and IL-17f) was
Frontiers in Immunology | www.frontiersin.org 9
suppressed by PTL in lymphocytes from spleen and lymph node
tissue of EAE mice. Together, PTL inhibited the response of Th1
and Th17 in peripheral immune organs, further suppressing the
inflammatory infiltration of Th1 and Th17 into CNS in vivo.

Besides the in vivo study we discussed above, to further
investigate PTL function in vitro, PTL- or DMSO-treated MOG-
specific splenocyte T cells were re-stimulated with MOG35-55. PTL
can effectively inhibit the proliferation of T cells that were re-
stimulated by MOG35-55. Meanwhile, MOG-specific T cells from
peripheral lymphatic organs of EAEmice were treated withMOG35-

55 and PTL, showing that PTL inhibits MOG35-55-induced T-cell
proliferation in vitro in a dose-dependent manner. In addition, PTL
decreased Th1- and Th17-related cytokine secretion of antigen-
specific T cells. These data support the conclusion of the previous
study that PTL has immunosuppressive effects by regulating the
activation of Th1 and Th17 in vitro (46). However, without in vivo
study of PTL on an EAEmousemodel, there is not enough evidence
to draw the conclusion that PTL inhibits immune function.
Together with the T-cell recall assays ex vivo, we demonstrated
suppressive effects of PTL on autoimmune inflammation both in
vivo and in vitro. Further study suggested that PTL could prevent
activation and differentiation of Th17 via down-regulating the NF-
kB/RORgt pathway.

Inhibition of T-cell proliferation and differentiation can be
the reason that PTL prevents inflammatory reactivity. We
A
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D E

F
G H

C

FIGURE 5 | PTL suppressed Th17 differentiation. Naïve CD4+ T cells were sorted from spleen and lymph node and polarized with Th0, Th1, Th17, and Treg
condition with or without PTL (3 mM) treatment for 4 days. (A) Flow cytometry was performed to detect the percentage of Th0, Th1, and Th17 of the DMSO group
and PTL group. Statistical analysis of (B) Th1 and (D) Th17 in the PLT group and DMSO group. (F) Flow cytometry was performed to detect the percentage of
Tregs in the DMSO group and PTL group. (G) Statistical analysis of Treg cell percentage in the DMSO and PTL-treated group. (C, E, H) The mRNA expression of
Th1-, Th17-, and Treg-related cytokines and transcription factors was detected by RT-PCR after the differentiation. The error bars shown were the mean ± SD.
*p < 0.05, **p < 0.01 using unpaired Student’s t-test. ns means “not significant”.
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detected that PTL inhibited Th17 cell differentiation in vitro. All
inflammatory molecules secreted by Th17 were significantly
inhibited by PTL treatment. However, Th1 cell differentiation
was not affected by PTL. Combined with the results we obtained
in vivo that PTL can inhibit the activation of Th1 in peripheral
immune system and the expression of INF-g, as well as other
inflammatory factors, PTL may not directly inhibit Th1 cell
function but there may be some other indirect mechanisms
involved in the effects of PTL on Th1 cell response depending
on the local immune microenvironment. As for Th2 and Treg,
PTL did not influence either their proliferation or secretion in
vivo and in vitro.
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Studies have shown that in addition to helper T cells, other
immune cells, such as dendritic cells, macrophage cells, CD8+ T
cells, and B cells, also play an important role in the pathogenesis
of EAE. PTL may improve the clinical symptoms of EAE by
modulating the functions of other immune cells. In vitro, PTL
could induce the secretion of IFN-g and IL-13 from peripheral
blood-derived CD8+ T cells (47). PTL could induce apoptosis in
human B-lymphoma cell lines through NF-KB signaling (48).
Studies also have demonstrated that PTL could mediate the
maturation of dendritic cells (49) and macrophage cells (50).
All these studies show that there may be other ways for PTL to
treat EAE, which need to be further explored.
A

B

D

C

FIGURE 6 | PTL inhibited Th17 differentiation through suppressing the NF-kB pathway. (A) Naïve CD4+ T cells were sorted from spleen and lymph node and polarized
in Th17 condition with PTL (0,1 and 3 mM) for 48 h The expression of phosphorylated IkBa, IkBa, c-Rel, p65, and ROR-gt in the cytoplasm or nucleus was determined
by Western blot. (B) The statistical results of Western blotting gray values from three independent repeated experiments were calculated. (C) Jurkat cells were treated
with PTL (0, 1, and 3 mM) for 24 h. The expression of c-Rel and ROR-gt in cytoplasm or nucleus was detected by Western blot. (D) The statistical results of Western
blotting gray values from three independent repeated experiments were calculated. The error bars shown were the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.005 using
unpaired Student’s t-test. ns means “not significant”.
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NF-kB signaling cascade is critical in the regulation of
immune and inflammatory responses and has been linked to
the pathogenesis of autoimmune demyelinating disease and other
neurodegenerative disorders (51, 52). Mouse gene-targeting
studies have revealed the important functions of each NF-kB
subunit as regulators in various aspects of immunity. Studies have
demonstrated that p105/50 deficiency can protect mice from
EAE, which is associated with the failure of Th1 or Th2 effector
cell differentiation from MOG-specific T cells (30). C-Rel
regulates the expression of ROR-gt and is required for Th17 cell
development, further explaining the ameliorated phenotype of c-
Rel-deficient EAE mice (29). Because PTL can target several
components of the NF-kB signaling pathway to inhibit the
activation of NF-kB, we suspected if PTL may inhibit the
activity of NF-kB to regulate the differentiation of Th cells and
subsequently protect mice from EAE. Our study demonstrated
that PTL can significantly inhibit the phosphorylation of IkBa
and nuclear translocation of p65 and c-Rel, thereby regulating
ROR-gt expression in mouse and human cells. These data
suggested that the inhibitory effect of PTL on Th17 cell
differentiation is through suppressing the NF-kB/ROR-
gt pathway.

In conclusion, our study provided evidence that PTL can
inhibit Th17 cell differentiation by inhibiting the NF-kB/ROR-gt
pathway, further resulting in the alleviation of EAE (Figure 7).
These results suggested that PTL may become a potential
therapeutic drug for autoimmune inflammatory diseases.
Frontiers in Immunology | www.frontiersin.org 11
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Care and Use Committee of the Tianjin Medical University
Eye Hospital.
AUTHOR CONTRIBUTIONS

XZ, RZ, and ZZ designed the research and interpreted data. KZ,
MZ, and ZZ performed experiments and analyzed data. ZZ wrote
the manuscript. XZ and RZ reviewed the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

This work was supported by the National Natural Science
Foundation of China (82171042 and 81870651) and the
Natural Science Foundation of Tianjin (20JCZDJC00100).
REFERENCES
1. Alissafi T, Kalafati L, Lazari M, Filia A, Kloukina I, Manifava M, et al.

Mitochondrial Oxidative Damage Underlies Regulatory T Cell Defects in
Autoimmunity. Cell Metab (2020) 32(4):591–604.e7. doi: 10.1016/
j.cmet.2020.07.001
2. Zhang S, Takaku M, Zou L, Gu AD, ChouWC, Zhang G, et al. Reversing SKI-
SMAD4-Mediated Suppression Is Essential for TH17 Cell Differentiation.
Nature (2017) 551(7678):105–9. doi: 10.1038/nature24283

3. Nagelkerken L. Role of Th1 and Th2 Cells in Autoimmune Demyelinating
Disease. Braz J Med Biol Res = Rev Bras Pesquisas Medicas e Biologicas (1998)
31(1):55–60. doi: 10.1590/s0100-879x1998000100007
FIGURE 7 | Mode pattern for the effect of PTL on the NF-kB/ROR-gt pathway.
April 2022 | Volume 13 | Article 856694

https://doi.org/10.1016/j.cmet.2020.07.001
https://doi.org/10.1016/j.cmet.2020.07.001
https://doi.org/10.1038/nature24283
https://doi.org/10.1590/s0100-879x1998000100007
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. PTL Treatment Alleviates EAE
4. Kuchroo VK, Das MP, Brown JA, Ranger AM, Zamvil SS, Sobel RA, et al. B7-
1 and B7-2 Costimulatory Molecules Activate Differentially the Th1/Th2
Developmental Pathways: Application to Autoimmune Disease Therapy. Cell
(1995) 80(5):707–18. doi: 10.1016/0092-8674(95)90349-6

5. Soleimani M, Jameie SB, Mehdizadeh M, Keradi M, Masoumipoor M,
Mehrabi S. Vitamin D3 Influence the Th1/Th2 Ratio in C57BL/6 Induced
Model of Experimental Autoimmune Encephalomyelitis. Iranian J Basic Med
Sci (2014) 17(10):785–92.

6. Sloka S, Silva C, Wang J, Yong VW. Predominance of Th2 Polarization by
Vitamin D Through a STAT6-Dependent Mechanism. J Neuroinflamm
(2011) 8:56. doi: 10.1186/1742-2094-8-56

7. Hang S, Paik D, Yao L, Kim E, Trinath J, Lu J, et al. Bile Acid Metabolites
Control TH17 and Treg Cell Differentiation. Nature (2019) 576(7785):143–8.
doi: 10.1038/s41586-019-1785-z

8. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al.
The Orphan Nuclear Receptor RORgammat Directs the Differentiation
Program of Proinflammatory IL-17+ T Helper Cells. Cell (2006) 126
(6):1121–33. doi: 10.1016/j.cell.2006.07.035

9. McFarland HF, Martin R. Multiple Sclerosis: A Complicated Picture of
Autoimmunity. Nat Immunol (2007) 8(9):913–9. doi: 10.1038/ni1507

10. Othy S, Jairaman A, Dynes JL, Dong TX, Tune C, Yeromin AV, et al.
Regulatory T Cells Suppress Th17 Cell Ca(2+) Signaling in the Spinal Cord
During Murine Autoimmune Neuroinflammation. Proc Natl Acad Sci USA
(2020) 117(33):20088–99. doi: 10.1073/pnas.2006895117

11. Kurte M, Luz-Crawford P, Vega-Letter AM, Contreras RA, Tejedor G,
Elizondo-Vega R, et al. IL17/IL17RA as a Novel Signaling Axis Driving
Mesenchymal Stem Cell Therapeutic Function in Experimental
Autoimmune Encephalomyelitis. Front Immunol (2018) 9:802. doi: 10.3389/
fimmu.2018.00802

12. Heinrich M, Robles M, West JE, Ortiz de Montellano BR, Rodriguez E.
Ethnopharmacology of Mexican Asteraceae (Compositae). Annu Rev
Pharmacol Toxicol (1998) 38:539–65. doi: 10.1146/annurev.pharmtox.38.1.539

13. Kim SL, Liu YC, Seo SY, Kim SH, Kim IH, Lee SO, et al. Parthenolide Induces
Apoptosis in Colitis-Associated Colon Cancer, Inhibiting NF-kappaB
Signaling. Oncol Lett (2015) 9(5):2135–42. doi: 10.3892/ol.2015.3017

14. Saadane A, Masters S, DiDonato J, Li J, Berger M. Parthenolide Inhibits
IkappaB Kinase, NF-kappaB Activation, and Inflammatory Response in
Cystic Fibrosis Cells and Mice. Am J Respir Cell Mol Biol (2007) 36(6):728–
36. doi: 10.1165/rcmb.2006-0323OC

15. Dell'Agli M, Galli GV, Bosisio E, D'Ambrosio M. Inhibition of NF-kB and
Metalloproteinase-9 Expression and Secretion by Parthenolide Derivatives.
Bioorganic Medicinal Chem Lett (2009) 19(7):1858–60. doi: 10.1016/
j.bmcl.2009.02.080

16. Darwish NHE, Sudha T, Godugu K, Bharali DJ, Elbaz O, El-Ghaffar HAA, et al.
Novel Targeted Nano-Parthenolide Molecule Against NF-kB in Acute Myeloid
Leukemia. Molecules (2019) 24(11):2013. doi: 10.3390/molecules24112103

17. Kwok BH, Koh B, Ndubuisi MI, Elofsson M, Crews CM. The Anti-
Inflammatory Natural Product Parthenolide From the Medicinal Herb
Feverfew Directly Binds to and Inhibits IkappaB Kinase. Chem Biol (2001)
8(8):759–66. doi: 10.1016/s1074-5521(01)00049-7

18. Liu Z, Liu S, Xie Z, Pavlovicz RE, Wu J, Chen P, et al. Modulation of DNA
Methylation by a Sesquiterpene Lactone Parthenolide. J Pharmacol Exp Ther
(2009) 329(2):505–14. doi: 10.1124/jpet.108.147934

19. Guzman ML, Rossi RM, Karnischky L, Li X, Peterson DR, Howard DS, et al.
The Sesquiterpene Lactone Parthenolide Induces Apoptosis of Human Acute
Myelogenous Leukemia Stem and Progenitor Cells. Blood (2005) 105
(11):4163–9. doi: 10.1182/blood-2004-10-4135

20. Li X, Huang R, Li M, Zhu Z, Chen Z, Cui L, et al. Parthenolide Inhibits the
Growth of Non-Small Cell Lung Cancer by Targeting Epidermal Growth Factor
Receptor. Cancer Cell Int (2020) 20(1):561. doi: 10.1186/s12935-020-01658-1

21. Li X, Yang H, Ke J, Liu B, Lv X, Li X, et al. Smad4 Re-Expression Increases the
Sensitivity to Parthenolide in Colorectal Cancer. Oncol Rep (2017) 38
(4):2317–24. doi: 10.3892/or.2017.5929

22. Liu YJ, Tang B, Wang FC, Tang L, Lei YY, Luo Y, et al. Parthenolide
Ameliorates Colon Inflammation Through Regulating Treg/Th17 Balance in
a Gut Microbiota-Dependent Manner. Theranostics (2020) 10(12):5225–41.
doi: 10.7150/thno.43716
Frontiers in Immunology | www.frontiersin.org 12
23. Zhang Y, Huang Q, Chen Y, Peng X, Wang Y, Li S, et al. Parthenolide, an NF-
kappaB Inhibitor, Alleviates Peritoneal Fibrosis by Suppressing the TGF-Beta/
Smad Pathway. Int Immunopharmacol (2020) 78:106064. doi: 10.1016/
j.intimp.2019.106064

24. Mc Guire C, Prinz M, Beyaert R, van Loo G. Nuclear Factor Kappa B (NF-
Kappab) in Multiple Sclerosis Pathology. Trends Mol Med (2013) 19(10):604–
13. doi: 10.1016/j.molmed.2013.08.001

25. van Loo G, De Lorenzi R, Schmidt H, Huth M, Mildner A, Schmidt-Supprian
M, et al. Inhibition of Transcription Factor NF-kappaB in the Central Nervous
System Ameliorates Autoimmune Encephalomyelitis in Mice. Nat Immunol
(2006) 7(9):954–61. doi: 10.1038/ni1372

26. Visekruna A, Volkov A, Steinhoff U. A Key Role for NF-kappaB Transcription
Factor C-Rel in T-Lymphocyte-Differentiation and Effector Functions. Clin
Dev Immunol (2012) 2012:239368. doi: 10.1155/2012/239368

27. Zheng Y, Vig M, Lyons J, Van Parijs L, Beg AA. Combined Deficiency of P50
and Crel in CD4+ T Cells Reveals an Essential Requirement for Nuclear
Factor kappaB in Regulating Mature T Cell Survival and In Vivo Function.
J Exp Med (2003) 197(7):861–74. doi: 10.1084/jem.20021610

28. Kontgen F, Grumont RJ, Strasser A, Metcalf D, Li R, Tarlinton D, et al. Mice
Lacking the C-Rel Proto-Oncogene Exhibit Defects in Lymphocyte
Proliferation, Humoral Immunity, and Interleukin-2 Expression. Genes Dev
(1995) 9(16):1965–77. doi: 10.1101/gad.9.16.1965

29. Powolny-Budnicka I, RiemannM, Tanzer S, Schmid RM, Hehlgans T, Weih F.
RelA and RelB Transcription Factors in Distinct Thymocyte Populations
Control Lymphotoxin-Dependent Interleukin-17 Production in Gammadelta
T Cells. Immunity (2011) 34(3):364–74. doi: 10.1016/j.immuni.2011.02.019

30. Hilliard B, Samoilova EB, Liu TS, Rostami A, Chen Y. Experimental
Autoimmune Encephalomyelitis in NF-Kappa B-Deficient Mice:Roles of
NF-Kappa B in the Activation and Differentiation of Autoreactive T Cells.
J Immunol (1999) 163(5):2937–43.

31. Ruan Q, Kameswaran V, Zhang Y, Zheng S, Sun J, Wang J, et al. The Th17
Immune Response Is Controlled by the Rel-RORgamma-RORgamma T
Transcriptional Axis. J Exp Med (2011) 208(11):2321–33. doi: 10.1084/
jem.20110462

32. Piao CH, Song CH, Lee EJ, Chai OH. Saikosaponin A Ameliorates Nasal
Inflammation by Suppressing IL-6/ROR-Gammat/STAT3/IL-17/NF-kappaB
Pathway in OVA-Induced Allergic Rhinitis. Chem-Biol Interact (2020)
315:108874. doi: 10.1016/j.cbi.2019.108874

33. Zhang Z, Xue Z, Liu Y, Liu H, Guo X, Li Y, et al. MicroRNA-181c Promotes
Th17 Cell Differentiation and Mediates Experimental Autoimmune
Encephalomyelitis. Brain Behav Immun (2018) 70:305–14. doi: 10.1016/
j.bbi.2018.03.011

34. Zhao ZJ, Xiang JY, Liu L, Huang XL, Gan HT. Parthenolide, an Inhibitor of
the Nuclear factor-kappaB Pathway, Ameliorates Dextran Sulfate Sodium-
Induced Colitis in Mice. Int Immunopharmacol (2012) 12(1):169–74.
doi: 10.1016/j.intimp.2011.11.007

35. Xue Z, Zhang Z, Liu H, Li W, Guo X, Zhang Z, et al. lincRNA-Cox2 Regulates
NLRP3 Inflammasome and Autophagy Mediated Neuroinflammation. Cell
Death Differ (2019) 26(1):130–45. doi: 10.1038/s41418-018-0105-8

36. Jutz S, Leitner J, Schmetterer K, Doel-Perez I, Majdic O, Grabmeier-
Pfistershammer K, et al. Assessment of Costimulation and Coinhibition in
a Triple Parameter T Cell Reporter Line: Simultaneous Measurement of NF-
Kappab, NFAT and AP-1. J Immunol Methods (2016) 430:10–20.
doi: 10.1016/j.jim.2016.01.007

37. Wang M, Li Q. Parthenolide Could Become a Promising and Stable Drug
With Anti-Inflammatory Effects. Nat Prod Res (2015) 29(12):1092–101.
doi: 10.1080/14786419.2014.981541

38. Jafari N, Nazeri S, Enferadi ST. Parthenolide Reduces Metastasis by Inhibition
of Vimentin Expression and Induces Apoptosis by Suppression Elongation
Factor Alpha-1 Expression. Phytomed Int J Phytother Phytopharmacol (2018)
41:67–73. doi: 10.1016/j.phymed.2018.01.022

39. Bahrami M, Kamalinejad M, Latifi SA, Seif F, Dadmehr M. Cytokine Storm in
COVID-19 and Parthenolide: Preclinical Evidence. Phytotherapy Res PTR
(2020) 34(10):2429–30. doi: 10.1002/ptr.6776

40. Gaublomme JT, Yosef N, Lee Y, Gertner RS, Yang LV, Wu C, et al. Single-Cell
Genomics Unveils Critical Regulators of Th17 Cell Pathogenicity. Cell (2015)
163(6):1400–12. doi: 10.1016/j.cell.2015.11.009
April 2022 | Volume 13 | Article 856694

https://doi.org/10.1016/0092-8674(95)90349-6
https://doi.org/10.1186/1742-2094-8-56
https://doi.org/10.1038/s41586-019-1785-z
https://doi.org/10.1016/j.cell.2006.07.035
https://doi.org/10.1038/ni1507
https://doi.org/10.1073/pnas.2006895117
https://doi.org/10.3389/fimmu.2018.00802
https://doi.org/10.3389/fimmu.2018.00802
https://doi.org/10.1146/annurev.pharmtox.38.1.539
https://doi.org/10.3892/ol.2015.3017
https://doi.org/10.1165/rcmb.2006-0323OC
https://doi.org/10.1016/j.bmcl.2009.02.080
https://doi.org/10.1016/j.bmcl.2009.02.080
https://doi.org/10.3390/molecules24112103
https://doi.org/10.1016/s1074-5521(01)00049-7
https://doi.org/10.1124/jpet.108.147934
https://doi.org/10.1182/blood-2004-10-4135
https://doi.org/10.1186/s12935-020-01658-1
https://doi.org/10.3892/or.2017.5929
https://doi.org/10.7150/thno.43716
https://doi.org/10.1016/j.intimp.2019.106064
https://doi.org/10.1016/j.intimp.2019.106064
https://doi.org/10.1016/j.molmed.2013.08.001
https://doi.org/10.1038/ni1372
https://doi.org/10.1155/2012/239368
https://doi.org/10.1084/jem.20021610
https://doi.org/10.1101/gad.9.16.1965
https://doi.org/10.1016/j.immuni.2011.02.019
https://doi.org/10.1084/jem.20110462
https://doi.org/10.1084/jem.20110462
https://doi.org/10.1016/j.cbi.2019.108874
https://doi.org/10.1016/j.bbi.2018.03.011
https://doi.org/10.1016/j.bbi.2018.03.011
https://doi.org/10.1016/j.intimp.2011.11.007
https://doi.org/10.1038/s41418-018-0105-8
https://doi.org/10.1016/j.jim.2016.01.007
https://doi.org/10.1080/14786419.2014.981541
https://doi.org/10.1016/j.phymed.2018.01.022
https://doi.org/10.1002/ptr.6776
https://doi.org/10.1016/j.cell.2015.11.009
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. PTL Treatment Alleviates EAE
41. Ousman SS, Tomooka BH, van Noort JM,Wawrousek EF, O'Connor KC, Hafler
DA, et al. Protective and Therapeutic Role for alphaB-Crystallin in Autoimmune
Demyelination. Nature (2007) 448(7152):474–9. doi: 10.1038/nature05935

42. Hirota K, HashimotoM, Ito Y, MatsuuraM, Ito H, TanakaM, et al. Autoimmune
Th17 Cells Induced Synovial Stromal and Innate Lymphoid Cell Secretion of the
Cytokine GM-CSF to Initiate and Augment Autoimmune Arthritis. Immunity
(2018) 48(6):1220–32.e5. doi: 10.1016/j.immuni.2018.04.009

43. Miyara M, Ito Y, Sakaguchi S. TREG-Cell Therapies for Autoimmune
Rheumatic Diseases. Nat Rev Rheumatol (2014) 10(9):543–51. doi: 10.1038/
nrrheum.2014.105

44. Zhang K, Guo Y, Ge Z, Zhang Z, Da Y, Li W, et al. Adiponectin Suppresses T
Helper 17 Cell Differentiation and Limits Autoimmune CNS Inflammation
via the SIRT1/PPARgamma/RORgammat Pathway. Mol Neurobiol (2017) 54
(7):4908–20. doi: 10.1007/s12035-016-0036-7

45. Pender MP. Genetically Determined Failure of Activation-Induced Apoptosis
of Autoreactive T Cells as a Cause of Multiple Sclerosis. Lancet (1998) 351
(9107):978–81. doi: 10.1016/S0140-6736(05)60642-3

46. de Carvalho LSA, Fontes LBA, Gazolla MC, Dias DDS, Juliano MA, Macedo
GC, et al. Parthenolide Modulates Immune Response in Cells From C57BL/6
Mice Induced With Experimental Autoimmune Encephalomyelitis. Planta
Med (2017) 83(8):693–700. doi: 10.1055/s-0042-122783

47. Wahlkvist H, Masjedi K, Gruvberger B, Zuber B, Karlberg AT, Bruze M, et al.
The Lipophilic Hapten Parthenolide Induces Interferon-Gamma and
Interleukin-13 Production by Peripheral Blood-Derived CD8+ T Cells From
Contact Allergic Subjects In Vitro. Br J Dermatol (2008) 158(1):70–7.
doi: 10.1111/j.1365-2133.2007.08287.x

48. Yeo AT, Porco JAJr., Gilmore TD. Bcl-XL, But Not Bcl-2, can Protect Human
B-Lymphoma Cell Lines From Parthenolide-Induced Apoptosis. Cancer Lett
(2012) 318(1):53–60. doi: 10.1016/j.canlet.2011.11.035

49. Uchi H, Arrighi JF, Aubry JP, Furue M, Hauser C. The Sesquiterpene Lactone
Parthenolide Inhibits LPS- But Not TNF-Alpha-Induced Maturation of
Human Monocyte-Derived Dendritic Cells by Inhibition of the P38
Frontiers in Immunology | www.frontiersin.org 13
Mitogen-Activated Protein Kinase Pathway. J Allergy Clin Immunol (2002)
110(2):269–76. doi: 10.1067/mai.2002.126381

50. Popiolek-Barczyk K, Kolosowska N, Piotrowska A, Makuch W, Rojewska E,
Jurga AM, et al. Parthenolide Relieves Pain and Promotes M2 Microglia/
Macrophage Polarization in Rat Model of Neuropathy. Neural Plasticity
(2015) 2015:676473. doi: 10.1155/2015/676473

51. Giuliani C, Napolitano G, Bucci I, Montani V, Monaco F. Nf-kB
Transcription Factor: Role in the Pathogenesis of Inflammatory,
Autoimmune, and Neoplastic Diseases and Therapy Implications. La
Clinica Terapeutica (2001) 152(4):249–53.

52. Liu AH, Wu YT, Wang YP. MicroRNA-129-5p Inhibits the Development of
Autoimmune Encephalomyelitis-Related Epilepsy by Targeting HMGB1
Through the TLR4/NF-kB Signaling Pathway. Brain Res Bull (2017)
132:139–49. doi: 10.1016/j.brainresbull.2017.05.004
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Zhang, Zhang, Zhang and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
April 2022 | Volume 13 | Article 856694

https://doi.org/10.1038/nature05935
https://doi.org/10.1016/j.immuni.2018.04.009
https://doi.org/10.1038/nrrheum.2014.105
https://doi.org/10.1038/nrrheum.2014.105
https://doi.org/10.1007/s12035-016-0036-7
https://doi.org/10.1016/S0140-6736(05)60642-3
https://doi.org/10.1055/s-0042-122783
https://doi.org/10.1111/j.1365-2133.2007.08287.x
https://doi.org/10.1016/j.canlet.2011.11.035
https://doi.org/10.1067/mai.2002.126381
https://doi.org/10.1155/2015/676473
https://doi.org/10.1016/j.brainresbull.2017.05.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Parthenolide Suppresses T Helper 17 and Alleviates Experimental Autoimmune Encephalomyelitis
	Introduction
	Materials and Methods
	Animals
	EAE induction
	PTL Administration
	Clinical Scoring
	Histology
	Preparation of Single-Cell Suspensions From CNS
	Flow Cytometry
	Real-Time qPCR
	T-Cell Proliferation and Cytokine Array
	T Helper Cell Differentiation
	Western Blot
	Statistical Analysis

	Results
	PTL Ameliorated the Clinical Symptoms of Mice With EAE
	PTL-Treated Reduced Th1 and Th17 Response in CNS of EAE Mice
	PTL Inhibited Th1 and Th17 Response in Peripheral Immune Organs of EAE Mice
	PTL Suppressed the Th1 and Th17 Cell Responses After MOG35–55 Re-Stimulation
	PTL Suppressed Th17 Differentiation
	PTL Inhibited Th17 Differentiation Through Suppressing the NF-κB/ROR-&gamma;t Pathway

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


