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Abstract Myasthenia gravis (MG) is a prototypical anti-
body-mediated neurological autoimmune disease with the
involvement of humoral immune responses in its patho-
genesis. T follicular helper (Tfh) cells have been impli-
cated in many autoimmune diseases. However, whether
and how Ttfh cells are involved in MG remain unclear.
Here, we established and studied a widely-used and
approved animal model of human MG, the rat model with
acetylcholine receptor alpha (AChRo) subunit (R-
AChRg7_;¢)-induced experimental autoimmune myasthe-
nia gravis (EAMG). This model presented mild body-
weight loss 10 days after the first immunization (repre-
senting the early stage of disease) and more obvious
clinical manifestations and body-weight loss 7 days after
the second immunization (representing the late stage of
disease). AChR-specific pre-Tth cells and mature Tth cells
were detected in these two stages, respectively. In co-
cultures of Tth cells and B cells, the number of IgG2b-
secreting B cells and the level of anti-AChR antibodies in
the supernatant were higher in the cultures containing
EAMG-derived Tfh cells. In immunohistochemistry and
immunofluorescence assays, a substantial number of
CD4"/Bcl-67 T cells and a greater number of larger
germinal centers were observed in lymph node tissues
resected from EAMG rats. Based on these results, we
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hypothesize that an AChR-specific Tth cell-mediated
humoral immune response contributes to the development
of EAMG.
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Introduction

Myasthenia gravis (MG) is an autoimmune disease char-
acterized by pathological changes at the postsynaptic
membrane of neuromuscular junctions. These changes are
mediated by antibodies that bind to self-acetylcholine
receptors (AChRs) or to functionally-related molecules
[1, 2]. The subsequent loss of AChRs initiates muscle
contractions and induces skeletal muscle weakness to cause
fatigue [3]. In the clinic, autoimmune antibodies have been
identified in the serum of MG patients and a therapeutic
effect has been reported in MG patients following CD20-
mediated B cell depletion. Therefore, MG is regarded as a
B cell-mediated autoimmune disease.

When B cells encounter an antigen, they become
activated and migrate into lymphoid follicle areas to form
germinal centers (GCs) and differentiate into plasma cells
that produce autoantibodies [4, 5]. At each of these steps,
interactions between T cells and B cells are required.
Furthermore, these interactions are mediated by cytokines,
chemokines, and T follicular helper (Tth) cells [6, 7]. Tth
cells are a specialized subset of CD4™ helper T cells which
prime B cells located in GCs and subsequently reside in B
cell-enriched GCs to support B cell differentiation and
antibody production [8, 9]. Tth cells express high levels of
C-X-C chemokine receptor type 4 (CXCRS), CD40 ligand,
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interleukin (IL)-21, and transcriptional factor B cell
lymphoma 6 (Bcl-6). Bcl-6 is essential for Tfh cell
differentiation and for the functions of these cells. In
addition, high levels of expression of the cell surface
molecules inducible T cell co-stimulator (ICOS) and
programmed cell death protein 1 (PD-1) are necessary for
the differentiation of Tth cells and their functions [10, 11].
For example, both ICOS and PD-1 provide specific
auxiliary signals for the migration and location of cognate
B cells in secondary lymphoid tissue follicles and GCs.

Due to the essential roles of Tfh cells and the molecules
they express in humoral immunity, overabundance or
dysregulation of Tth cells can facilitate the production of
autoantibodies. The production of autoantibodies is a key
aspect of various human diseases, including hyper-IgM
syndrome [12], systemic lupus erythematosus (SLE) [13],
rheumatoid arthritis [14], and neuroautoimmune diseases
[15, 16]. In MG patients, a higher frequency of Tth cells in
the thymus and a greater number of CXCR5™ CD4™ T cells
in the periphery have been reported [17-19]. Thus, these
findings suggest that Tth cells contribute to the pathogen-
esis of MG. However, the exact pathogenic mechanisms
involving Tth cells in MG have not been clearly elucidated.
Therefore, in this study, we examined the lymph node
tissues of a widely-used and approved animal model of
human MG, the AChRa subunit (R-AChRg;_;;6)-induced
experimental autoimmune myasthenia gravis (EAMG) rat
model [20], in which CD4" T cells contribute to the
pathogenesis of EAMG by promoting the production of
anti-AChR antibodies by B cells [21, 22].

Materials and Methods
Animals

Eight-week-old female Lewis rats (weighing 140 g-160 g)
were purchased from Vital River Laboratory Animal Co.
Ltd. (Beijing, China) and maintained according to the
principles outlined in the Harbin Medical University’s
Guide for the Care and Use of Laboratory Animals
published by the China National Institute of Health. The
studies performed were also approved by the Institutional
Animal Care and Use Committee of Harbin Medical
University.

Clinical Evaluation of EAMG

Specific peptides corresponding to the rat AChRo subunit
(R-AChRy;_116) described previously [23] were synthe-
sized by AC Scientific, Inc. (Xi’an, China). These peptides
were determined to be 95% pure by HPLC analysis.
EAMG was induced as described previously [24]. Briefly,
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the rats were anesthetized with diethyl ether and immu-
nized with 200 pL of inoculums containing 50 pg
R-AChRy;_11¢ peptide and 1 mg Mycobacterium tubercu-
losis strain H37RA (Difco, Detroit, MI) emulsified in
incomplete Freund’s adjuvant (IFA, Sigma Aldrich, St
Louis, MO) at the base of the tail on day 0. Thirty days
later, the rats received a second immunization with the
same dose of Rg7_; 6 peptide emulsified in IFA without M.
tuberculosis. In parallel, rats in the control group only
received complete Freund’s adjuvant (CFA) that contained
the same dose of IFA, M. tuberculosis, and phosphate-
buffered saline (PBS) at their first immunization, and
received only IFA at their second immunization. Disease
severity was evaluated from the first immunization based
on assessments of muscular weakness and body weight loss
in a blinded manner. Fatigue was assessed after a 30-s
exercise regimen of repetitive paw grips on the cage grid.
Clinical signs were observed every second day until the
time of sacrifice and were scored as previously described
[20, 25]: O, no disease; 1, mildly decreased activity and
weak grip or cry, more evident at the end of testing; 2,
obvious clinical signs before exercise (i.e., tremors, head
down, hunched posture, weak grip); 3, severe clinical signs
already present before exercise, no grip, moribund; 4, dead.
Scores of 0.5, 1.5, 2.5, or 3.5 were assigned to rats
exhibiting intermediate signs. Mean scores were reported
for each treatment group at each time point. Animal model
induction rate was greater than 85%.

Enzyme-Linked Immunosorbent Assay (ELISA)

Serum/supernatant anti-AChRa subunit (R-AChRg7_116)
antibody was detected by ELISA. Blood samples were
collected from the thigh vein on day O prior to the first
immunization, and subsequently every six days until the
time of sacrifice. ELISA plates (Corning Costar 96-well
plates, eBioscience, San Diego, CA) were pre-coated with
affinity-purified R-AChRg;_;,¢ peptide (2 pg/mL) in 100
pL of 0.1 mol/L coating buffer (pH 9.6) overnight at 4°C.
After the plates were washed with 0.05% PBS/Tween 20
(PBS-T), they were blocked with 10% fetal calf serum at
room temperature (RT). After 2 h, 100 pL serum samples
at dilutions of 1:100, 1:5000, and 1:10000, or supernatants
without dilution, were added into each well and incubated
at 37°C for 2 h. After 4 washes with PBS-T, rabbit anti-rat
IgG antibody diluted 1:2000 in blocking buffer was added
to each well. After 2 h incubation at RT, horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:5000
dilution, 100 pL) was added to each well and incubated at
37°C for 1 h. After the plates were washed with PBS-T,
100 pL TMB substrate solution (Biolegend, San Diego,
CA) was added to each well. After 15 min at RT in the
dark, the reactions were stopped by addition of 50 pL of 2
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mol/L H,SO,. Absorbance was read at 450 nm with a Bio-
Rad microplate reader (Bio-Rad Laboratories, Inc. Her-
cules, CA) and optical density values are presented as
mean =+ standard deviation (SD).

Tissue Sampling and Immunostaining

Rats were deeply anesthetized prior to tissue resection,
after which tissues were immediately cryoprotected in
Tissue-Tek OCT Compound (Sakura, Japan). Specimens
were sectioned at various thicknesses. Rat lymph nodes for
staining with peanut agglutinin (PNA) or Bcl-6 antibodies
were cut at 7 pum, subsequently quenched with 0.3% H,0,
in methanol for 15 min, and then blocked in 5% normal
horse serum for 30 min. The sections were then incubated
with PNA-biotin (1:500 dilution in PBS; Abcam, Cam-
bridge, MA) or rabbit anti-rat-Bcl-6 secondary antibodies
(diluted 1:100 in PBS; Abcam) overnight at RT. After a
wash step with PBS, the sections were incubated with
streptavidin-conjugated HRP for 2 h. The substrate-chro-
mogen, DAB, was added to visualize PNA-positive cells
and Bcl-6-positive cells. Finally, the sections were coun-
terstained with hematoxylin for 1 min.

For immunofluorescence analysis, 10 pm-thick frozen
sections were prepared and air-dried for alpha-bungaro-
toxin (o-BTX) staining. After a fixation step in cold
acetone for 10 min, sections were blocked in 5% normal
horse serum and then stained with tetramethylrhodamine-
labeled o-BTX (1:500 diluted in 5% horse serum) over-
night at 4°C. To detect Tth cells, 7-um frozen sections of
lymph tissues were double stained with Bcl-6 and CD4.
The staining protocol was similar to that for o-BTX
staining, except that the sections were incubated with
rabbit anti-rat-Bcl-6 (diluted 1:100 in PBS; Abcam) and
mouse anti-rat-CD4 antibodies (diluted 1:500; Abcam)
overnight at 4°C. In addition, anti-mouse FITC IgG
(ZSGB-BIO, Beijing, China) and anti-rabbit Alexa 555
IgG (Invitrogen, CA) secondary antibodies were incubated
with the sections for an additional 2 h. Finally, the sections
were observed under an LSM700 confocal microscope
(Carl Zeiss, Germany) and imaged under the same
conditions. Quantitative immunofluorescence analysis
was performed as previously described with minor mod-
ifications [23]. Dense AChR clusters were labeled red and
Tth cells were defined as CD4"-Bcl-6" cells in lymph
nodes. The sections from all of the groups were stained and
processed in parallel to avoid inter-assay variations.

Flow Cytometry
Propidium Iodide (PI, Biolegend, San Diego, CA) and

5(6)-Carboxyfluorescein diacetate succinimidyl ester
(CFSE, Biolegend) staining was performed following the

manufacturer’s instructions to mark PI-negative CFSE-
positive live cells. Nuclear transcription factors and cell
surface markers were detected by flow cytometry as
described previously [26]. Briefly, cells were first incu-
bated with anti-rat-CD4-FITC, CD4-PERCP, CD45R-PE
(Biolegend), PNA-FITC, CD4-APC, ICOS-PE, CXCRS5-
PERCP, and CD86 PE (Biolegend) antibodies for 30 min at
4°C. Intranuclear staining was performed with Bcl-6-APC
and IgG2b-FITC antibodies (Biolegend) after cells were
fixed and permeabilized. Tth cells were stained with FITC-
anti-rat-CD4/APC-anti-rat-Bcl-6 (CD4+Bcl6+) or FITC-
anti-rat-CD4/PE-anti-rat-ICOS/Percp-anti-rat-CXCR5
(CD4+CXCRS5+ICOS++) combinations of antibodies.
Mononuclear cells were obtained from the inguinal,
popliteal, para-aortic, and axillary lymph nodes of immu-
nized animals. These cells were subsequently stimulated
with 10 pg/mL R-AChRg;_1;¢ in RPMI 1640 medium
(Sigma-Aldrich) supplemented with 1% sodium pyruvate,
10% heat-inactivated fetal bovine serum, 1% non-essential
amino-acids, 1% L-glutamine (Sigma-Aldrich), 1% peni-
cillin-streptomycin (Gibco, Paisley, UK), and 2-mercap-
toethanol (2 x 1073 mol/L, Amresco, Solon, OH) for 72 h
and then stained as described above. Samples were
analyzed within 24 h of staining using a BD FACScan
(BD Biosciences, San Jose, CA) and analyzed with Cell
Quest software (BD Biosciences). Isotype-matched, FITC-,
Percp-, APC-, and PE-conjugated monoclonal antibodies of
irrelevant specificity were used as negative controls.

Isolation of CD4" T cells/yCD45R™ B cells and RT-
PCR

Axillary, inguinal, popliteal, and para-aortic lymph nodes
were dissected seven days after the first immunization.
Mononuclear cells were harvested by passing cell suspen-
sions through a 40-um nylon mesh. CD4" T cells and
CD45R™ B cells were subsequently isolated by negative
selection with a MagCellect Rat CD4™ T Cell Isolation Kit
or a Magcellect Rat B cell Isolation Kit (R&D Sys-
tems, Inc. Minneapolis, MN) according to the manufac-
turer’s instructions.

Total RNA was isolated from enriched CD4" T cells
with TRIzol reagent (Invitrogen) according to the manu-
facturer’s instructions. Complementary DNA was synthe-
sized for each 1 pg total RNA sample with an RT-PCR kit
(TaKaRa, Japan) and a 7500 real-time PCR system was
used to perform semi-quantitative amplification. B-actin
was used as an internal control. The primers used (listed

5 - 3) were: Bcl-6 forward: ATCGAGGTCGT-
GAGGTTGTG, reverse: TCGGATAAGAGGCTGGTGG;
B-actin forward: AGGAGTACGATGAGTCCGGC,

reverse: AAGAAAGGGTGTAAAACGCAGC.
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Fig. 1 Clinical scores and body weights. Clinical scores (A) and
body weights (B) were recorded for both CFA and EAMG rats every
other day after the first immunization. Mild clinical signs occurred
~10 days after the first immunization. Clinical manifestations of
EAMG then gradually became evident 7 days after the second

Co-culture Assays with Tfh Cells and B Cells

To enrich Tfh cells in vitro, CD4T T cells were isolated
from both CFA and EAMG rats. T cells were plated in
48-well plates (500 pL at 1 x 106/mL) and stimulated with
10 pg/mL AChR peptide at 37°C. After 24 h, 200 pL of
freshly-isolated CD45R*T B cells (1 x 10’/mL) from
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Fig. 2 Elevated levels of auto-AChR antibodies in serum and a
reduction in AChRs in muscles. A ELISAs were used to detect anti-
AChR IgG titers on day 45 in samples diluted 1:100, 1:5000, and
1:10000 from the EAMG and CFA groups (n = 3 rats/group). B Anti-
AChR antibody levels in serum samples collected from the two
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immunization. Arrows indicate immunization time-points. In contrast,
rats in the CFA group showed no clinical signs of EAMG or any
abnormal weight loss. Data are from two independent experiments
with 6 rats per condition per experiment (¥*P < 0.05, ***P < 0.001).

EAMG rats were added to each well for co-culture for
another 24 h. The B cells and supernatant fractions from
each well were analyzed by flow cytometry with staining to
detect antibody secretion with anti-rat-B220-PE and
IgG2b-FITC (Biolegend) antibodies, as well as by ELISA
as described above.
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groups every 6 days after the first immunization (n = 6 rats/group)
assessed by ELISA. C, D Forelimb muscle from EAMG (D) and CFA
(C) rats stained with o-BTX as a marker of AChRs. Scale bars, 50
um; n = 4 rats/group. E Fluorescence intensity values (mean £ SD;
*P < 0.05, #P < 0.01, ***P < 0.001).
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Statistical Analysis

Graphpad Prism 5 software (GraphPad, San Diego, CA)
was used for statistical analyses. Data are expressed as the
mean £ SD. An unpaired Student’s #-test was used to
compare numerical data between two groups, while one-
way analysis of variance (ANOVA) was used to compare
data from multiple groups. The statistical differences
between CFA and EAMG in clinical score, body weight,
and anti-AChR antibody level were analyzed with two-way
repeated measures ANOVA followed by Bonferroni’s post-
hoc test. A two-tailed P value of < 0.05 was considered
statistically significant.

Results
Establishment of the EAMG rat model

Clinical scores and body weight of the AChR-immunized
rats were evaluated every other day after the initial
immunization (Fig. 1). Mild body weight loss (representing
mild signs) occurred ~ 10 days after the first immunization
(representing the early stage of disease) (Fig. 1A, B). More
typical clinical manifestations and body weight loss were

gradually evident 7 days after the second immunization
(representing the late stage of disease) (Fig. 1A, B). The
anti-AChR IgG titers (Fig. 2A) in serum samples collected
from the EAMG rats were significantly higher than those
from the CFA rats, independent of the stage of disease or
the time of sample collection (samples were collected
every 6 days after the primary immunization) (Fig. 2B).
However, no further elevation in titer levels occurred after
day 36 post-immunization.

Forelimb muscle tissue from EAMG and control rats
was collected on day 37. This tissue was stained for o-
BTX, a marker of AChRs. The AChR clusters in the
EAMG group were weaker and elongated (Fig. 2D)
compared to those in the CFA group (Fig. 2C, E), implying
a marked reduction of AChRs in EAMG rat muscle. Thus,
the appearance of MG-like clinical signs, elevated anti-
AChHR IgG levels, and a decrease in the number of AChRs
in the AChR-immunized rats indicated that the rat model of
EAMG was successfully established.

Pre-Tth and Tfh Cells Contribute to the Develop-
ment of EAMG

To determine whether Tth cells participate in the progres-
sion of EAMG, CD4'CXCR5" (Fig.3C, D) and
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Fig. 3 Pre-Tfh cells among lymphoid cells. A-F Cells were gated
according to forward scatter/side scatter (FSC/SSC) (A) and then by
PI and CFSE (B). Only PI-negative and CFSE-positive cells (i.e., live
cells) were gated and then analyzed for pre-Tfh cells, including

CD41TCXCR5™" (C, D) and CD4TICOS™ T cells (E, F). (G) Percent-
age of CD4TICOS™ T cells in each group (mean 4 SD; data from
three independent experiments with 6 rats per condition per exper-
iment; **P < 0.01).
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CD41ICOS™ cells (Fig. 3E-G) were detected with flow
cytometry. Initially, PI and CFSE staining were performed
to ensure that only live cells were analyzed (i.e., PI-
negative and CFSE-positive cells) (Fig. 3A, B). Compared
with cells isolated from the CFA group, there was a marked
increase in the percentages of CD4"CXCR5™ (Fig. 3C, D)
and CD4*ICOS™ (Fig. 3E-G) cells, which are regarded as
pre-Tth cells, in the EAMG group. In contrast, very few
mature Tth cells were detected (data not shown). At the
late stage of disease, a greater number of CD4 Bcl-6"
cells (Fig. 4A—C) and CD4*CXCR5'ICOS™* (Fig. 4D-F)
Tth cells were isolated from the EAMG rats compared with
the control rats. Moreover, these data corresponded with
the clinical observations of late EAMG. Taken together,
these results indicated that AChR-specific pre-Tth cells and
mature Tth cells participate in the development of EAMG.

Elevated Anti-AChR IgG Levels in Co-cultures of B
Cells and Tfh Cells

Currently, Tfh cells are considered to be the most
important helper T cell population for B cell-dependent
humoral responses. To investigate the functions of Ttfh
cells in our EAMG model, Tfh cells were co-cultured with
B cells. Briefly, CD4™ T cells were isolated from both CFA

and EAMG rats and then each set of cells was stimulated
by AChR (10 pg/mL) for 24 h in vitro to undergo AChR-
specific Tth cell activation. Higher levels of AChR-specific
CD4"CXCR5'ICOS™ Tfh cell ratios were found in the
EAMG rats than in the control rats (Fig. SA—C). Then
purified B cells isolated from EAMG rats were added into
each T cell culture system for another 24 h. Data showed
that the number of IgG2b-secreting B cells (Fig. 5D-F) and
the level of anti-AChR antibodies in the supernatants
(Fig. 5G) were increased in the co-cultures containing
EAMGe-derived Tth cells. These results are consistent with
the results shown in Fig. 2 that EAMG rats have much
higher concentrations of anti-AChR IgGs in serum, imply-
ing a facilitating role of Tth cells on AChR-specific B cell
antibody secretion.

Expression of Bcl-6 in Lymphoid Organs

Bcl-6 is a crucial transcription factor in the differentiation
of Tth cells, and thus is regarded as a master transcription
factor in Tth cells [27]. Therefore, we used immunohisto-
chemistry and immunofluorescence assays to detect Bcl-6
expression in lymphoid organs during the late stage of
disease. There were a large number of Bcl-6-positive cells
in the EAMG lymph node tissue (Fig. 6B), while they were
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Fig. 4 Tfh profile during EAMG development. Tfh expression in
lymphoid tissues at a late stage of disease measured by flow
cytometry. CD4%Bcl-6" cells (A, B) and CD4"CXCR5ICOS*™"
cells (D, E) detected by staining. C, F Percentages of CD4*Bcl-67 T
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cells in A and B, and CD4TCXCRS5STICOS*" cells (the left
populations in D and E), respectively. Mean £+ SD from three
independent experiments with 4 to 5 rats per condition per experiment
(*P < 0.05, **P < 0.01).



Y.-Z. Cui et al.: Enhancement of Tth Humoral Immunity Reponses During EAMG

513

Fig. 5 Elevated anti-AChR IgG
levels in B cells co-cultured
with Tth cells. A, B The ratio of
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stimulated Tfh cells and the
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the supernatant (G; **P < 0.01)
was also elevated in the EAMG
group. Data are from two inde-
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ment and are expressed as the
mean £+ SD (**P < 0.01).
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rarely seen in the CFA rats (Fig. 6A). Since both B cells
and Ttfh cells express Bcl-6, immunofluorescence assays
were used to identify Bcl-6 expression by Tfh cells in
lymphoid organs by double staining with antibodies
recognizing CD4 and Bcl-6 (Fig. 6C, D). In lymph node
tissues resected from CFA rats, only a few CD4"/Bcl-6T T
cells were observed. In contrast, a substantial number of
CD4"/Bcl-61 T cells were observed in lymph node tissues
resected from EAMG rats.

Purified CD4" T cells were also collected and the
mRNA level of Bcl-6 was analyzed by semi-quantitative-
PCR. No amplification was found for the non-AChR-
specific T cells, while amplification occurred in the EAMG

&

T cells (Fig. 6E). Altogether, these data confirm that the
Tth cells contribute to EAMG.

GC Formation in Lymphoid Organs

GCs are located in secondary lymphoid organs and are
critical for T cell-dependent humoral responses. B cell
activation also occurs in GCs, and this process is assisted
by antigen-specific T cells [28]. Staining for PNA was
performed on day 10 (the early phase of the disease) and on
day 37 (the late stage) after primary immunization to
examine GC formation in the lymph organs of EAMG and
CFA rats. A greater number of larger GCs formed in the
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Fig. 6 Bcl-6 expression in lymph nodes. A, B Immunohistochemical
staining was used to detect Bcl-6-positive cells in lymphoid tissues
from CFA (A) and EAMG (B) rats (scale bars, 50 um; arrows indicate
positive cells). C, D Immunofluorescence assays were used to detect
cells positively stained for CD4 (green) and Bcl-6 (red) (Tth cells) in
lymphoid tissue (scale bars, 50 pm; arrows indicate positive cells

lymph nodes of EAMG rats (Fig. 7B, D), while only a few
PNA-positive GCs were observed in the lymph nodes of
the CFA control rats (Fig. 7A, C).

Next, PNA-positive T cells and B cells were detected in
lymph node tissue. The ratios of PNA-positive T cells and
B cells were markedly higher in the EAMG tissue than in
the CFA control tissue (Fig. 7E, F). Taken together, these
results indicated that the humoral immune responses in
EAMG rats are promoted by GC reactions in the context of
an AChR-dependent antibody response.

Enhanced Cross-Talk Between T Cells and B Cells
Via CD86

In adaptive immune responses, the cell surface molecules
B7.1 (CD80), B7.2 (CD86), and ICOSL, which are
expressed by antigen-presenting cells, interact with CD28
and ICOS molecules expressed by CD4" T cells. An
interaction of CD86 and CD28 is necessary for B cell
activation. However, in the context of viral infection [29], B
cell-specific expression of CD86, but not CD80, is critical
for the formation of Tth cells. Moreover, there is a feedback
loop, in which IL-21 produced by Tth cells enhances the
expression of CD86 [30] and this promotes the generation
of Tth cells [29, 31]. Here, we examined CD86 expression
by B cells in our model by flow cytometry. The level of
CD86 expressed by the AChR-specific B cells (CD45R™
cells) collected from EAMG rats was nearly twice that of
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CFA EAMG

which are further magnified in the white boxes). E Bcl-6 and B-actin
mRNA levels were assessed by semi-quantitative RT-PCR in CD4* T
cells that were isolated and purified from lymph nodes from both
groups. Data are from two independent experiments with 3—4 rats per
condition per experiment.

the non-AChR-specific B cells collected from CFA rats
(Fig. 8) at both early and late stages of disease. This result is
consistent with the higher ratio of Tfh cells in the EAMG
group than in the CFA group.

Discussion

The important role of B cells in the pathogenesis of MG is
well established. However, CD4" T cells are also indis-
pensable, based on their secretion of distinct cytokines and
expression of several transcription factors that are needed
for the production of antibodies by B cells [32, 33]. In
addition, Tfh cells, rather than other helper T cells, are
considered critical for the activation of B cells and B cell
receptors, and for the formation of GCs. Hence, while Tth
cells have been associated with various autoimmune
diseases, and abnormal expression of Tth cells has been
reported in MG patients, it remains unclear how and when
Tth cells are induced and how they may drive the
progression of MG [18]. By using an EAMG rat model,
we provided evidence that an aberrant increase in the
number of pre-Tth cells occurs during the early stage of
EAMG, and this facilitates the formation of GCs and the
secretion of antibodies by B cells. We further found that an
AChR-specific induction of Tth cells occurred during the
late stage of EAMG, concomitant with the relatively clear
pathological AChR loss in muscle.
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Fig. 7 GC response. Lymph nodes were resected during the early and
late stages of disease and then stained with PNA to identify GCs. A—
D Representative images showing the differences in GC size between
the two groups (scale bars, 50 um). E, F T cells, B cells, and total
lymphocytes were isolated from lymph node tissue during the late

Mice lacking Tth cells are characterized by an absence
of class-switched antibodies and abnormal GC develop-
ment [34, 35], demonstrating a significant role for Tfh cells
in B cell-mediated immune responses. Elevated levels of
circulating Tfh cells have also been reported in patients
with systemic lupus erythematosus [13], rheumatoidarthri-
tis [14], and in some MG patients [18]. Meanwhile, no
changes in the numbers of Tth cells have been reported in
corresponding  controls, indicating that a positive

stage of disease, stained for PNA, and analyzed by flow cytometry.
The ratios of PNA-positive cells are expressed as the mean £ SD (E,
F; #**P < 0.001). Data are from three independent experiments with
3—4 rats per condition per experiment.

relationship exists between Tfh cells and the progression
of antibody-mediated autoimmune diseases. Consequently,
the role and functions of Tth cells in MG are of great
interest.

In the present study, a population of pre-Tth cells was
detected during the early stage of EAMG, despite the
phenotypic immaturity of the rat model examined. In
addition, AChR-specific autoantibodies were detected in
the serum of AChR-immunized mice. As shown in Fig. 3,
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Fig. 8 CD86 expression on B cells. CD45R™ B cells were isolated
from lymph node tissue that was resected from EAMG (B, E) and
CFA (A, D) rats and analyzed by flow cytometry during the early and
late stages of disease. Compared with CFA group, the percentages of

abnormal presentation of pre-Tfh cells was found 10 days
after the initiation of EAMG, and the level of these cells
continued to increase in parallel with EAMG progression
(Fig. 4) and was accompanied by the development of
hyperactive GCs in lymph nodes (Fig. 7). During the late
stage of disease, a marked reduction in the number of
clustered AChRs resulted in weaker and elongated a-BTX
staining, implying an antibody-mediated attack on AChRs
(Fig. 2C-E). When severe loss of AChRs was achieved
with the assistance of Tfh cells, high levels of AChR-
autoantibodies in serum (Fig. 2A, B) and high proportions
of CD4"Bcl-6% and CD4*CXCR5'ICOS™®" Tth cells
were found (Fig. 4A-F). Co-culture assays of Tth cells and
B cells further demonstrated that secretion of anti-AChR
antibodies by B cells was promoted by AChR-specific Tth
cells (Fig. 5). These results confirmed that Tth cells are an
important helper T cell population for B cell-dependent
humoral responses and they also provide support for the
finding that EAMG rats have higher concentrations of anti-
AChHR IgGs in the serum (Fig. 2), consistent with a role for
Tth cells in promoting the secretion of antibodies by
AChR-specific B cells (Fig. 5).

Bcl-6 has been characterized as a key transcription
factor in Tth cells, mainly due to its role in allowing Tfh
cells to promote antibody production by B cells [36, 37].
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CD45R"CD86™" cells in EAMG group were statistically elevated at
both early and late time points (C, F; **P < 0.01, ***P < 0.001).
Data are shown as mean £ SD from two independent experiments
with 4-5 rats per condition per experiment.

Correspondingly, T cells deficient in Bcl-6 fail to differ-
entiate into Tth cells and they do not maintain GCs [36]. In
contrast, overexpression of Bcl-6 in CD4™ T cells leads to
an increase in the expression of cell surface molecules on
Tfh cells, including PD-1, CXCR4, and CXCRS [34].
When we used immunohistochemistry and immunofluo-
rescence assays to confirm the presence and localization of
Tth cells in our EAMG model, we observed an aggregation
of CD4"Bcl-6" Tfh cells in the lymph nodes of EAMG
rats during the late stage of disease (Figs. 4A-C and 6).
After their initial contact with antigen, antigen-specific B
cells have to compete for T cell help by presenting a
cognate antigen to the T cells in order to be selected to
enter a GC [38]. Tth cells are also a limiting factor in the
selection of B cells which will undergo affinity maturation
of their B cell receptor genes and differentiate into longer-
lived plasma or memory cells in GCs [39]. The lymph
nodes of EAMG rats contained enlarged GCs (Fig. 7B, D)
and a greater number of PNA™ T/B cells (Fig. 7E, F),
implying a function for Tth cells in GCs.

Overall, the present results demonstrate that AChR-
specific pre-Tfh and Tth cells trigger the formation of GCs
and the production of AChR-specific antibodies in the
EAMG rat model and this induces muscle weakness and
contributes to the development and progression of EAMG.
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It remains for these insights to be confirmed in clinical
cases.
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