Immunology

The Journal of cells, molecules, systems and technologies

« British Society for

mmunologﬁ

WA [OINOIeA @ ORIGINAL ARTICLE

Disequilibrium of T helper type 1, 2 and 17 cells and regulatory
T cells during the development of experimental autoimmune

myasthenia gravis

Lili Mu," Bo Sun,'* Qingfei Kong,1
Jinghua Wang,' Guangyou Wang,'
Shujuan Zhang,' Dandan Wang,'
Yumei Liu,' Yixi Liu,! Huixia An®
and Hulun Li'

'Department of Neurobiology, Harbin Medical
University Provincial Key Lab of Neurobiology,
Harbin Medical University, and >Medical
Department of Nephrology, The second Affili-
ated Hospital of Harbin Medical University,
Harbin, Heilongjiang, China

doi:10.1111/j.1365-2567.2009.03089.x
Received 11 December 2008; revised 5
February 2009; accepted 16 February 2009.
*These authors contributed equally to this
work

Correspondence: Hulun Li, Department of
Neurobiology, Harbin Medical University;
Harbin, Heilongjiang 150081, China.
Email: lihulun@yahoo.com.cn

Huixia An, Medical Department of
Nephrology, The second Affiliated Hospital
of Harbin Medical University, Harbin,
Heilongjiang 150081, China.

E-mail: an_huixia@sina.com

Senior author: Hulun Li

Introduction

Autoreactive T-cell responses may be responsible for the
pathogenesis of various autoimmune diseases.' Previously,
CD4" helper T (Th) cells were subdivided into Thi, Th2
and regulatory (Treg) cell subsets, and the cellular
responses of these subpopulations were initially impli-
cated in the pathogenesis of many organ-specific autoim-
mune diseases.”> The Thl cells secrete pro-inflammatory
cytokines such as interferon-y (IFN-y) and interleukin-2
(IL-2), which can transfer cell-mediated immunity. The
Th2 cells secrete anti-inflammatory cytokines like IL-4
and IL-10, which also stimulate the growth and differenti-
ation of B cells and induce the production of antibodies.
Additionally, Treg cells inhibit certain immune cell
responses and are also considered to be anti-inflamma-
tory. However, a new distinct subset of Th cells has been
discovered and designated Th17 based on its secretion of
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Summary

Experimental autoimmune myasthenia gravis (EAMG), an animal model
of myasthenia gravis (MG), is a rare organ-specific autoimmune disease
targeting the autoantigen nicotinic acetylcholine receptor (AChR). We
show here that the balance of T helper type 1 (Thl), Th2, Th17 and regu-
latory T (Treg) subsets of CD4" helper T cells were redistributed during
the development of EAMG and that the interleukin-17 (IL-17) cytokine is
involved in this disease. The ratio of Th17 cells changed most notably
with disease progression accompanied by an up-regulated level of IL-17.
Moreover, the proliferative ability of AChR peptide-specific T cells and
the anti-AChR antibody-secreting cells increased when stimulated by
IL-17 in vitro. These findings suggested that the disequilibrium of the
CD4" helper T-cell subsets could promote the development of EAMG,
and the pathogenic mechanism by which Th17 cells drives autoimmune
responses by secreting cytokine IL-17 provides a new target for myasthe-
nia gravis therapy.

Keywords: CD4" helper T-cell subsets; disequilibrium; experimental auto-
immune myasthenia gravis; interleukin-17; T helper type 17

the novel pro-inflammatory cytokine IL-17.°""" The Th17
cells probably evolved to enhance host clearance of a
range of pathogens distinct from those targeted by Thl
and Th2. Studies have revealed that Th17 cells are the
major pathogenic T-cell subset in experimental auto-
immune encephalitis, which was previously considered to
be a Thl-mediated disease.'>" It is also thought that
Th17 cells play an important role in host defence against
extracellular pathogens, which are not effectively cleared
by Thl or Th2 cells. Being highly pro-inflammatory,
Th17 cells directed against self antigens cause severe auto-
immune diseases such as collagen-induced arthritis.'>'*
Meanwhile, studies in several experimental models have
indicated that IL-17 is a major mediator of tissue inflam-
mation.*” Augmented expression of this cytokine is
observed in patients with various diseases, such as
rheumatoid arthritis,'”” systemic lupus erythematosus,'®
allograft rejection,'” nephritic syndrome,'® asthma'® and
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multiple sclerosis.”® Additionally, overproduction of IL-17
has been noted in a variety of animal models.*' > How-
ever, the immunoregulation of IL-17 and the relationship
among Thl, Th2, Treg and Th17 cells during the initia-
tion and development of autoimmune diseases have not
yet been clearly investigated.

Myasthenia gravis (MG) is one of the rare organ-
specific autoimmune diseases for which the target auto-
antigen, the nicotinic acetylcholine receptor (AChR) of
the neuromuscular junctions, has been well character-
ized.** Immunization in susceptible mouse and rat strains
with AChR emulsified in complete Freund’s adjuvant
(CFA) resulted in experimental autoimmune myasthenia
gravis (EAMG), which is an animal model of MG.*® The
AChR-specific Th cells are associated with autoreactive
antibody production and hence the autoimmune response
in both EAMG and MG. Wang et al.>® demonstrated that
Th17 participate in the process of mouse EAMG in IL-12/
IL-23 knockout mouse. However, the immunoregulatory
roles of IL-17 and Th17 cells have not been elucidated in
EAMG. In this study we demonstrate that the balance of
the CD4" helper T cells was redistributed, while IL-17
and Th17 cells played a critical role in co-ordinating cog-
nate autoreactive T cells and B cells. These interactions
appear to be critical for the genesis of autoantibodies and
the subsequent development of EAMG.

Materials and methods

Animals

Female Lewis rats, 6-8 weeks old and 160-180 g in
weight, were purchased from Peking Vital River Labora-
tory Animal Ltd. (Beijing, China). All rats were bred and
maintained in accordance with the Care and Use of Labo-
ratory Animals guidelines published by the China
National Institute of Health.

Reagents

The peptide corresponding to the 297-116 region of the
rat AChR «-subunit, R97-116 (DGDFAIVKFTKVLLDYT-
GHI), was synthesized by AC Scientific, Inc. (Xian,
China). The rat myelin basic protein (MBP) 68-86 pep-
tide (YGSLPQKSQRSQDENPV) was synthesized by
Sangon Ltd. (Shanghai, China). The IL-17 cytokine was
purchased from PeproTech EC Ltd. (London, UK). Myco-
bacterium tuberculosis (strain H37RA) was purchased
from Difco (Detroit, MI) and CFA was purchased from
Sigma-Aldrich (St Louis, MO). The following antibodies
were purchased from commercially available sources:
fluorescein isothiocyanate (FITC)-conjugated anti-rat
CD4 and phycoerythrin (PE)-conjugated anti-rat Foxp3
(eBioscience, San Diego, CA); PE-conjugated anti-rat
IFN-y; PE-conjugated anti-rat IL-4 and mouse anti-rat
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CD3 (BD Biosciences, San Jose, CA); rabbit anti-rat IL-17
(Santa Cruz Biotechnology, Santa Cruz, CA); Cy3-conju-
gated goat anti-rabbit immunoglobulin G (IgG) and
PE-Cy5-conjugated goat anti-mouse IgG (Caltag Labora-
tories, Burlingame, CA). The fixation and permeabilization
kit used for flow cytometry was supplied by eBioscience.

Induction and clinical scoring of EAMG

The EAMG rats were anaesthetized and immunized sub-
cutaneously in the tail with 200 pl inocula containing
50 pg R97-116 peptides in 100 pl CFA supplemented with
1 mg M. tuberculosis and 100 pl phosphate-buffered saline
(PBS) on day 0, and then the rats were boosted on day 30
with the same peptide in incomplete Freund’s adjuvant.
The control rats, designated as the CFA group, received the
same emulsion except PBS was used instead of the peptide.

After the first immunization, each animal was weighed
on alternate days until killed (6-8 weeks). The severity of
clinical signs of EAMG was scored by measuring muscular
weakness in a blinded fashion. Clinical scoring was based
on the presence of tremor, hunched posture, muscle
weakness, and fatiguability. Fatiguability was assessed after
exercise (repetitive paw grips on the cage grid) for 30 sec-
onds. Disease severity was expressed as follows®®: Grade
0 = normal muscle strength; Grade 1 = mildly decreased
activity, weak grip, fatiguable; Grade 2 = weakness,
hunched posture at rest, decreased body weight, tremor;
Grade 3 = severe generalized weakness, marked decrease
in body weight, moribund; Grade 4 = dead. Rats with
intermediate signs were assigned grades of 1.5, 2.5 or 3.5,
as appropriate. Results are expressed as the mean score of
each group at each time-point.

Preparation of mononuclear cells from lymph nodes

Mononuclear cells (MNC) were obtained from the popli-
teal, inguinal and para-aortic lymph nodes isolated from
killed rats of both EAMG and CFA groups on day 14 and
day 42 after the first immunization. Cells were washed
three times in RPMI-1640, then cultured in EAMG
lymphocyte culture medium, which was RPMI-1640
medium (Hyclone, Logan, UT) containing 10% fetal
bovine serum (Gibco, Paisley, UK), 1% L-glutamine, 1%
sodium pyruvate, 1% non-essential amino acids,
2 x 1077 M 2-mercaptoethanol (Amresco, Solon, OH) and
1% penicillin—streptomycin (Gibco). Lymph node MNC
were then adjusted to 2 x 10° cells/ml.

T-cell proliferation assay

Triplicate aliquots (200 pl) of MNC suspensions contain-
ing 4 X 10° cells were placed in 96-well, round-bottom
microtitre plates, and stimulated with R97-116 peptides
(10 pg/ml), R97-116  peptides (10 pg/ml) + IL-17
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(0-05 pg/ml), or PBS. Concanavalin A was used at 5 pg/
ml as a positive control. After 54 hr of incubation, the
cells were pulsed for another 18 hr with 10 pl PBS con-
taining 1 uCi [’H]methylthymidine (specific activity
60 Ci/mmol; China Institute of Atomic Energy, Beijing,
China), and results were expressed as mean counts per
minute of triplicate cultures.

Measurement of cytokines

To detect the cytokine levels in serum, EAMG and CFA
rats were killed on day 14 and day 42 after the first
immunization. The serum was collected for IFN-y, 1L-4,
IL-17, transforming growth factor-f (TGF-f) and IL-6
detection by enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s instructions
(Senxiong Biotech Industry Company, Shanghai, China).
Each sample was tested in triplicate.

To detect the cytokine levels in lymphocyte culture
supernatant, single-cell suspensions of lymph nodes cells
from EAMG and CFA rats were cultured as described
above, and then cultured in the presence of R97-116 pep-
tides (10 pg/ml). Supernatants from different cell culture
groups were collected after 72 hr of stimulation for IFN-
7, IL-4, 1IL-17, TGF-f and IL-6 detection by ELISA as
above. Values were expressed as the mean cytokine con-
centration (pg/ml) £ SD.

Enumeration of AChR-specific IgG-secreting cells

A solid-phase enzyme-linked immunospot (ELISPOT)
assay was employed with some modifications to detect
AChR-specific IgG-secreting cells. Splenocyte suspensions
were prepared and then adjusted to a cell concentration of
2 x 10° cells/ml as described above. The wells were coated
with R97-116 peptides (10 pg/ml) or MBP 68-86 peptides
(10 pg/ml) in 100 pl/well overnight at 4°. Aliquots of
100 pl containing 2 x 10° MNC were added to individual
wells. Then, IL-17 was added to selected wells at a concen-
tration of 0-025 pg/ml as a stimulating cytokine. After
incubation for 24 hr, the wells were emptied, followed by
the addition of rabbit anti-rat IgG, biotinylated swine
anti-rabbit IgG, and avidin-biotin-peroxidase complex
(ABC). After peroxidase staining, the red-brown immuno-
spots which corresponded to the cells that had secreted
anti-AChR or anti-MBP IgG antibodies were counted
under a dissection microscope and standardized to num-
bers of spots per 10° MNC.

Determination of Th lymphocyte subsets by FACS

EAMG and CFA rats were killed on day 14 and day 42
after the first immunization. Lymph node MNC were har-
vested and prepared as described above. To evaluate distri-
bution profiles of the CD4" T-cell subsets, we performed a
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standard flow cytometry assay. Brefeldin A, a protein
transport inhibitor that inhibits cytokine secretion, was
added into the cell culture media and incubated for 5 hr.
After washing twice with staining buffer, cells were stained
extracellularly with mouse anti-rat CD3 followed by PE-
Cy5-conjugated goat anti-mouse I1gG or FITC-conjugated
anti-CD4. After fixation and permeabilization, cells were
stained intracellularly with PE-conjugated anti-rat-IFN-7,
anti-rat-IL-4, anti-rat-Foxp3, or rabbit anti-IL-17 followed
by Cy3-conjugated goat anti-rabbit IgG. Isotype-matched
antibodies conjugated with FITC or PE were used as nega-
tive controls. Samples were tested with a FACSCalibur
flow cytometer and data were analysed with CELL QUEST PRO
software (BD Biosciences, San Jose, CA).

Immunohistochemistry

Frozen spleen sections were stained with rabbit anti-rat
IL-17 followed by a horseradish peroxidase-labelled anti-
rabbit secondary antibody and a 3,3’-Diaminobenzidine
(DAB) substrate to detect IL-17 expression. Section areas
and positive cells were measured from digital images
using IMAGE PRO PLUS software (Media Cybernetics, Silver
Springs, MD). The results were averaged and expressed as
cells/mm? tissue section.

Statistical analysis

Data are expressed as the means = SD. Differences
between pairs of groups were analysed by two-tailed
Student’s t-test. Clinical scores were analysed using the
non-parametric Mann-Whitney U-test. The level of
significance was set as P < 0-05.

Results

EAMG induction

EAMG is routinely induced in Lewis rats by a single immu-
nization of purified AChR from Torpedo electroplax in
CFA. In this study we used the peptides R97-116 of the rat
AChR o-subunit in CFA to establish the EAMG.”” The
immunization protocol used was as follows: one immuni-
zation with the peptide (50 pg) in CFA subcutaneously in
the tail base on day 0, followed by a booster injection of the
same peptide (50 pg) in incomplete Freund’s adjuvant on
day 30. The onset and progression of the disease are shown
in Fig. 1. The graph shows two typical clinical phases. The
EAMG rats exhibited muscular weakness around 8 days
post-immunization. The weakness was moderately severe
(0-1) and transient, disappearing after 14 days. Weakness
recurred from 38 day after the first immunization (8 days
after the booster) and was progressive (0-3); at the same
time the average weight decreased. In contrast, CFA rats
developed no obvious EAMG symptoms.
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Figure 1. Variations in body weight (a) and clinical scores of rats
immunized with R97-116 peptides. (b) experimental autoimmune
myasthenia gravis (EAMG) rats developed mild symptoms on day 8
after the first immunization and lasted about 8 days, then recovered.
Clinical manifestations of EAMG such as loss of body weight, tre-
mor, and muscle weakness were evident gradually from day 42 after
the first immunization and rats developed severe EAMG. Rats given
complete Freund’s adjuvant (CFA rats) showed no muscle weakness
(n = 8 rats/group).

The altered distribution of subsets of CD4" T cells
during the development of EAMG

To examine the altered distribution of subsets of CD4" T
cells, we isolated lymph node MNC from CFA and
EAMG rats on days 14 and 42 after the first immuniza-
tion. The cells were cultured for 72 hr in the presence of
R97-116 peptides, and stained with anti-rat-CD3 to set
the gate, then costained with anti-rat-CD4 and anti-rat-
IFN-y, anti-rat-IL-4, anti-rat-IL-17, or anti-rat-Foxp3.
CD4" IFN-y" T cells represented Thl cells; CD4" IL-4" T
cells represented Th2 cells; CD4" IL-17" T cells repre-
sented Th17 cells; and CD4" Foxp3" T cells represented
Treg cells. We first compared the percentage of these four
subsets of CD4" T cells in the early phase. As shown in
Fig. 2(a), the percentage of Thl and Th17 cells of EAMG

© 2009 Blackwell Publishing Ltd, Immunology, 128, e826-e836
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rats was lower than that of CFA rats. However, the per-
centages of Treg and Th2 cells were higher in the EAMG
rats, although there was no statistically significantly differ-
ence between the two groups.

Interestingly, as shown in Fig. 2b, increased percentages
of Thl cells (P < 0-05) and Th17 cells (P < 0-01) together
with reduced percentages of Th2 cells (P < 0-01) and
Treg cells (P < 0-01) were observed in EAMG rats com-
pared with the CFA rats in the late phase. These data sug-
gest that disequilibrium of the four CD4" helper T-cell
subsets occurred in the late phase of EAMG.

Cytokine levels in rat serum and culture supernatants

To detect whether the IFN-y, IL-4, IL-17, TGF-f and IL-6
cytokines were involved in the disease processes, serum
was collected from EAMG and CFA rats killed on day 14
and day 42 after the first immunization, and the cytokine
levels in serum were detected by ELISA. As shown in
Fig. 3, serum IL-4 and IL-17 levels were slightly lower
while IFN-y, TGF-f and IL-6 levels were higher in the
EAMG group on day 14. However, on day 42, we found
increased levels of IFN-y (P < 0-01), IL-17 (P < 0-001)
and TGF-f (P <0-01) and reduced levels of IL-4
(P < 0-01) and IL-6 (P < 0-05) in the EAMG group com-
pared with the CFA group.

In the culture supernatants, as shown in Fig. 4, the
IL-17, TGF-f and IL-6 concentrations were increased in
the EAMG rats, while the IFN-y and IL-4 levels were
nearly the same between the CFA and EAMG rats on day
14. Subsequently, on day 42, IFN-y (P < 0-05), IL-4
(P < 0-001) and IL-17 (P < 0-01) levels were significantly
increased in the EAMG group compared with the CFA
group, although the production of TGF-f (P < 0-01) was
reduced. The average IL-6 concentration was still higher
in the EAMG rats, but there was no statistically significant
difference between the two groups.

Increased expression of IL-17 in the spleen tissue of
EAMG rats

The spleens from the rats were processed as indicated in
the Materials and methods section for the detection of
IL-17 by immunohistochemistry. The expression of IL-17
in the spleen tissue in the EAMG rats (15-82 + 0-47 cells/
mm?) versus the CFA group (6-01 = 0-40 cells/mm?) was
significantly increased (Fig. 5, P < 0-05).

IL-17 enhancement of AChR-specific T-cell
proliferation

To find whether the cytokine IL-17 can affect the AChR-
specific T-cell proliferation, we immunized Lewis rats
with R97-116 peptides. In the early phase on day 14 after
the first immunization, or in the late phase on day 42
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Figure 2. The altered distribution of subsets of CD4" T cells during the development of experimental autoimmune myasthenia gravis (EAMG).
Lymph node mononuclear cells (MNC) from EAMG rats and from rats given complete Freund’s adjuvant (CFA rats) were isolated on day 14
(a) and day 42 (b) after the first immunization. Expressions of interferon-y (IFN-y), interleukin-4 (IL-4), IL-17 and Foxp3 in CD4" T cells were
detected by fluorescence-activated cell sorting, all plots are gated on live CD3" T cells. The figures are representative of three experiments

repeated with similar results and the bar graphs summarize the data. (*P < 0-05, **P < 0-01 versus CFA group, n = 8 rats/group).
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Figure 3. Cytokine concentrations in serum. Experimental autoimmune myasthenia gravis (EAMG) rats and rats given complete Freund’s adju-
vant (CFA rats) were killed on day 14 and day 42 after the first immunization. Interferon-y (IFN-y) (a), interleukin-4 (IL-4) (b), IL-17 (c), trans-
forming growth factor-f (TGF-f) (d) and IL-6 (e) concentrations in serum were detected by enzyme-linked immunosorbent assay. Data are the
means + SD of triplicates of three independent experiments. (*P < 0-05, **P < 0-01, ***P < 0-001 versus CFA group, n = 8 rats/group).

when EAMG was evident, lymph node MNC were pre-
pared and analysed for proliferative responses as
described in the method. In the early phase the cells from
EAMG rats showed no obvious proliferative activity in
response to IL-17 (Fig. 6a). However, the specific
response against IL-17 became evident in the later phase
of EAMG. As shown in Fig. 6(b), IL-17 significantly
increased the T-cell proliferative responses of EAMG rats
to rat AChR 97-116 peptides compared with those of the
CFA rats (P < 0-05). There was no significant difference
between EAMG and CFA rats when MNC were cultured
in the absence of antigen or with concanavalin A.

Effects of IL-17 on B-cell responses assessed by anti-
AChR IgG antibody-secreting cells

The anti-AChR IgG antibody-secreting B cells were
detected by ELISPOT. As the EAMG developed, the num-
bers of anti-AChR antibody-secreting B cells gradually
increased (Fig. 7). Compared with the cells which had no
stimulation, an increased number of anti-AChR antibody-
secreting B cells were found under IL-17 stimulation
(P < 0-05) in the EAMG group in the late phase. In the

© 2009 Blackwell Publishing Ltd, Immunology, 128, e826-e836

early phase more anti-AChR antibody-secreting cells were
observed after adding IL-17, but there were no significant
statistical differences (P > 0-05). The IL-17-stimulated
levels were significantly lower in the CFA rats when
examined in both early and late phases. No significant
statistical differences were found in experiments when
cells were cultured with MBP or left without antigen
between the EAMG rats and the CFA rats (data not
shown).

Discussion

During the development of rat EAMG, there are two clin-
ical phases. The early phase of EAMG begins about 7 days
post-immunization and is self-limiting. Shi et al.*® dem-
onstrated that the macrophages colocalized in the end-
plate regions during the early phase of EAMG in Lewis
rats. Apoptosis of the infiltrating macrophages is a major
cause for their elimination during the early phase. The
late phase of EAMG is mediated by anti-AChR self-reac-
tive antibodies. Recently, it was demonstrated that the
AChR-specific CD4" helper T-cell subsets played a critical
role during the MG/EAMG pathogenic process. They
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Figure 4. Cytokine concentrations in acetylcholine receptor (AChR)-specific mononuclear cell (MNC) culture supernatants. MNC were isolated

from experimental autoimmune myasthenia gravis (EAMG) rats and rats given complete Freund’s adjuvant (CFA rats) killed on day 14 and day

42 after the first immunization and cultured in the presence of R97-116 peptides for 72 hr. The supernatants were collected and used to detect
the interferon-y (IFN-y) (a), interleukin-4 (IL-4) (b), IL-17 (c), transforming growth factor-f (TGF-f) (d) and IL-6 (e) concentrations by
enzyme-linked immunosorbent assay. Data are the means £ SD of triplicates of three independent experiments. (*P < 0-05, **P < 0-01 versus

CFA group, n = 8 rats/group).

induced autoreactive B cells to produce pathogenic auto-
antibodies by producing pro-inflammatory cytokines and
delivering costimulatory signals.*

Historically, Thl cells (CD4" IFN-y"), Th2 cells
(CD4" IL-4") and Treg cells (CD4" Foxp3™") were charac-
terized as classic CD4" helper T-cell subsets and partici-
pated in the autoimmune disease by the cytokine they
secreted. The Thl cytokine IFN-y is required during the
initiation and development of an organ-specific auto-
immune disease, the localized expression of the IFN-y
transgenic in the neuromuscular junction or administra-
tion of IFN-y had more severe EAMG,”™' and gene
knockout of IFN-y leads to a susceptibility to EAMG.>
However, the role of IL-4 in EAMG has been disputed.
Balasa et al. indicated that IL-4 was not required for
EAMG,* while Milani et al. stated that IL-4 could pre-
vent the development of EAMG and its progression to a
self-maintaining, chronic autoimmune disease.’**> Never-
theless, the disequilibrium of these two subsets has been
considered to be the major contributor to pathogenesis in
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the development of EAMG.*® The Treg cells were identi-
fied as another CD4" Th cell subset that was implicated
in the tolerance of EAMG.”” Administration of ex-vivo-
generated Treg cells to myasthenic rats inhibited the pro-
gression of experimental autoimmune MG and led to the
down-regulation of humoral acetylcholine receptor-spe-
cific responses, the subpopulation of CD4" CD25" cells
expressing Foxp3 cells in the spleen of treated rats was
significantly elevated.”® Meanwhile, the cytokine TGF-f
was suggested to play a role in strain-associated resistance
to EAMG.”

Currently, the new CD4" helper T-cell subset of Th17
cells and its effector cytokine IL-17 are considered to have
demonstrated roles in promoting inflammation and auto-
immunity.g’39 However, the effect of Th17 and the IL-17
cytokine in EAMG is not clear. In this study, the ratio of
Thl (CD4" IFN-y") cells, Th2 (CD4" IL-4") cells, Treg
(CD4" Foxp3") cells, and Th17 (CD4"IL-17") cells
between EAMG and CFA groups did not change signifi-
cantly on day 14. However, in the late phase of EAMG

© 2009 Blackwell Publishing Ltd, Immunology, 128, e826-e836



Figure 5. Expression of interleukin-17 (IL-17) in spleen tissue sec-
tions from experimental autoimmune myasthenia gravis (EAMG)
rats and rats given complete Freund’s adjuvant (CFA rats) on day 42
post-immunization. Immunohistochemical staining of IL-17-positive
cells in rat splenic tissues. (a) Expression of IL-17-positive cells in
CFA rats. (b) Expression of IL-17-positive cells in EAMG rats. Mag-
nification: x 200.

on day 42, the ratio of Thl and Th17 cells was increased
while the ratio of Th2 and Treg cells was decreased. Inter-
estingly, the change of Th17 cells was the most notable.
In other words, the balance among these four CD4"
helper T-cell subsets was redistributed. To obtain further
evidence, we detected IFN-y, IL-4, IL-17 and TGF-f
secretions by AChR-specific MNC in vitro. We showed
that the pathogenic factors IFN-y and IL-17 were
increased, and the potential protective factors, IL-4 and
TGEF-f, were decreased in the EAMG group. However,
the serum TGF-f level was higher in the EAMG group;
therefore, we investigated the IL-6 concentration in the
next step. Interleukin-6 is involved in the generation of
AChR-specific T- and B-cell response®® and simulta-
neously, IL-6 is referred to differentiation of Th17 cells.®
Interestingly, the IL-6 level in the culture supernatant was
higher in the EAMG group than in the CFA group
throughout the development of the disease. Naive CD4"

© 2009 Blackwell Publishing Ltd, Immunology, 128, e826-e836
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Figure 6. Proliferative responses of lymph node mononuclear cells
(MNC) from experimental autoimmune myasthenia gravis (EAMG)
rats and rats given complete Freund’s adjuvant (CFA rats) stimulated
by interleukin-17 (IL-17). Lymph node MNC were isolated from
CFA and EAMG rats on day 14 (a) and day 42 (b) after the first
immunization. Triplicate MNC were challenged in vitro with R97—
116 peptides with or without IL-17. Cells were incubated for 72 hr
with the addition [?H]methylthymidine for the final 18 hr of culture.
Values are expressed as the mean counts per minute (c.p.m.) = SD
of three independent experiments. (*P < 0-05 versus EAMG group
in the absence of IL-17, n = 8 rats/group).

T cells induced by TGF-f express Foxp3 and develop into
Treg cells, while the appearance of IL-6 diverts the devel-
opment of Foxp3" regulatory cells towards the Th17 line-
age.”® In our study the increased IL-6 and TGE-p
promoted the development of Thl7 and aggravated
EAMG, and in the late phases suppressed the Treg cells.
The results of serum concentrations of cytokines are
mixed and that could be because of the complex network
of cytokines that could be secreted by many other cells
beside T lymphocytes. Together, our results indicated that
the disequilibrium of Thl, Th2, Th17 and Treg cells was
the major factor during the development of EAMG. Yet,
therapeutic approaches targeting AChR-specific T cells
have not been successfully used, leading to non-specific
therapy to EAMG. The pathogenesis of EAMG was related
to the imbalance of Th1/Th2/Th17/Treg cell subsets, so
promoting the differentiation of Thl and Treg cells and
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Figure 7. Measurement of acetylcholine receptor (AChR)-specific
antibody-secreting cells/10° splenocytes by an ELISPOT assay.
Splenocytes from experimental autoimmune myasthenia gravis
(EAMG) rats and rats given complete Freund’s adjuvant (CFA rats)
were harvested and cultured in vitro in the presence of R97-116
peptides. Interleukin-17 (IL-17) was placed in every second well in
parallel. Comparisons were made between the early and late phases,
and results are expressed as mean values + SD of three independent
experiments. (*P < 0-05 versus EAMG group in the absence of
IL-17, background spots 0-3, n = 8 rats/group).

inhibiting the role of Thl and Th17 cells may become a
new therapeutic goal for EAMG and MG. Meanwhile, our
findings demonstrated that Th17 cells could play a cru-
cially pathogenic role in the generation of high levels of
IL-17 during the development of EAMG. These results
are consistent with the previous description that Th17 is
the major driver of autoimmune syndromes such as colla-
gen-induced arthritis, experimental autoimmune encepha-
litis,*! and lupus.42’43

Specifically, IL-17 is a pleiotropic pro-inflammatory
cytokine that enhances T-cell priming and stimulates epi-
thelial, endothelial and fibroblastic cells to produce multi-
ple pro-inflammatory mediators, including IL-1, IL-6,
TNF-o and chemokines.**** Consequently, the effects of
IL-17 are potentially hazardous because the adaptive
immune system uses it to communicate with the innate
immune system to promote inflammation. Previous stud-
ies have demonstrated that IL-17 was involved in many
autoimmune diseases, including rheumatoid arthritis,
asthma, systemic lupus erythematosus and allograft rejec-
tion.'®*>™*  Therefore, we sought to characterize the
immune regulatory function of IL-17 in terms of T-cell
proliferation and the production of AChR-specific anti-
body secreting B cells. The T-cell proliferation induced by
R97-116 peptide was observed to be increased under
IL-17 stimulation in vitro; that is, IL-17 can up-regulate
T-cell responses.
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Hsu et al.*® indicated that IL-17 could lead to the ini-
tial accumulation of B cells in germinal centres by the
expression of G protein signalling Rgs13 and Rgsl6, and
the absence of IL-17 resulted in a smaller germinal centre
response and a reduced numbers of B cells. In this study,
we showed that the AChR-specific B cells increased after
stimulation by IL-17 in vitro. The induction of IL-17 sug-
gested that it could aggravate the process of EAMG by
regulating the antibody-secreting ability of B cells.

In summary, the findings in our study highlight the
importance of Th17 cells and IL-17 in EAMG. All of these
results show that in EAMG, an antibody-mediated disease,
the changed ratio of Th17 cells was the most conspicuous
among the disequilibrium of Thl, Th2, Treg and Thl7
cells, while the level of IL-17 was up-regulated. The
increased IL-17 can effectively promote the autoreactivity
of T cells, as well as B cells. The activated T and B cells
could then influence each other through cytokines and
aggravate the disease. Although IL-17 seemed not to be
involved in the early phases of EAMG, IL-17 and Th17 cells
could aggravate the disease in the late phases. Therefore,
rebuilding the balance of the CD4" helper T-cell subsets
could become a new therapeutic goal for EAMG and MG.
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