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Introduction

Susceptibility to experimental autoimmune myocarditis
(EAM) is genetically determined not only by major histocom-
patibility complex (MHC) [1], but influenced strongly by
non-MHC genes [2,3]. We used two mouse strains (A.SW and
B10.S) that share the same MHC haplotype (H-2°) to eluci-
date the role of non-MHC genes. A.SW mice are susceptible to
myocarditis, whereas B10.S mice are resistant [4,5].
Autoimmune myocarditis is mediated by CD4* T cells.
Transfer of CD4" T cells to severe combined immuno-
deficient (SCID) mice produced disease, while depletion of
CD4" T cells ameliorated EAM [6]. We have found recently
that both T helper 1 (Th1) and Th17 cells infiltrate hearts of
wild-type (WT) BALB/c mice after myocarditis induction
[7]. About 20% of interleukin (IL)-17A*CD4" T cells in the
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Summary

A.SW and B10.S mice share the same major histocompatibility complex
(MHC) haplotype (H-2°). However, A.SW mice are susceptible to experimen-
tal autoimmune myocarditis (EAM) and develop severe disease after immu-
nization with myosin, whereas B10.S mice are resistant. We found that naive
A.SW mice have intrinsically increased total CD4" T cell counts and increased
proportions of CD4* T cells in their spleens compared to B10.S mice. Among
total CD4" T cells, naive A.SW mice have a lower relative frequency of fork-
head box protein 3 (FoxP3*)CD25" regulatory T cells (The). A.SW mice also
had a higher proportion of CD4* T cells and a lower proportion of T, in their
hearts and spleen during EAM, with greater T cell activation and prolifera-
tion, compared to B10.S mice. These differences in the T cell compartment
were not antigen-specific, as ovalbumin/complete Freund’s adjuvant (OVA/
CFA) or CFA immunization elicited the same differences in CD4* T cells and
Tregs between A.SW and B10.S mice. Moreover, A.SW mice had more T helper
type 17 (Th17) cells and B10.S had more Thl cells in their hearts. The higher
percentage of CD4* T cells and their enhanced potential to differentiate
towards the Th17 pathway was also observed in naive A.SW mice. Interleukin
(IL)-6 is required for Th17 induction. Interestingly, IL-6R0l expression was
greater on naive A.SW CD4" T cells, compared to B10.S CD4* T cells, indicat-
ing that this intrinsic difference, together with a relatively lower T.., propor-
tion of CD4" T cells, might lead to heightened Th17 responses and greater
susceptibility to autoimmunity in A.SW mice.

Keywords: autoimmunity, experimental autoimmune myocarditis, IL-6
receptor, Th1, Th17

hearts of WT BALB/c mice on day 21 of EAM co-produce
tumour necrosis factor (TNF)-o and IL-6, reinforcing the
highly proinflammatory phenotype of these cells [7]. Both
Th1 and Th17 myosin-specific cells are able to induce myo-
carditis; however, neither IL-17A nor interferon (IFN)-vy is
essential for EAM development, as knock-out mice for either
of these cytokines still develop myocarditis [7]. In addition,
mice deficient in retinoic acid-related orphan receptor
(ROR)-7t, the transcription factor essential for differentiation
of Th17 cells and production of all Th17 cytokines, were
resistant to EAM development [8]. Th17 cell differentiation in
vitro depends on the presence of transforming growth factor
(TGF)-B and IL-6 [9,10]. IL-6 is considered an important
mediator of the inflammatory response in many autoimmune
diseases, such as systemic lupus erythematosus [11], rheuma-
toid arthritis [12] and cardiac myxomas, which are benign
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tumours often accompanied with autoimmunity clearance
during Coxsackie-induced myocarditis [13]. IL-6 is essential
for EAM development; however, IL-6 is essential for virus
clearance during CVB3-induced myocarditis [14,15].

In this report, we concentrate on differences between
A.SW and B10.S mice in the CD4" T cell-mediated immune
responses with particular attention to imbalances of Thl,
Th17 and regulatory T cells (Tr) that may affect suscepti-
bility to EAM.

Materials and methods

Mice, EAM induction and evaluation

A.SW and B10.S mice were obtained from the Jackson
Laboratory (Bar Harbor, ME, USA), housed and bred in
our facilities under specific pathogen-free conditions. The
experiments reported herein were conducted in compliance
with the Animal Welfare Act and in accordance with the
principles set forth in the Guide for the Care and Use of
Laboratory Animals [16]. All procedures were approved by the
Johns Hopkins Animal Care and Use Committee. EAM was
induced as described previously [2]. Briefly, myosin (300 pg/
mouse/injection) emulsified in complete Freund’s adjuvant
(CFA; Sigma-Aldrich, St Louis, MO, USA) supplemented
with Mycobacterium tuberculosis strain H37Ra (total 5 mg/
ml) was injected subcutaneously (s.c.) on days 0 and 7, respec-
tively. On day 0, mice also received an intraperitoneal (i.p.)
injection of 500 ng of pertussis toxin (Sigma-Aldrich). Mock-
immunized mice injected with phosphate-buffered saline
(PBS)/CFA and pertussis toxin were used as controls, as were
naive unimmunized animals. Myocarditis severity was evalu-
ated at the peak of disease on day 21. Hearts were cut and
stained with haematoxylin and eosin (H&E), according to
standard protocol (Histoserv, Inc., Germantown, MD, USA)
[17]. The degree of EAM was scored based on the percentage
of the area of leucocyte-infiltrated myocardium, as follows:
grade 0 = no infiltration, grade 1 = < 10%, grade 2 = 10-30%,
grade 3 = 30-50%, grade 4 = 50-90% and grade 5 = 90% [2].

Flow cytometry analysis

Isolated splenocytes were stained with fluorochrome-
conjugated antibodies against CD3, CD4, CD8a, CD19,
CD11b, CD11c, F4/80 and DXS5 (eBioscience, San Diego, CA,
USA).

For intracardiac flow cytometry, the aorta was cannulated
and hearts were perfused at a constant flow of 14 ml/min with
cold PBS (Biofluids, Rockville, MD, USA) for 2 min followed
by collagenase I (1 mg/ml; Sigma-Aldrich) and protease XIV
(0-5 mg/ml; Sigma-Aldrich) for 5 min at 37°C, as described
previously [18,19]. Isolated cells were restimulated with
phorbol myristate acetate (PMA) (50 ng/ml) and ionomycin
(250 ng/ml) (Sigma-Aldrich) and GolgiStop (BD Bio-
sciences) were added for 5h. Cells were stained with
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fluorochrome-conjugated antibodies against CD4, CD25 and
CD45 and fixed according to manufacturing protocols (BD
Biosciences). Cells were then stained with antibodies to fork-
head box protein 3 (FoxP3),IL-17A and IFN-y (eBiosciences).

Cells were acquired by the fluorescence activated cell sorter
(FACS)Calibur flow cytometer and LSRII flow cytometer
(eBiosciences, Franklin Lakes, NJ, USA) and data were analy-
sed using Flow]Jo 7-5 (Treestar Software Ashland, OR, USA).

Proliferation assay

For measurement of proliferation in vivo, all mice were given
one i.p. injection of 2 mg bromodeoxyuridine (BrdU) solu-
tion (eBiosciences, Franklin Lakes, NJ, USA). BrdU incorpo-
ration was examined 24 h post-injection by staining with
antibodies against BrdU, CD4 and CD8o.

In-vitro differentiation of Th cells

In-vitro differentiation of naive CD4" T cells to different Th
subtypes has been described previously [20]. Briefly, naive
CDA4" T cells were isolated from spleens of A.SW and B10.S
mice using the CD4*CD62L* T Cell Isolation Kit IT (Miltenyi
Biotec, Bergisch Gladbach, Germany). Cells were plated at
2% 10°/200 pl in 96-well, flat-bottomed plates and stimu-
lated with 2 ug/ml plate-bound anti-CD3 and 1 pg/ml
soluble anti-CD28 monoclonal antibodies (mAbs) (BD
Pharmingen). Th1 cells were induced by the addition of 10
ng/ml recombinant (r)IL-12p70 (R&D, Minneapolis, MN,
USA) to the culture. Th17 cells were induced by adding a
combination of 20 ng/ml rIL-6 + 1 ng/ml human rTGF-
B1+ 10 pg/ml anti-IFN-y mAb (R&D) to the culture. Cells
were analysed by flow cytometry 4 days later using intracel-
lular staining for IL-17A and IFN-y.

Statistical analysis

Significant differences (P < 0-05) were calculated with Prism
version 5-0 software (GraphPad, La Jolla, CA, USA) using a
Students’ two-tailed t-test, with the exception of the EAM
score, for which a Mann—Whitney U-test was used.

Results

A.SW mice develop severe myosin-induced myocarditis
while B10.S mice are resistant

Unlike most other autoimmune diseases, in myocarditis
non-MHC genes seem to have a greater impact on disease
susceptibility than do MHC genes [4]. When we induced
myocarditis in A.SW and B10.S mice congenic at the MHC
locus (H-2°) by immunization with cardiac myosin in CFA,
A.SW mice developed severe myocardial infiltration, com-
posed mainly of mononuclear cells with extensive myocyte
necrosis. In contrast, B10.S mice developed minimal
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Fig. 1. A.SW mice develop more severe experimental autoimmune
myocarditis (EAM) than B10.S mice. (a) Heart sections were stained
by haematoxylin and eosin (H&E) for histological analysis in X5 (left)
and X100 (right) magnification under light microscopy at day 21:
examples of A.SW and B10.S complete Freund’s adjuvant (CFA) alone
mock-immunized controls and A.SW and B10.S hearts immunized
with myosin/CFA. Myocarditis severity (b) and heart weight/body
weight ratios (c) are shown for A.SW and B10.S mice immunized
with CFA alone or with myosin/CFA. Symbols denote individual mice
and lines represent the median value. Statistics are by Mann—Whitney
U-test. Data are representative of three independent experiments with
four to 11 mice per group.

myocardial infiltration with a few small, circumscribed foci
of infiltrating cells and a significantly lower histology score
(Fig. 1a,b). The heart weight to body weight (HW/BW) ratio
of A.SW mice with EAM was significantly higher than that
of immunized B10.S mice hearts (Fig. 1c). Thus, non-MHC
genes participate in regulating susceptibility to EAM.

Naive A.SW mice have a higher frequency of CD4*
T cells in their spleens compared to B10.S mice

Intrinsic differences in the immune system between mouse
strains may influence susceptibility to EAM. Therefore, we
assessed various leucocyte populations in the spleens of
naive A.SW and B10.S mice. There were no significant
differences in the total numbers of cells in the spleens of
naive A.SW and B10.S mice, although A.SW mice had a
tendency towards increased splenocyte numbers (Fig. 2a).
The total number of CD4" T cells was increased in naive
A.SW spleens (Fig. 2¢, left). To ensure that the increase in
absolute numbers of CD4* T cells is not due to the tendency
of A.SW mice to have more splenocytes, we also calculated
the relative proportion of CD4" T cells. We found that a
greater proportion of A.SW spleens was taken up by CD4*
T cells compared to B10.S mice (Fig. 2¢, right). The absolute
number of CD25"FoxP3"CD4" T\ cells was not significantly

© 2012 The Authors

T cells differences drive EAM susceptibility

different, despite a tendency towards increase in A.SW mice.
However, the relative proportion of T, was decreased sig-
nificantly in naive A.SW spleens, compared to naive B10.S
mice (Fig. 2d). Similarly, the proportion of CD8" T cells was
also significantly lower in naive A.SW mice (Fig. 2b), with no
difference in absolute counts (not shown).

We did not find any significant differences in the frequen-
cies or absolute numbers of CD19* B cells, CD11b*F4/80"
monocytes, CD11b"F4/80" macrophages, CD11c" dendritic
cells, DX5*CD3™ natural killer (NK) cells or DX5*CD3* NK T
cells in spleens of naive A.SW and B10.S mice (data not
shown). Thus, naive A.SW mice have more CD4" T cells in
relative proportion as well as in absolute numbers, while
CD4"CD25"FoxP3" T, cells are relatively decreased in naive
A.SW mice.

A.SW mice have an increased frequency of CD4*
T cells in the spleen and heart compared to B10.S
mice during EAM

To examine whether differences in T cell profiles
between A.SW and B10.S mice are also apparent during the
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Fig. 2. Naive A.SW mice increased relative frequency of CD4" T cells
compared to B10.S spleens. (a) Number of total splenocytes in naive
A.SW and B10.S mice. (b) The percentage of CD8"* T cells in the spleen
of naive A.SW and B10.S mice. (c) The absolute count and relative
proportion of CD4" T cells in the spleen of naive A.SW and

B10.S mice. (d) The total counts and percentages of CD4*-gated
CD25*forkhead box protein 3 (FoxP3") T cells in the spleen of naive
A.SW and B10.S mice. Data are presented as the mean *+ standard
deviation. Statistics are by two-tailed Student’s ¢-test. Data depict one
representative experiment of three conducted with five mice per group.
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development of EAM, we examined CD4" T cell, CD4*
CD25" FoxP3" T,, and CD8" T cell changes in the spleens of
A.SW and B10.S mice at different times after induction of
EAM. There were no significant differences in the total
number of splenocytes in A.SW and B10.S mice on days 0, 7,
14 and 21 of EAM (not shown). The two strains showed
similar kinetics of total cell expansion, with the highest
numbers of splenocytes on day 14 after immunization
(Fig. 3a). The relative proportion (Fig. 3b) as well as total
number (not shown) of CD4" T cells was significantly higher
during the whole course of disease in A.SW, compared to
B10.S mice. The only exception was on day 21, when the total
CD4" count was not different between A.SW and B10.S
spleens (not shown); CD4" T cells still constituted a greater
proportion of A.SW spleens at this time-point (Fig. 3b). We
did not observe the same pattern in CD8" T cells (not
shown). The total number of T, was increased significantly
in A.SW spleens on day 7 of EAM compared to B10.S mice
(not shown). However, when we compared the relative pro-
portion of T, as a proportion of CD4" T cells during EAM,
we found that similar to naive mice, A.SW spleens had a
significantly lower proportion of T, on days 14 and 21 of
EAM (Fig. 3d). To assess in-vivo proliferation, we injected
BrdU into myosin-immunized A.SW and B10.S mice 1 day
before killing (day 20) and analysed CD4" T cell proliferation
on day 21. The number of CD4"BrdU" T cells in A.SW mice
was increased significantly compared to B10.S mice (Fig. 3e).

We examined heart-infiltrating T cells on day 21 of EAM
at the peak of the disease. A.SW mice showed a greater fre-
quency of CD4* T cells in their hearts, as assessed by flow
cytometry (Fig. 3f). A.SW heart-infiltrating CD4* T cells
expressed lower levels of CD62L when compared with B10.S
CD4" T cells, indicating that they were more activated
(Fig. 3g). We also found a lower relative frequency of
CD25"FoxP3* T cells in the hearts of A.SW mice as a pro-
portion of cardiac CD4" T cells (Fig. 3h). Thus, A.SW mice
had increased percentages of CD4" T cells during the whole
course of EAM in their spleen and hearts, and had decreased
frequencies of T, in their spleens and hearts. Additionally,
A.SW CD4" T cells were more activated and proliferated
more vigorously during EAM than comparable B10.S CD4*
T cells.

The increased frequency of CD4" T cells in A.SW mice
is not myosin-specific

To investigate if the increased percentage of CD4" T cells and
decreased frequency of T, could be observed after in-vivo
injection with a different antigen, we immunized both
strains of mice with either 100 pug ovalbumin (OVA) emul-
sified with CFA or CFA alone on days 0 and 7, and isolated
their splenocytes on day 14. Interestingly, OVA immuniza-
tion increased total numbers of splenocytes significantly in
B10.S mice, compared to A.SW mice. However, the expan-
sion did not affect the T cell compartment, as there were no
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Fig. 3. A.SW mice have an increased frequency of CD4* T cells in

the spleen and heart during experimental autoimmune myocarditis
(EAM) development, compared to B10.S mice. (a) The kinetics of
number of splenocytes in A.SW and B10.S mice from days 0 to 21
after immunization. (b) The kinetics of the relative frequency of CD4*
T cells in the spleen of A.SW and B10.S mice from days 0 to 21 after
immunization. (c) The kinetics of the relative frequency of CD8"

T cells in the spleen of A.SW and B10.S mice from days 0 to 21

after immunization. (d) The kinetics of the relative frequency of
regulatory T cells (Tr) in the spleen of A.SW and B10.S mice from
days 0 to 21 after immunization. (e) CD4" T cells incorporating
bromodeoxyuridine (BrdU) on day 20 of EAM in A.SW and B10.S
mice. The total count of CD4" T cells incorporating BrdU differed
significantly between A.SW and B10.S (P < 0-001). (f) Frequency of
CD4" T cells in the hearts of A.SW and B10.S mice during EAM.

(g) Activated CD4"* T cells in the heart were determined by surface
CD62L" expression in A.SW and B10.S mice. (h) The relative
frequency of CD25"forkhead box protein 3 (FoxP3") regulatory T cells
(Tregs) gated on CD4" T cells in the heart of A.SW and B10.S mice on
day 21 after immunization. Data are presented as the mean of each
group = standard deviation. Shown are representative data from three
independent experiments.

differences in total CD4* T cells or total T between the
two strains. The expansion of B10.S splenocytes was due to
the increased number of myeloid cells. Immunization with
CFA alone did not change the total number of splenocytes
or the total number of CD4* T cells in either strain (not
shown).
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Fig. 4. The increased relative frequency of CD4" T cells in A.SW mice
is not antigen-specific. A.SW and B10.S mice were immunized with
ovalbumin (OVA) emulsified in complete Freund’s adjuvant (CFA).
The relative frequency of CD4" T cells (a) and regulatory T cells
(Tregs) (b) were measured by flow cytometry on day 14. A.SW and
B10.S mice were immunized with CFA only. The relative frequency
of CD4" T cells (c) and Threg (d) was measured by flow cytometry on
day 14. Data are presented as the mean of each group * standard
deviation. Shown are representative data from three independent
experiments.

However, similar to EAM and naive mice, A.SW mice
immunized with OVA/CFA had increased percentages
of spleen CD4" T cells (Fig. 4a) and lower frequencies of
Tres (Fig. 4b). We also observed the same trends in mock-
immunized A.SW mice given CFA alone (Fig. 4c,d). Thus,
the greater percentage of CD4* T cells and decreased per-
centages of Ty out of CD4* T cells in A.SW mice is an
intrinsic feature of the immune response of that strain and is
independent of which antigen is used.

Heart-infiltrating A.SW CD4* T cells produce more
IL-17A and less IFN-y compared to B10.S CD4* T cells

Differentiation of naive CD4" T cells into functionally dis-
tinct Thl or Th17 cell subsets may affect the pathogenic
outcome of an autoimmune response. We measured intrac-
ardiac IL-17A- and IFN-y-producing CD4" T cells by flow
cytometry on day 21 of EAM. The frequencies and absolute
numbers of IL-17A*CD4" T cells were significantly greater in
the hearts of A.SW mice compared to B10.S mice (Fig. 5a—c).
In contrast, B10.S mice demonstrated increased percentages
and absolute numbers of IFN-y*CD4* T cells compared to
A.SW mice (Fig. 5a—c). Levels of IL-23, a key cytokine for
maintaining Th17 cells, were higher in the heart tissue of
A.SW than B10.S mice on day 21 (Fig. 5d). Thus, A.SW mice
exhibit greater Th17 responses in their hearts during EAM,
while B10.S mice have a stronger Th1 response.

© 2012 The Authors
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Naive A.SW CD4" T cells differentiate towards Th17
cells and express more IL-6Ra than B10.S CD4* T cells

To determine whether the differences in CD4" T cell differ-
entiation in EAM-susceptible and -resistant mice represent
an intrinsic difference in the ability of CD4" T cells to
commit to the Th1 or Th17 lineages, we differentiated naive
spleen-derived A.SW and B10.S CD4" T cells towards Th1 or
Th17 pathways in vitro. Isolated naive CD4" T cells were
stimulated with anti-CD3 + anti-CD28 antibodies and exog-
enous cytokines for 4 days. In response to Th17 condition-
ing, a greater proportion of CD4* T cells from A.SW mice
produced IL-17A and expressed ROR-yt compared to B10.S
mice (Fig. 6a—c). In response to Thl conditioning, a greater
fraction of B10.S CD4* T cells expressed IFN-y compared to
A.SW CD4" T cells (Fig. 6a,b). IL-6 is critical for the devel-
opment of Th17 cells; therefore, we investigated whether
IL-6Ro. expression contributes to the increased tendency
of ASW CD4" T cells to differentiate towards a Th17
phenotype. The proportion, as well as the mean fluorescence
index of IL-6Ra-expressing naive A.SW CD4" T cells, was
higher than in B10.S CD4" T cells (Fig. 6d).

Discussion

As we have demonstrated in this and previous reports, A.SW
mice are more susceptible to EAM than are B10.S mice, even
though they share the same H-25 MHC haplotype [3].
Greater susceptibility of A.SW mice to an autoimmune
disease, compared to B10.S mice, is not unique to EAM,
because similar differences in susceptibility in the same
mouse strains were reported in a scleroderma model [21,22].

Using bone marrow chimeric mice, we have shown previ-
ously that genetic susceptibility of myocarditis is controlled
by donor-derived haematopoietic cells, and that T and B
lymphocytes were indispensable for transferring the suscep-
tible phenotype to disease-resistant recipients [17]. To
continue with this line of research, we performed a compre-
hensive flow cytometric analysis of splenocytes from naive
A.SW and B10.S mice. The results revealed that A.SW mice
have a tendency towards an increase of total number of
splenocytes in naive as well as in myosin-, OVA- or CFA-only
immunized animals. We found no differences in percentages
of monocytes, macrophages, dendritic cells, B cells, NK cells
or NK T cells in the spleens of naive A.SW and B10.S mice.
We have observed increased total numbers of CD4" T cells
in spleens of naive A.SW mice. Absolute counts of
CD4'CD25'FoxP3" T., were not significantly different,
although we saw a tendency towards increased T in A.SW
mice. Due to the tendency for differences in the baseline of
number of splenocytes between the two strains, we analysed
the relative frequency of total CD4" T cells and T, Naive
A.SW spleens had a significantly greater frequency of CD4" T
cells (as a percentage of total splenocytes) and a decreased
percentage of FoxP3"CD25" cells among total CD4" T cells.
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A.SW B10.S

with five mice per group.

Several publications have demonstrated the ability of regu-
latory cells to abrogate the severity of myocarditis in murine
models. Huber et al. showed that transgenic mice expressing
the TNF-a gene under the cardiac myosin promoter develop
dilated cardiomyopathy that could be prevented by adoptive
transfer of CD4*CD25* cells [23]. Adoptive transfer of
CD4"CD25" Tigs was shown to protect mice from Coxsack-
ievirus B3-induced myocarditis [24]. Depleting T cells that
highly expressed glucocorticoid-induced TNFR family-
related gene/protein (GITR"®"), a marker of regulatory cells,
transferred to BALB/c nude mice induced fatal autoimmune
myocarditis [25]. Others have published indirect evidence
that an increased proportion of T, correlates with reduced
severity of EAM [26,27]. The increased percentage of CD4*
T cells in A.SW mice and decreased frequency of Ti;
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compared to B10.S mice were also observed during several
time-points throughout the development of EAM.

Similar to findings in the spleen, A.SW hearts had a
greater proportion of CD4" T cells than did B10.S hearts on
day 21 of EAM. However, we found a lower frequency of
CD4'CD25'FoxP3" T, in the hearts of A.SW mice. EAM-
susceptible A.SW mice not only had increased frequencies of
CD4* T cells compared to resistant B10.S mice, but their
CD4" T cells were more activated and proliferated more
vigorously to cardiac myosin. These T cell differences are
not limited to myocarditis, as A.SW mice immunized with
different antigen, OVA or injected with CFA adjuvant only
had increased percentages of CD4" T cells and decreased
percentages of T, Therefore, the increased CD4" T cells/T e,
ratio is an intrinsic characteristic of A.SW mice and could

© 2012 The Authors
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was significantly higher in A.SW than B10.S; L
mean fluorescence index (MFI) of IL-6Ra,

gated on CD4" T cells, was significantly higher

+
in A.SW than B10.S; representative dot-plots of g L

isotype control, A.SW, B10.S. Data are =|'

presented as the mean = standard deviation.

Data depict one representative of three _—
independent experiments. CD4*

contribute to their heightened susceptibility to T cell-
mediated autoimmune diseases such as EAM.

In several autoimmune disease models, it has been shown
that both Th1 and Th17 cells are able to induce autoimmune
disease, although Th17 cells often induce more severe
pathology [28,29]. We and others have shown that IFN-y is

© 2012 The Authors

protective in EAM, possibly through down-regulating Th17
responses [30-32]. Several studies have found that IL-17A is
not essential for EAM induction; however, it supports the
pathogenic role of Th17 cells in EAM [7,33,34]. Primed
CD4" T cells that were conditioned towards a Th17 pheno-
type transfer more severe EAM than Thl-polarized cells in
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BALB/c mice (our unpublished data). Similarly, transfer of
Th17 cells appeared to induce more severe experimental
autoimmune encephalomyelitis compared with transfer of
Thl cells [35]. Despite the fact that both Th1 and Th17 cells
are present in heart infiltrates in equal numbers during
EAM, Th17 cells displayed a more pathogenic phenotype, as
evidenced by their increased production of TNF-o and IL-6.
IL-17A is essential for cardiac remodelling, fibrosis and
development of dilated cardiomyopathy [7]. In the current
study, intracellular staining of CD4" T cells from hearts on
day 21 of EAM showed that CD4" T cells from A.SW pro-
duced less IFN-yand more IL-17A compared to CD4* T cells
from B10.S hearts.

To examine whether these differences in cytokine produc-
tion account for the different abilities of A.SW and B10.S
CD4" T cells to develop into Th1 or Th17 cells, we performed
several in-vitro experiments. We purified CD4" T cells from
naive A.SW and B10.S mice, and differentiated them towards
Th1 or Th17 pathways. Similar to our EAM data, fewer A.SW
CD4" T cells expressed IFN-y in Thl-inducing conditions
and significantly more IL-17A in Th17-inducing conditions,
compared with B10.S CD4" T cells. Moreover, Thl7-
polarized cells from A.SW mice expressed higher levels of
ROR-yt, a critical transcription factor for Thl7 cell
development. Our data support the hypothesis that A.SW
CD4" T cells are intrinsically more responsive under Th17-
inducing conditions and differentiate in greater numbers
towards the Th17 lineage. In contrast, B10.S CD4" T cells
differentiate preferentially into Th1 cells. A similar example
of MHC-independent differences in Th responses can be
seen between Lewis and Brown Norway rats. Lewis rats
are susceptible to Th1l-mediated autoimmune disease while
Brown Norway rats are highly susceptible to Th2-mediated
autoimmune disease, despite sharing the same MHC
haplotype [36].

The ability to respond preferentially to an insult with
either Th17 or Thl cell responses might predispose an indi-
vidual to develop certain types of autoimmunity, or perhaps
influence disease outcomes. For instance, plasma levels of
IL-6, a cytokine that promotes the development of Th17
cells, are higher in patients with systemic lupus erythema-
tosus than in healthy subjects [37]. IL-6 overproduction has
been found in several mouse models of autoimmunity, such
as collagen-induced arthritis, antigen-induced arthritis and
experimental autoimmune encephalitis [38]. Th17 cells can
be induced in-vitro from naive CD4" T cells in the presence
of IL-6 and TGF-P [39-42]. To determine why naive A.SW
CD4* T cells differentiate more readily towards a Th17 phe-
notype, we analysed the expression of IL-6Ro. and TGF-BRI
on naive CD4* T cells isolated from spleens of A.SW and
B10.S mice. We observed greater IL-6Ro. expression on naive
ASW CD4" T cells at the transcriptional as well as the
protein level. No differences were found in TGF-BRI expres-
sion (not shown). We speculate that the greater tendency
of ASW CD4" T cells to differentiate towards the Th17
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phenotype may be determined by increased expression of
IL-6Ra, and thus higher T cell responsiveness to IL-6. It has
been shown that diminished Th17 responses result from
down-regulation of IL-6Ra. expression on CD4* T cells [43].
Differences in IL-6R0. expression may have other conse-
quences. IL-6 is an essential cytokine for EAM development,
as IL-6-deficient mice are completely resistant to the induc-
tion of EAM [15]. In addition to Th17 differentiation, IL-6
also promotes the survival and proliferation of effector and
memory T cells [44].

We have extended here our previous findings showing that
genetic susceptibility to EAM was mediated by T lympho-
cytes [17]. We showed that intrinsic differences in the fre-
quency of CD4" T cells and T, and their ability to receive
cytokine instruction to differentiate towards specific T
helper subtypes could represent a factor in the susceptibility
of A.SW and B10.S mice to autoimmune myocarditis. Our
data suggest that higher percentages of CD4" T cells in A.SW
mice, together with the tendency of their CD4" T cells to
differentiate towards a Th17 phenotype, via greater expres-
sion of IL-6Ra on their CD4" T cells and lower relative
frequency of T\, contributes to the heightened susceptibility
of A.SW mice to autoimmune myocarditis.
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