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We then estimated the amount of Ca?* leak under the selective
downregulation of SERCA. The time course of Ca* leak from the SR
did not differ between the SLN-TG and NTG hearts (Fig. 4D) (n=29
for SLN-TG, n=28 for NTG).

4. Discussion

The primary result of the present study is that the selective
modulation of the SERCA activity can produce large changes in the
Ca?* transient without changing the amount of Ca%* leak from the
SR.

In the present study, we used saponin-skinned preparations to
estimate the SR function, in which a separate estimation of Ca%*
uptake and Ca®* leak can be made using the same preparation [5].
A previous report suggests that a large change in the SERCA activ-
ity produces a relatively small change in the Ca* content in the SR
[3,15]. In this study, in the SERCA-TG mouse heart, the expression
level of SERCA proteins was increased 1.68 4 0.10-fold compared
with that observed in the NTG hearts (see Supplementary Figure
1), and the amplitude and time course of the Ca?* transient was
largely affected (see Fig. 1). Although the maximal Ca%* content
was unaltered in the SERCA-TG hearts, the CaZ* content of the SR
in each beat changed. The Ca%* content of the SR during diastole
is determined by the balance between Ca?* uptake and Ca?* leak
in the SR. If changes in the SERCA activity directly modulate Ca%*
leak, SERCA-dependent changes in the Ca%* content can be off-set
by the altered Ca?* leak. However, the lack of significant changes in
Ca?* leak in the SERCA-TG heart does not support this possibility.
We also showed that a selective decrease in the SERCA activity can
produce a large decrease in the amplitude and significant slowing
of the time course of the Ca®* transient in SLN-TG heart prepara-
tions. The result showing that the significant attenuation of Ca2*
uptake did not change the amount of Ca?* leak from the SR in the
SLN-TG hearts also suggests that changes in the Ca?* content upon
the selective modulation of the SERCA activity do not have a sig-
nificant effect on Ca2* leak. Under our experimental conditions in
which the SERCA activity was chronically modulated, the maximal
Ca?* content of the SR was not affected, although the Ca2* content
observed under the beat to beat conditions was altered according
to the results of Ca?* transient measurement (see Figs. 1 and 3).
The unaltered maximal Ca%* content of the SR may explain why
the selective modulation of SERCA did not influence Ca2* leak in
our system.

Impairment of the SERCA activity is well documented under
patho-physiological conditions. Under conditions of heart failure,
reduced Ca2* uptake due toinhibition of the SERCA activity has been
reported in both animal models and human failing hearts [16-20].
Therefore, the upregulation of the SERCA activity is a promising
therapeutic strategy for treating heart failure, and recent observa-
tions of gene therapy for heart failure have strongly focused on the
SERCA activity as a target of gene transfer in animal models as well
as human heart failure [21-23]. However, the increase in the SERCA
activity also serves to increase the beat to beat Ca2* content in the
SR, which can cause Ca?* leak through the RyR [24]. Abnormal Ca2*
leak through the RyR has also been extensively investigated in var-
ious heart failure models. Marks’s group originally identified the
novel mechanism by which the protein kinase A (PKA)-dependent
phosphorylation of the RyR dissociates FKBP12.6, which in turn
leads to Ca?' leak through the RyR [4]. The phosphorylation-
dependent modulation of RyR has therefore been considered an
important mechanism regulating Ca2* leak, especially under patho-
logical conditions such as heart failure and ventricular arrhythmia
[25,26]. Three independent Ser residues in cardiac RyR are known
to be phosphorylated by protein kinases. PKA mainly phosphory-
lates Ser2808 whereas Ca?*/calmodulin-dependent protein kinase

Il (CaMKII) mainly phosphorylates Ser2814 [27]. Ser2030 is also
a target of PKA-dependent phosphorylation in RyR, however,
the importance of this residue is questionable [28]. The first
report stated that the PKA-dependent hyperphosphorylation of
RyR2 accelerated the dissociation of FKBP12.6 from RyR, which
destabilized the Ca?* release channel to increase CaZ* leak [4].
This idea is fits well with the increased activity of the sympa-
thetic nervous system in subjects with heart failure. However,
other experimental data suggested that the CaMKIIl-dependent
phosphorylation of RyR is important for pathological Ca%* leak
[7,29,30]. In addition, the identification of an exchange protein
that was directly activated by cAMP (Epac) further supported the
importance of CaMKII-dependent phosphorylation through beta-
adrenergicreceptor stimulation in the heart [31~33]. Very recently,
it has been reported that both CaMKII and PKA functionally reg-
ulate RyR but have differential roles in human cardiac pathology
[34]. Therefore, abnormal Ca2* leak through the RyR may play a
significant role in heart failure and may be another promising tar-
get of treatment. Our results demonstrating the absence of changes
in Ca?* leak upon the selective modulation of the SERCA activity
support the utility of gene therapy targeting the SERCA activity.
Recent observations in animal models and the findings of a clinical
trial support the favorable effects of SERCA-mediated gene therapy
[35-37].

Recently, another target of gene therapy for Ca?* handling
has been proposed. S100A1 is an EF-hand Ca®* binding protein
that exhibits a conformational change upon binding to Ca2* and
interacts with various functional proteins [38]. In cardiac muscle,
S100A1 has been found to modulate the intracellular Ca2* handling
process. For example, ST00A1 interacts with SERCA to increase the
SERCA activity and with RyR to inhibit Ca?* leak from the SR [39].
S100A1 also modulates the myofilament sensitivity to Ca®*, which
can alter cardiac contractility. Therefore, ST00A1 may be the ideal
therapeutic target for treating heart failure due to both the activa-
tion of SERCA and the inhibition of CaZ* leak. However, elucidating
the role of S100A1 in gene therapy for heart failure must wait for
the results of pre-clinical and clinical trials [40].

5. Limitations of this study

(1) Although we determined the protein expression levels of
various functional modulators in cardiac excitation—contraction
coupling, we did not assess the phosphorylation levels of pro-
teins such as phospholamban and RyR. (2) Our measurements
of the SR function were obtained under in vitro conditions, and
the results must be extrapolated into the heart in vivo. (3) The
SERCA-TG and SLN-TG models are not disease models (the mice did
not exhibit heart failure). (4) Both transgenic mice demonstrated
cardiac-specific overexpression, but not conditional overexpress-
ion. (5) Because we used a high concentration of EGTA (1 mmol/L)
in the experimental solution, which might inhibit SERCA activity,
the speed of the Ca%* uptake by SERCA under our experimental
conditions is much lower than that observed under physiolog-
ical conditions in situ. (6) Because we could not evaluate the
detailed effects of ATP (4 mmol/L) on RyR2 due to the nature of our
experimental system used for the Ca?* leak assay, we might have
underestimated the amount of Ca?* leak under our experimental
conditions at (physiological) nmol/Llevels of cytosolic Ca2* [41,42].

6. Conclusion

In the present study, we found the selective modulation
of the SERCA activity to have a profound effect on cardiac
excitation~contraction coupling due to alteration of Ca?* uptake
into the SR, without significant changes in Ca®* leak from the SR.
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These results support the utility of gene therapy targeting SERCA
and related molecules. -
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Myocarditis and subsequent dilated cardiomyopathy are major causes of heart failure in young adults. Myocarditis in humans is
highly heterogeneous in etiology. Recent studies have indicated that a subgroup of myocarditis patients may benefit from immune-
targeted therapies, because autoimmunity plays an important role in myocarditis as well as contributing to the progression to
cardiomyopathy and heart failure. Suppressor of cytokine signaling (SOCS) 1 plays a key role in the negative regulation of both
TLR- and cytokine receptor-mediated signaling, which is involved in innate immunity and subsequent adaptive immunity. In this
study, we investigated the therapeutic effect of SOCS1 DNA administration on experimental autoimmune myocarditis (EAM) in
mice. EAM was induced by s.c. immunization with cardiac-specific peptides derived from o myosin H chain in BALB/c mice. In
contrast to control myocarditis mice, SOCS1 DNA-injected mice were protected from development of EAM and heart failure.
SOCS1 DNA administration was effective for reducing the activation of autoreactive CD4* T cells by inhibition of the function of
Ag-presenting dendritic cells. Our findings suggest that SOCS1 DNA administration has considerable therapeutic potential in

individuals with autoimmune myocarditis and dilated cardiomyopathy. The Journal of Immunology, 2012, 189: 2043-2053.

disorder of various etiologies for which no treatment is

currently satisfactory (1); it often results from enteroviral
myocarditis (2, 3). Many patients show heart-specific autoanti-
bodies (3, 4), and immunosuppressive therapy can improve car-
diac function in DCM patients who show no evidence of viral or
bacterial genomes in heart biopsy samples (5). These observations
suggest that autoimmunity plays an important role in myocarditis

D ilated cardiomyopathy (DCM) is a potentially lethal
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as well as contributing to the progression to cardiomyopathy and
heart failure (6).

Experimental autoimmune myocarditis (EAM) is a model of
postinfectious myocarditis and cardiomyopathy (7). A number of
proinflammatory cytokines, including IL-1p, IL-6, IL-12, TNF-q,
and GM-CSF, have been shown to contribute to the development
of autoimmune myocarditis in animal models and human cases
(8-13). EAM is a CD4" T cell-mediated disease (7, 14), and ac-
tivation of self-Ag-loaded dendritic cells (DCs) is critical for
expansion of autoreactive CD4" T cells. Activation of TLRs and
IL-1 type 1 receptor and their common downstream signaling
adaptor molecule, MyD88, in self-Ag—presenting DCs is also
critical for the development of EAM (11, 15, 16). Compared with
inhibition of a single cytokine, a more effective treatment might
be inhibition of various signaling pathways to induce production
of cytokines through both innate and adaptive immunity. One
strategy that could accomplish this would be to target shared cy-
tokine and TLR signal transduction pathways using suppressor of
cytokine signaling (SOCS) molecules.

Recent lines of evidence indicate that SOCS proteins, originally
identified as negative-feedback regulators in cytokine signaling,
are involved in the regulation of TLR-mediated immune responses
(17, 18). The SOCS family is composed of eight members: cyto-
kine-inducible Src homology 2 domain-containing protein and
SOCS1 to SOCS7 (19, 20). SOCS1 plays a key role in the negative
regulation of both TLR-mediated signaling and cytokine receptor-
mediated signaling, which are involved in innate immunity and
subsequent adaptive immunity (21). The expression of SOCS1
is induced by various cytokines, including IFN-y, IL-4, and IL-6,
and also by TLR ligands, such as LPS and CpG-DNA (22).
Several studies have demonstrated that SOCS1 is a negative reg-
ulator of LPS-induced macrophage activation and plays an es-
sential role in suppression of systemic autoimmunity mediated by
DCs (23-25). Thus, SOCS]1 regulates not only adaptive immunity
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but also innate immunity by suppressing hyperactivation of
macrophages and DCs,

In this study, we describe the therapeutic effect of SOCS1 DNA
administration using plasmid DNA encoding SOCS1 for EAM.
SOCS1 DNA therapy reduces myocarditis by regulating DC
populations during EAM.

Materials and Methods

Animals

BALB/c mice and CB17.SCID mice were purchased from CLEA Japan. We
used 5-7-wk-old male mice. All animals were cared for according to
ethical guidelines approved by the Institutional Animal Care and Use
Committee of the National Institute of Biomedical Innovation.

Immunization protocols

Mice were immunized with 100 pg cardiac myosin-specific peptide
(MyHC-0614-620) Ac-RSLKLMATLFSTYASADR-OH (Toray Research
Center) emulsified 1:1 in PBS/CFA (1 mg/ml; H37Ra; Sigma-Aldrich) on
days 0 and 7 as described previously (12). For DC immunization, bone
marrow-derived DCs (BMDCs) were generated as described (26). BMDCs
were pulsed overnight with 10 wg/ml MyHC-a peptide and stimulated for
another 4 h with 0.1 pg/ml LPS (Sigma-Aldrich) and 5 pg/ml anti-CD40
(BD Pharmingen) (15). Recipient mice received 2.5 X 10° pulsed and
activated BMDCs i.p. on days 0, 2, and 4 and were killed 10 d after the first
injection.

Plasmid construction and DNA transfection

Mouse SOCS1 cDNA and dominant-negative SOCS1 (dnSOCS1) cDNA
were subcloned into the mammalian vector pcDNA3.1-myc/His(-) using
oligonucleotide primers containing restriction sites for Xhol and EchoRI
at the 5’ and 3’ ends, respectively. MyHC-o/CFA-immunized mice were
injected i.p. with 100 pg of plasmid DNA in 200 wl PBS on days 0, 5, and
10. BMDC-transferred mice and CD4" T cell adoptive-transferred SCID
mice were treated with plasmid DNA on days 0 and 5.

Histopathologic examination

Myocarditis severity was scored on H&E-stained sections using grades
from 0-4: 0, no inflammation; 1, <25% of the heart section involved; 2,
25-50%; 3, 50~75%; and 4, >75%. To quantify the fibrotic area, ven-
tricular sections were stained with Sirius Red. The fibrotic area was cal-
culated as the sum of all areas stained positive for Sirius Red divided by
the sum of all myocardial areas in each mouse. Two independent re-
searchers scored the slides separately in a blinded manner.

Flow cytometry

Heart inflammatory cells were isolated and processed as described (15, 27).
Cells were stained using fluorochrome-conjugated mouse-specific Abs
against CD45, CD4, CD3e, CD44, CD62L, and CD40L (BD Biosciences).
Samples were analyzed on an FACSCalibur cell sorter (BD Biosciences).

Measurements of cytokines and chemokines

Hearts were homogenized in media containing 2.5% FBS. Supernatants
were collected after centrifugation and stored at —80°C. For in vitro
stimulation assay of primary CD4* T cells, naive CD4"CD62L" T cells
were isolated from the spleens by MACS (CD4*CD62L* T Cell Isolation
Kit II; Miltenyi Biotec). A total of 1.5 X 107 CD4"CD62L"* cells were then
stimulated with recombinant mouse 1L-2 (R&D Systems) or recombinant
mouse IL-12 (R&D Systems). Concentrations of cytokines and chemo-
kines in the heart homogenates or culture supernatants were measured with
Quantikine ELISA kits (R&D Systems).

Proliferative responses of T cells

Proliferation of T cells was assessed as previously described (28). Briefly,
mice were immunized as described above, and the spleens collected on day
14. Cells were cultured with 5 pg/ml MyHC-a for 72 h and pulsed with
0.5 pCi [3H]thymidine 8 h before being measured with a B counter. For
in vitro stimulation assay of primary CD4™ T cells, naive CD4"CD62L"
T cells were isolated from the spleens by MACS (CD4*CD62L* T Cell
Isolation Kit II; Miltenyi Biotec). A total of 10° CD4*CD62L* cells were
then stimulated with 5 wg/ml anti-CD3¢, 5 pg/ml anti-CD3e, 1 pg/ml anti-
CD28, 50 ng/ml PMA, and 500 ng/ml ionomycin or with 1 pg/ml Con A
together with 0.25 X 10° DCs. Proliferative responses were assessed after
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48 h in 2.5% RPMI 1640 medium by measurement of the [BH]thymjdinc
incorporation.

Western blot analysis

Total lysates from CD4" T cells or DCs were immunoblotted and probed
with Abs directed against STAT! (Santa Cruz Biotechnology) and p-
STAT1 protein (Cell Signaling Technology). HRP-conjugated goat anti-
rabbit IgG (Bio-Rad) was used to identify the binding sites of the primary
Ab.

Adoptive transfer of T cells

Splenocytes were collected from diseased mice and cultured with 5 pg/ml
MyHC-o for 48 h. A total of 5 X 108 CD4* T cells were purified by using
anti-CD4 magnetic beads (Miltenyi Biotec) and injected i.p. into the SCID
mice. The mice were killed 10 d after the injection.

Quantitative real-time RT-PCR

Total RNA was prepared using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. cDNA was synthesized from 1 pg total RNA
by reverse transcriptase (Takara). Quantitative real-time RT-PCR (QRT-
PCR) analysis was performed with LightCycler (Roche Diagnostics).
Primers for mouse Socs! were 5'-GTGGTTGTGGAGGGTGAGAT-3'
(sense) and 5'-CCTGAGAGGTGGGATGAGG-3' (antisense). Primers for
mouse Hprt were 5'-TCCTCCTCAGACCGCTTTT-3' (sense) and 5'-CC-
TGGTTCATCATCGCTAATC-3' (antisense). Data were normalized by the
level of Hprt expression in each sample.

Echocardiography

Transthoracic echocardiography was performed on animals on day 35 by
using a Prosound o6 with a 10-MHz transducer (Aloka). The left ven-
tricular (LV) chamber dimensions were measured from the M-mode. Two
independent investigators who conducted the echocardiography were un-
aware of the treatment status.

Statistical analysis

All data were expressed as means = SEM. Statistical analyses were per-
formed using the two-tailed ¢ test or Mann—Whitney U test for experiments
comparing two groups. The p values <0.05 were considered statistically
significant.

Results
SOCS1 DNA administration inhibits the development of EAM

To examine the effect of in vivo gene delivery of Socs! on the
pathogenesis of EAM, BALB/c mice were injected with a mam-
malian expression plasmid vector encoding SOCS1 (pSOCS1)
during the course of EAM induction (Fig. 1A). QRT-PCR analysis
revealed elevated expression of Socs/ in the control EAM heart
(Fig. 1B). Importantly, in the SOCS1 DNA-administered mice,
Socs1 was strongly expressed in the heart. By day 28, Socs! gene
expression was significantly elevated in the pSOCS1-treated heart
as compared with the controls (Supplemental Fig. 1). Gross car-
diac enlargement and edema were reduced in mice with EAM that
received pSOCS1 as compared with those in control empty plas-
mid DNA-administered EAM mice (Fig. 1C). The heart-to-body
weight ratio in the pSOCSl-injected mice was significantly de-
creased as compared with that in the control plasmid-administered
mice (Fig. 1D). The pSOCSl-injected EAM mice had a signifi-
cantly lower myocarditis severity score and fewer infiltrating in-
flammatory cells than did the control plasmid-injected mice (Fig.
1E-G). The empty vector [pcDNA3.1-myc/His(-)] was used as the
control and did not have any effects on EAM in our experiments
(data not shown).

Recently, Hanada et al. (29) demonstrated that dnSOCS1, which
has a point mutation (F59D) in a functionally critical kinase in-
hibitory region of SOCSI1, strongly augmented cytokine-depen-
dent JAK-STAT activation both in vivo and in vitro as an antag-
onist of SOCS1. We examined the effect of dnSOCS1 on the
clinical course of EAM. Mice administered a plasmid vector
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Amelioration of EAM and heart failure by SOCS1 DNA administration. (A) BALB/c mice were immunized twice, on days 0 and 7, with 100

g of MyHC-« and treated with pSOCS1, pdnSOCS]1, or control plasmid on days 0, 5, and 10. (B) QRT-PCR for the Socs! gene. RNA samples were
obtained from hearts of immunized mice on day 14 and used as a template for QRT-PCR. Results represent the average gene induction in five independent
heart samples. (C) Representative gross hearts (day 14) of naive and EAM mice treated with the indicated plasmid. (D) Heart-to-body weight ratios of naive
and EAM mice with indicated treatment (n = 5 mice/group). (E) Representative H&E-stained sections of hearts from naive and immunized mice.
Arrowheads indicate infiltrating cells. Scale bar, 50 wm. (F) Myocarditis severity in heart sections stained with H&E (n = 5-7 mice/group). (G) Flow
cytometry analysis of CD45" heart infiltrates of naive and immunized mice (n = 5-7 mice/group). Data are representative of at least two independent
experiments. Error bars represent means = SEM. *p < 0.05, **p < 0.01 compared with control.

encoding dnSOCS1 (pdnSOCS1) showed augmentation of gross
heart enlargement, edema, and heart-to-body weight ratio (Fig.
1C, 1D). However, the myocardial leukocyte infiltration and
myocarditis scores were not significantly different between the
pdnSOCS1- and control plasmid-administered mice (Fig. 1E-G).

To clarify the adverse effect of dnSOCS1 DNA administration
on the development of EAM, we used mice immunized with a

tithe amount (10 png) of MyHC-« instead of the usual amount of

peptide for EAM development (Fig. 2A). Those MyHC-a—im-
munized mice injected with the control plasmid or pSOCS1 did
not develop myocarditis (Fig. 2B-F). However, immunized mice
injected with pdnSOCS1 developed myocarditis with inflamma-
tory infiltrates (Fig. 2B-F). Thus, administration of pSOCS1 is
effective against the development of EAM, and the inhibition of
SOCSI by use of a SOCS1 antagonist adversely affects myocar-
ditis.

SOCSI DNA administration prevents progression of heart
Sfailure and fibrosis after myocarditis

Some patients diagnosed with myocarditis after viral, bacterial,
or protozoal infection develop heart failure (2). On day 35 of
the present experiment, mice immunized with MyHC-a showed
increased LV end-diastolic dimensions (LVEDd) and LV end-
systolic dimensions (LVESd) and decreased fractional shorten-
ing (FS); however, pSOCS1-injected mice showed almost normal
chamber size and LV function (Fig. 3A, 3B). In contrast, LV
dysfunction and chamber dilatation in pdnSOCS1-administered
mice were manifested as significant increases in LVEDd and

LVESd and decrease in FS (Fig. 3A, 3B). In these EAM models,
on day 35, hearts from myocarditis mice showed interstitial
fibrosis without active leukocyte infiltration. The fibrotic area
in mice administered pSOCS1 was significantly smaller than
that in control plasmid-injected mice (Fig. 3C, 3D). Although
pdnSOCS1-injected mice developed severe cardiac fibrosis, the
difference between the fibrotic areas in pdnSOCS1- and control
plasmid-injected mice was not statistically significant (Fig. 3C,
3D). These inhibitory effects of pSOCS1 on the development of
fibrosis and heart failure were considered to be the result of in-
hibition of myocardial inflammation because myocarditis devel-
oped mice injected with pSOCS1 on day 14, 21, and 28 did not
show inhibitory effects on fibrosis and heart failure (data not
shown).

Cardiac myosin-specific CD4™ T cell response and cytokine
production

Autoimmune myocarditis is a CD4" T cell-mediated disease (7,
15). Proliferative responses of CD4" T cells after in vitro re-
stimulation with MyHC-a were not clearly seen in pSOCS1-
injected mice; however, the proliferation of CD4" T cells from
pdnSOCS1-injected mice was enhanced (Fig. 4A). Production of
IL-2, IL-6, IL-10, IL-17, 1L-22, IFN~y, TNF-a, CCL2, CCL3,
CCL5, CCL17, and CXCL10 by CD4" T cells from EAM mice
was enhanced by in vitro restimulation with the MyHC-a epitope
peptide. This cardiac-Ag-specific cytokine production by CD4"
T cells was decreased in the supernatants of in vitro MyHC-o—
restimulated CD4" T cells from pSOCS1-administered mice but
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FIGURE 2. Increased susceptibility to EAM induced by inhibition of SOCS1. (A) Mice were immunized twice, on days 0 and 7, with 10 pg of MyHC-«
emulsified 1:1 in PBS/CFA and treated with pSOCSI, pdnSOCS], or control plasmid on days 0, 5, and 10. (B) Representative gross hearts (day 14) of naive
and 10 pg of MyHC-a-immunized mice treated with the indicated plasmid. (C) Heart~to~bodyy weight ratios of naive and immunized mice (2= 5 to 6 mice/
group). (D) Representative H&E-stained sections of hearts from naive and immunized mice. Arrowheads indicate infiltrating cells. Scale bar, 50 wm. (E)
Myocarditis severity in heart sections stained with H&E (n = 5 to 6 mice/group). (F) Flow cytometry analysis of CD45" heart infiltrates of naive and
immunized mice (n = 5 mice/group). Data are representative of at least two independent experiments. Error bars represent means = SEM. *p < 0.05, ¥¥p <
0.01 compared with control.

was increased in the supernatants of these cells from pdnSOCS1- culture supernatants of in vitro-restimulated CD4" T cells from
administered mice (Fig. 4B). In contrast, cardiac-Ag—specific control plasmid-, pSOCS1-, or pdnSOCS1-injected mice (data not
production of IL-1B, IL-10, and CXCL1 was not detected in the shown). Taken together, these results indicate that SOCS1 DNA
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FIGURE 3. SOCS1 DNA administration prevents progression to heart failure. (A and B) Echocardiography was performed on naive and immunized mice
on day 35. (A) Representative M-mode echocardiograms. Bars indicate LVESd and LVEDd. Bar graphs (B) represent LVEDd and percentage of FS from the
indicated animals (n = 9 mice/group). The percentage FS was calculated according to the following formula: FS (%) = (LVEDd — LVESd)/LVEDd. (C and
D) Heart tissue sections were stained with Sirius Red and analyzed for fibrosis at day 35. Representative Sirius Red-stained sections of hearts. Scale bar, 50
pm. (C) Arrowheads indicate fibrotic area. (D) The degree of fibrosis was calculated as the percentage of the fibrotic area in relation to the total heart area
(n = 5 mice/group). Data are representative of at least two independent experiments. Error bars represent means = SEM. *p < 0.05, **p < 0.01 compared
with control.
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FIGURE 4. Impaired expansion of heart-specific CD4™ T cells in pSOCS]1-treated mice. (A) Splenocytes were isolated from naive and EAM mice treated
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stimulated control, #p < 0.05 compared with OVA-stimulated control.

delivery inhibits the activation of myosin-specific CD4"™ T cells
and strongly suggest that impaired CD4* Th cell function prevents
EAM development in pSOCS1-injected mice after immunization
with cardiac self-Ag. "

To evaluate whether pSOCS1 administration affects Ag-specific
CD4" T cell function in other models, we injected plasmid DNA
into an autoimmune gastritis model and an OVA-immunized
model. In the autoimmune gastritis model, gastric-Ag—specific
production of IL-2, IL-6, IL-13, IL-17, IL-22, IFN-y, TNF-q,
CCL2, CCL5, CCL17, and CXCL10 by CD4" T cells was de-
creased in pSOCS 1-administered mice but increased in pdnSOCS1-
administered mice (Supplemental Fig. 2). Lower amounts of
cytokines (including IL-2, IL-6, 1L-13, IFN-y, TNF-a, CCL2,
CCL3, CCLS5, CCL17, and CXCL10) were also produced in CD4"
T cells from pSOCS1-injected OVA-immunized mice (Supple-
mental Fig. 3). These results suggest that pPSOCS1 administration
may suppress Ag-specific CD4* T cell activation in various au-
toimmune diseases and foreign body infections.

SOCS1 DNA administration inhibits the production of
proinflammatory cytokines and CD4* T cell differentiation in
the heart

We also examined whether SOCS1 DNA administration has an
effect on cytokine and chemokine milieu in the heart. On day 14
after MyHC-a immunization, heart homogenates from pSOCS1-
injected mice had significantly decreased amounts of proin-
fAammatory cytokines, including IL-18 and IL-6, and of myelo-
tropic chemokines, including CCLS5, CXCL1, and CXCL10 (Fig.
5A). In contrast, hearts from mice injected with pdnSOCSI

showed greatly increased amounts of proinflammatory cytokines
and chemokines (Fig. 5A). SOCS! protein has been shown to
regulate T cell differentiation (17, 18). To determine the differ-
entiation of CD4* T cells during EAM, we examined the heart-
infiltrating CD4" T cell populations by FACS analysis. Activated
CD4™ T cells (CD4"CD40L") and effector memory CD4™ T cells
(CD447CD62L") were reduced in the pSOCSI-injected mice
(Fig. 5B). Thus, protection from EAM in pSOCS1-administered
mice is associated with abrogation of proinflammatory cytokines,
chemokines, and CD4" T cell differentiation in the heart.

SOCSI1 DNA injection does not have a direct suppressive effect
on CD4" T cell activation

To gain new insights into the mechanism of protection from
myocarditis, we investigated whether pSOCS1 therapy directly
affects CD4™ T cell activation. Naive T cells (CD4"CD62L" cells)
were isolated from non-EAM mice injected with pSOCSI,
pdnSQCSH1, or control plasmid, and their primary responses to
various stimuli were compared (Fig. 6A). As shown in Fig. 6B,
there were no differences in IFN-y-induced STAT1 activation
among these CD4" T cells. There were also no differences in
primary responses to stimulation with anti-CD3e, anti-CD3e/anti-
CD28, PMA/ionomycin, or Con A presented by mitomycin C-
treated wild-type DCs among pSOCS1-, pdnSOCS1-, and con-
trol plasmid-treated CD4™ T cells (Fig. 6C). Chong et al. (30)
demonstrated that SOCS 1-deficient T cells produced substantially
greater levels of IFN-y in response to IL-2 or IL-12. From these
findings, we assessed the production of IFN-y from CD4" T cells
by using the same experiments. In the culture supernatants of
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FIGURE 5. Cytokine and chemokine responses and CD4" T cell dif-
ferentiation in the heart. (A) Myocardial tissues were homogenated and
processed by ELISA to detect cytokines and chemokines on day 14. Bar
graphs show group means & SEM of 8-16 mice/group. Results of one of
three representative experiments are shown. (B) Heart-infiltrating cells
were isolated from EAM mice treated with indicated plasmid DNA.
Cells were stained for CD4, CD40L, CD44, and CD62L. CD44 and
CD62L expression are based on gates set from total CD4™ T cells. Bar
graphs show group means * SEM of 5-9 mice/group. Data are repre-
sentative of two independent experiments. *p < 0.05 compared with
control.

CD4* T cells stimulated with IL-2 or IL-12, there were also no
differences in IFN-y production (Fig. 6D). These results indicate
that in vivo administration of pSOCS1 does not directly affect
CD4™ T cell activation.

In vivo SOCS1 DNA administration inhibits DC function

Although CD4" T cell differentiation was inhibited in pSOCSI-
treated mice (Fig. 5B), our results suggested that in vivo Socs/
gene administration has no direct effect on CD4™ T cell activation
(Fig. 6). We therefore investigated whether in vivo pSOCS1 ad-
ministration inhibits the function of Ag-presenting DCs by stim-
ulation through the TLR pathway. DCs from mice administered
pSOCS1, pdnSOCSI, or control plasmid were stimulated with
LPS for 24 h (Fig. 7A). STAT1 phosphorylation was attenuated in
DCs from pSOCS!l-injected mice and enhanced in DCs from
pdnSOCS1-injected mice (Fig. 7B). The production of proin-
flammatory cytokines, including IL-6, TNF-«, and IFN-y, was
inhibited in DCs from pSOCSI-injected mice and enhanced in
DCs from pdnSOCS1-injected mice (Fig. 7C). These results in-
dicate that in vivo administration of Socs! affects DC function. In
the current study, the cardiac-Ag-specific proliferative response
and cytokine production of CD4" T cells were inhibited in
pSOCS1-injected EAM mice (Fig. 4). We next assessed the
functional capability of DCs to prime and expand autoreactive
CD4* T cells from mice injected with each plasmid as a measure
of Ag-specific proliferative responses of CD4* T cells from
MyHC-a~immunized mice. Myosin-specific CD4" T cells were
cocultured with MyHC-a—pulsed DCs from pSOCS1-, pdnSOCS1-,
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and control plasmid-treated mice (Fig. 7D). Interestingly, the
proliferative responses of CD4" T cells cocultured with DCs from
pSOCS|-treated mice were much weaker than those of cells cul-
tured with DCs from control plasmid-treated mice, and these
proliferative responses of CD4" T cells were enhanced by cocul-
turing with DCs from pdnSOCS1-administered mice (Fig. 7E).
These results suggest that in vivo gene delivery of Socs/ sup-
presses the functional capability of DCs to prime and expand
autoreactive CD4" T cells.

SOCSI DNA administration inhibits the development of
myocarditis induced by cardiac myosin peptide-loaded BMDC
transfer but not by CD4" T cell transfer

Functionally interposed SOCS1 is induced in various cell pop-
ulations, including leukocytes, vascular cells, and cardiomyocytes
(18, 31, 32). A mouse model of EAM was established by cell
transfer using peptide-pulsed DCs or cardiac epitope-specific
CD4" T cells (7, 14). The effects of pSOCS1 administration in
mice transferred with CD4" T cells from mice with EAM were
assessed. pSOCS1, pdnSOCS], or control plasmid was injected
into mice transferred with cardiac myosin-specific CD4* T cells
(Fig. 8A). All mice transferred with CD4" T cells developed
myocarditis, and no therapeutic effects were seen in pSOCS1-
injected mice (Fig. 8B-D). Furthermore, pdnSOCS1 administra-
tion showed no adverse effect on the status of myocarditis induced
by CD4* T cell transfer (Fig. 8B-D). These findings suggest that
systemic injection of pSOCSI is not effective for inhibition of
autoreactive CD4" T cell activation and recruitment to the heart
during myocarditis development. Next, we administered pSOCS1,
pdnSOCS1, or control plasmid into mice transferred with MyHC-
o—loaded BMDCs (Fig. 8E). Interestingly, pSOCS1 injection
inhibited the development of myocarditis after MyHC-a—loaded
BMDC transfer, and myocarditis deteriorated after administration
of pdnSOCS1 (Fig. 8F-H). These results indicate that the thera-
peutic effects of SOCS1 DNA administration on EAM contribute
to professional APCs such as DCs and also provide evidence for
the potential utility of SOCS1 DNA inoculation as an approach to
gene therapy for myocarditis.

Discussion

There have been no effective fundamental therapies for acute
myocarditis; therefore, supportive care for LV dysfunction is the
first line of treatment. Because patients generally present days to
weeks after the initial viral infection, antiviral therapy has limited
applicability in patients with acute viral myocarditis. The long-term
sequelae of viral myocarditis appear to be related to abnormal
cellular and humoral immunity; therefore, many clinicians believe
that immunosuppression is beneficial for myocarditis treatment
(2). In this study, we showed that administration of SOCS1 DNA
is effective for inhibiting the development of EAM in BALB/c
mice, suggesting a novel immunotherapy for myocarditis. To our
knowledge, this is the first report showing that gene delivery of
Socsl prevents autoimmune disease.

Animal models have greatly advanced our knowledge of the
pathogenesis of myocarditis and inflammatory cardiomyopathy.
Infection of BALB/c mice with either Coxsackievirus or murine
CMV results in the development of acute myocarditis from days
7-14 postinfection that is characterized by myocyte damage due
to viral cytotoxicity, and the infectious virus cannot be detected
past day 14 of the infection (7). After elimination of viruses,
mice showed autoimmune myocarditis, which is associated with
mononuclear infiltration of the myocardium and production of
autoantibodies to cardiac myosin (7), similar to the pathogenesis
of autoimmune myocarditis in humans (3, 4, 33). These autoim-
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mune responses are thought to be elicited by two mechanisms.
One is molecular mimicry: responses to microbial Ags could re-
sult in the activation of T cells that are cross-reactive with self-
Ags. Another possibility is bystander activation of autoreactive
cells. APCs that have become activated in the inflammatory milieu
of a pathogenic infection can stimulate the activation and prolif-
eration of autoreactive T or B cells in a process known as by-
stander activation (reviewed in Ref. 34). Thus, immune responses
to myocytes involving various innate and adaptive immune path-
ways were recognized during myocarditis development. The car-
diac myosin peptide-immunized mouse EAM model reflects hu-
man autoimmune myocarditis and heart failure after elimination
of infectious pathogens.

Recent studies have indicated that various microbes use the
host’s SOCS proteins for manipulating cytokine receptor signaling
as one of the strategies to evade immune responses (35, 36).
Coxsackievirus usually infects cardiomyocytes and induces the
expression of SOCS1 and SOCS3 in cardiomyocytes, which can
result in evasion of immune responses and facilitation of virus
replication by inhibition of JAK-STAT signaling (32, 37). These
findings indicate that it may be harmful to administer SOCS1
DNA in the acute phase of infectious myocarditis because it may
augment viral replication by inhibition of IFN signaling. The ef-
fect of SOCS1 transduction on viral myocarditis has been ex-
amined by Yasukawa et al. (32). The SOCS1-transgenic mice

infected with CVB3 showed increased myocardial injury, virus
replication, and mortality. In contrast, they also showed that
SOCS! inhibition in the heart through adeno-associated virus-
mediated expression of dnSOCS1 increased resistance to the
acute cardiac injury caused by CVB3 infection. These results were
acceptable because SOCS proteins have emerged as frequent
targets of viral exploitation. Furthermore, when administrating
JAK inhibitors, such as SOCS, active serious infections should
have been resolved before the start of treatment. It is considered
to be inappropriate to use JAK inhibitors for a person with infec-
tious disease or their possibility with consideration for compli-
cation of infection (38-40). In contrast, the overactive autoim-
mune responses triggered by microbial pathogens can persist after
elimination of infectious pathogens (7). Therefore, we examined
the efficacy of SOCS1 transfection by using EAM induced by
cardiac autoantigen immunization in the absence of viral infec-
tion. In the current study, we clearly showed the efficacy of Socs!/
gene transfer as an immunosuppressive therapy for myocarditis
under infectious pathogen-free conditions in an EAM mice model.
The results of a recent randomized, double-blind, placebo-con-
trolled study showed that immunosuppressive therapy, includ-
ing prednisone and azathioprine, was effective in patients with
myocarditis and inflammatory cardiomyopathy and without evi-
dence of the myocardial viral genome (41). These findings indi-
cate that Socs] gene transfer can be effective to treat some clinical
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cases of myocarditis and inflammatory cardiomyopathy associated
with autoimmunity and without the virus genome in the myocar-
diuim, as well as EAM in mice. '

In the current study, we demonstrated that the administration
of plasmid DNA encoding SOCS1 did not affect autoreactive
CD4" T cell function (Fig. 6) and adoptive transfer of autoreactive
CD4* T cells was able to induce myocarditis in SOCS1 DNA-
administered SCID mice (Fig. 8A-D), suggesting that SOCS1
DNA does not suppress either CD4" T cell recruitment or accu-
mulation of other inflammatory cells in the heart. In contrast, the
introduced SOCS1 DNA inhibited the activation of DCs producing
proinflammatory cytokines (Fig. 7C). In fact, inhibition of the
phosphorylation of STAT1 molecules was observed in DCs from
mice injected with SOCS1 DNA (Fig. 7B). In addition, the pro-
liferative responses of CD4* T cells cocultured with DCs from
pSOCS1-treated mice were much weaker than those of cells cul-
tured with DCs from control plasmid-injected mice (Fig. 7E).
These results suggest that the inoculated SOCS1 DNA may have
been transfected into DCs and impaired DC function in vivo.
Contrary to expectations, we could not find evidence of direct
transfection of inoculated DNA into DCs in the heart, spleen,
peritoneal cavity, or lymph nodes. Although the introduced DNA
is expressed predominantly by somatic cells (e.g., cardiomyo-
cytes, keratinocytes, and fibroblasts), it is known that relatively
small but biologically significant numbers of DCs are transfected
with the inoculated DNA (42-44). Based on this fact, the inocu-
lated SOCS1 DNA may have inhibited DC activation through the

direct transfection into DCs; however, our data do not exclude the
possibility of another indirect mechanisms.

In the EAM model, activation of TLRs on self-Ag—presenting
DCs is essential for the expansion of autoreactive CD4™ T cells to
induce myocarditis and heart failure (15). We previously reported
that 7lr4 mutant C3H/HeJ mice are resistant to development of
EAM (45). Furthermore, IL-1 type 1 receptor signaling on DCs is
critical for autoimmune myocarditis development (11). MyD88 is
a crucial common adaptor molecule that mediates both TLRs and
IL-1 type 1 receptor activation (46, 47), and MyD88 signaling in
DCs is critical for the induction of EAM (16). SOCS1 negatively
regulates the MyD88-dependent pathway by interacting with both
IL-1R~associated kinase and NF-«B (17), which results in a de-
crease in the induction of inflammatory cytokines such as TNF-a
and IL-6. In fact, production of these inflammatory cytokines was
inhibited by the administration of SOCS1 DNA in the current
study (Fig. 7C). Although nearly all TLRs recruit MyD88, other
specific adaptor proteins function downstream of particular TLRs.
One such adaptor molecule is Toll/IL-1R domain-containing adap-
tor protein/Mal. SOCS1 also binds to tyrosine-phosphorylated
Mal through its interaction with Bruton’s tyrosine kinase, leading
to the suppression of Mal-dependent p65 phosphorylation and
transactivation of NF-kB (48). Another important mechanism of
the suppression of APC activation by SOCS1 is inhibition of the
secondary activated JAK-STAT pathway (49, 50). The Toll/IL-1R
domain-containing adaptor protein-inducing IFN-B—IFN-regula-
tory factor 3 pathway rapidly induces IFN-B, which in turn acti-
vates JAK-STAT! and contributes to the expression of IFN-
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inducible genes (51). Moreover, Kimura et al. (52) showed that
LPS can activate JAK2 and STATS, which are involved in IL-6
induction, and that SOCS1 selectively inhibits this process. Thus,
SOCSI negatively regulates several activation pathways in DCs.
The present study indicates that pSOCS1 administration is a pos-
sible therapy against various diseases caused by overshooting of
DCs.

IFN-y has been shown to be a downregulatory cytokine, as
evidenced by exacerbated myocarditis in IFN-yR knockout (KO),
IFN-y KO, and T-bet KO mice (9, 53, 54). In contrast, Th17 cells
have recently been implicated in the pathogenesis of various types
of autoimmune diseases (reviewed in Ref. 55); however, IL-17
deficiency did not significantly impact the severity of EAM
(56). Though these gene-ablated mice provided us with much
important information, these studies do not necessarily lead to an
effective therapy. In this study, we showed that SOCSI DNA

administration inhibited a broad array of cytokine production from
CD4* T cells (Fig. 4B) and effectively reduced myocardial in-
flammation (Fig. 1). Compared with inhibition of a single cy-
tokine, SOCS1 DNA therapy could be a more useful therapy that
inhibits various signaling pathways to induce production of cyto-
kines.

In the current study, SOCS1 DNA administration was efficacious
against EAM development, and inhibition of SOCS1 molecules by
SOCS1 antagonist DNA administration enhanced the severity of
myocarditis. We demonstrated that SOCS1 DNA administration
inhibits the stimulation of self-Ag—presenting DCs inducing car-
diac myosin-specific CD4* T cell responses in peripheral com-
partments in vivo. Given the availability of clinically effective
drugs targeting SOCS1, our findings show new therapeutic per-
spectives for the treatment of autoimmune myocarditis and car-
diomyopathy.
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Summary Although sarcoidosis may exhibit histopathologic features similar to those of a newly emerging
clinical entity, immunoglobulin G4-related sclerosing disease, sarcoidosis is currently not considered to be
associated with immunoglobulin G4-related immunoinflammation. Not many studies on this association
have been reported. We investigated serum immunoglobulin G4 levels among patients with sarcoidosis with
or without cardiac involvement (cardiac sarcoidosis and non—cardiac sarcoidosis patients). The mean serum
immunoglobulin G4 level among the 65 patients with sarcoidosis was 56.8 + 43.0 mg/dL, which did not
significantly differ between patients with cardiac sarcoidosis (54 +48 mg/dL, n= 12) and patients without
cardiac sarcoidosis (58 %42 mg/dL; n = 53). Serum level of soluble interleukin 2 receptor, a potent marker
that may reflect sarcoidosis activity, was elevated in cardiac sarcoidosis (910 + 683 U/L) and noncardiac
sarcoidosis (689 # 399 U/L) but did not significantly differ between the groups. Immunohistochemistry of
cardiac or lymph node specimens from patients with cardiac sarcoidosis showed only sparse or no infiltration
of immunoglobulin G4—positive lymphocytes, in contrast to the moderate to severe infiltration of CD68-
positive macrophages and CD45-positive lymphocytes. Although the number of study subjects was small,
these findings collectively suggest that regardless of the presence or absence of cardiac involvement,
sarcoidosis does not belong to or overlap with immunoglobulin G4-related sclerosing disease.

© 2012 Elsevier Inc. All rights reserved.
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Since elevation of serum immunoglobulin G4 (IgG4)
levels and tissue infiltration of IgG4-positive plasma cells
were first characterized in autoimmune pancreatitis [1],
similar findings bave been observed in a wide variety of
disorders, such as retroperitoneal fibrosis, inflammatory
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Table 1  Patient characteristics
Characteristics Cardiac involvement Cardiac involvement P
) (a=12) () (n=53)
Age (y) 523 +£134 55.6 + 16.0 NS
Men 6 (50%) 23 (43%) NS
Body mass index 23.8£3.8 226 +2.8 NS
History of smoking 5 (42%) 18 (34%) NS
Accompanying diseases
Hypertension 2 (17%) 15 (28%) NS
Diabetes mellitus 2 (17%) 7 (13%) NS
Dyslipidemia 6 (50%) 19 (36%) NS
Coronary artery diseases 0 (0%) 4 (8%) NS
Heart failure 11 (92%) 2 (4%) <.001
Systolic blood pressure (mm Hg) 110 £ 24 127 + 16 .006
Diastolic blood pressure (mm Hg) 72 = 16 74+9 NS
Heart rate (beats per minute) 74 £ 17 72+ 8 NS
Electrocardiogram
Complete or advanced AV block 5 (42%) 4 (8%) .002
Ventricular tachycardia 3 (25%) 0 (0%) <.001
Echocardiogram
LV end-diastolic diameter (mm) 59.7+ 144 47.1+4.38 <.001
LV ejection fraction 41.3+£22.1 66.8 +7.4 <.001
Medication '
ACEV/ARB 4 (33%) 9 (20%) NS
Calcium channel antagonists 1 (8%) 10 (19%) NS
B-Blockers 4 (33%) 2 (4%) .002
Diuretics 6 (50%) 1 (2%) <.0001
Digitalis 3 (25%) 1 2%) .003
Spironolactone 2 (17%) 0 (0%) .003
Statin 6 (50%) 14 (26%) NS
Amiodalon 3 (25%) 0 (0%) .001
Laboratory findings
Brain natriuretic peptide (pg/mL) 350.9 £ 378.4 116.1 +£242.1 .048
CRP (mg/dL) 243 £535 0.18 +0.33 .003
White blood cell count (/uL) 6860 + 2810 5740 + 1640 NS
Hemoglobin level (g/L) 145+13 139+ 1.3 NS
Platelet count (103/uL) 191 £ 57 242 + 51 .003
Erythrocyte sedimentation rate (mm/h) 175 +9.9 13.8 £ 12.1 NS
Aspartate aminotransferase (TU/L) 38.5+34.8 245+ 117 019
Alanine aminotransferase (IU/L) 273+ 14.6 246+ 152 NS
Blood urea nitrogen (mg/dL) 194 +64 15.8+4.5 .022
Creatinine level (mg/dL) 0.96 £ 0.29 0.76 + 0.23 .020

NOTE. Data are presented as mean £ SD for continuous variables.
Abbreviations: AV, atrioventricular; LV, left ventricle; ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin II receptor blockers; CRP,

C-reactive protein; and NS, not significant.

abdominal aortic aneurysm [2], Mikulicz disease, and
Sjoegren syndrome [3], leading to the proposal of a new
clinicopathologic entity, IgG4-related sclerosing disease [4].
Although the clinical spectrum of IgG4-related sclerosing
disease or its identity as a novel clinical entity has not been
established, it has been proposed that diagnosis of IgG4-
related sclerosing disease can be defined by elevated serum
IgG4 and histopathologic features such as greater than 50%
infiltration of IgG4/IgG-positive plasma cells [5]. Currently,
sarcoidosis is not considered to be IgG4 related. However, a
small fraction of IgG4-related sclerosing disease may be
misdiagnosed as other lymphoproliferative diseases because

of the resemblance of clinicopathologic pictures [6] as well
as the fact that a substantial fraction of autoimmune
pancreatitis, the first disease to be diagnosed as IgG4 related,
may occur concomitantly with other autoimmune diseases,
including sarcoidosis [7].

Recent studies have suggested that cardiac involvement,
although less common, may be one of the features of IgG4-
related sclerosing disease [8,9]. Sarcoidosis with cardiac
involvement, termed cardiac sarcoidosis, is reported to be
more prevalent in Japan than in the United States and is
responsible for approximately 58% to 85% of deaths from
sarcoidosis [10-12]. To date, there has been little information
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available regarding whether serum IgG4 levels are increased
in patients with sarcoidosis, especially those who have been
diagnosed with cardiac involvement. Therefore, we analyzed
serum IgG4 levels in 65 patients with sarcoidosis, including
12 patients with cardiac sarcoidosis.

2. Materials and methods

2.1, Study patients and diagnosis of
cardiac sarcoidosis

The study was approved by the Ethical Committee of the
Osaka Medical College, Osaka, Japan, and Hayama Heart
Center, Kanagawa, Japan. Sixty-five patients with active
sarcoidosis who attended our hospital and/or Hayama Heart
Center between 2002 and 2010 were enrolled in the current
study. Among these patients, 12 (6 men and 6 women) were
diagnosed as having cardiac sarcoidosis according to the
diagnostic guidelines proposed by the Japan Society of
Sarcoidosis and Other Granulomatous Disorders [13].

2.2. Laboratory measurements

Serum IgG4 levels, soluble interleukin 2 receptor
(sIL-2R), and C-reactive protein (CRP) were measured by
turbidimetry (SRL, Tokyo, Japan), enzyme-linked immuno-
sorbent assay, and a latex agglutination immunophotometric
assay. Serum levels of angiotensin-converting enzyme
(ACE) were measured by the Kasahara method [14]. The
upper reference ranges of IgG4, sIL-2R, and ACE were
105 mg/dL, 519 U/mL, and 21.4 U/L, respectively.

2.3. Histologic and immunohistochemical
examinations

Biopsy specimens of 5 of the 12 patients with cardiac
sarcoidosis enrolled in the study were available. In addition, a
biopsy specimen was available for 7 other patients with cardiac
sarcoidosis. Specimens of left ventricular (LV) myocardium or
lymph nodes were obtained from surgically excised LV
muscles, biopsy, or autopsy. Sections of paraffin-embedded
specimens with a thickness of 4 to 6 ym were incubated with
antibodies against cell surface markers (CD45 [Leica,
Newecastle, UK], CD38 [Leica], and CD68 [DAKO, Glostrup,
Denmark]) or IgG4 (Cappel, Cochranville, PA), and antigens

Table 2 Biomarkers

Cardiac Cardiac P
involvement involvement

H @0=12) () (0n=153)
Immunoglobulin G4 (mg/dL) 53.5+485 57.5+42.1 NS
sIL-2R (U/mL) 910+ 683 689+399 NS
ACE (U/mL) 19.1+10.8 194+75 NS

Characteristics
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Fig. 1  Scatter plot of serum IgG4 and sIL-2R levels in patients with
sarcoidosis. Patients with cardiac sarcoidosis and non-cardiac
sarcoidosis patients are represented by red and blue circles, respectively.

were visualized by using the 3,3-diaminobenzidine tetrahy-
drochloride method (ScyTek Laboratories, Logan, UT).

2.4. Statistical analysis

Data are expressed as mean + SD for continuous variables
and as number (percentage) for categorical variables. Spearman
correlation analysis was performed to estimate correlations
between variables. Comparison between 2 groups was
performed by Wilcoxon rank sum test or unpaired Student
¢ test. P <.05 was considered to be statistically significant.

3. Results
3.1. Patient characteristics

The mean age and prevalence of male sex did not
significantly differ between the groups (Table 1). Compared
with non-cardiac sarcoidosis patients, heart failure, com-
plete atrioventricular block, and ventricular tachycardia were
found to be more prevalent in patients with cardiac
sarcoidosis. Use of cardiac medications, such as fZ-blockers,
diuretics, digitalis, spironolactone, and amiodarone, was
more frequent in patients with cardiac sarcoidosis.

3.2. Laboratory data

Serum levels of CRP, aspartate aminotransferase, blood
urea nitrogen, and creatinine were significantly higher in
patients with cardiac sarcoidosis. No statistical difference
was found between serum levels of IgG4, sIL-2R, and ACE
of patients with cardiac sarcoidosis and non-—cardiac
sarcoidosis patients (Table 2). Among the 12 patients with
cardiac sarcoidosis, 2 (17%), 9 (75%), and 3 (25%) had
IgG4, sIL-2R, and ACE levels higher than the upper normal

—272—



IgG4 in cardiac and noncardiac sarcoidosis

821

Table 3  Histologic and immunohistochemical findings in tissues from patients with cardiac sarcoidosis

Age Tissue examined Sampling Preoperative Echocardiogram Serum data Immunohistochemistry
Case (y) Sex Zl_mmal, LV diastolic LVEF IgG4  sIL-2R CD38 CD68 CD45 IgG4
18BN0SIS  diameter (%)  (mg/dL) (U/mL)
1 60 M Myocardium Excised DCM 88 24 NA NA [+ 3+ 3+ -
LV
2 63 M Myocardium Excised DCM 85 21 NA NA 2+ 3+ 3+ 1+
LV
3 51 F  Myocardium Excised Unclassified 62 29 NA NA 2+ 3+ 3+ 1+
Lv CM
4 51 F  Myocardium Excised DCM 68 35 NA NA 1+ 3+ 3+ -
LV
5 36 M Myocardium Excised DCM 73 8 23.3 2600 2+ 3+ 3+ 1+
LV
6 45 M Myocardium Excised DCM 81 11 121 601 2+ 24+ 3+ -
Lv
7 49 F  Myocardium Biopsy = Unclassified 66 24 21.4 491 2+ 3+ 3+ -
CcM
8 55 M Myocardium Biopsy DCM 69 26 NA NA NA 2+ 3+ -
9 48 F  Mpyocardium Excised DCM 83 28 NA NA 1+ 3+ 3+ -
LV
10 43 F  Myocardium Autopsy DCM 71 22 NA NA 1+ 2+ 2+ -
11 72 M Lymph nodes Biopsy  DCM, MDL 56 41 14.6 577 2+ 3+ 3+ -
(mediastinal)
12 54 F  Lymph nodes Biopsy  Unclassified 44 40 93.5 567 2+ 3+ 3+ 1+
(cervical) CM

Abbreviations: LV, left ventricle; DCM, dilated cardiomyopathy; CM, cardiomyopathy; MDL, mediastinal lymphadenopathy; LVEF, LV ejection fraction;

IgG, immunoglobulin G; and NA, not assessed.

limit, respectively. Among the non-cardiac sarcoidosis
patients, 7 (13%), 32 (60%), and 22 (42%) had 1gG4, sIL-
2R, and ACE levels higher than the upper normal limit,
respectively. The correlation between IgG4 and sIL-2R was
found to be nonsignificant (Fig. 1).

3.3. Histologic and immunohistochemical analysis

Of the 12 patients whose serum IgG4 levels were
available, the histologic specimens of 5 patients were also
available (Table 3). The gross photograph from one of the
patients (case 10 in Table 3) demonstrates dilated and
partially thinned LV wall with scar lesion formation, and
sarcoid granulomas and interstitial fibrosis are shown
microscopically in these lesions (Fig. 2). In the patients
listed in Table 3, the cardiac tissue showed sarcoid
granulomas with multinucleated giant cells in cases 1 to
10 (Supplementary Figure). On the other hand, in cases 11
and 12, the cardiac tissues had been obtained by
endomyocardial biopsy, which showed granulomatous
degeneration with inflammatory cell infiltrates, and multi-
nucleated giant cells that occasionally contained asteroid
bodies can be observed. In the latter 2 cases, although
multinucleated giant cells were not apparent (Supplemen-
tary Figure), cardiac sarcoidosis was diagnosed with the
histopathologic findings in lymph node tissues showing
sarcoid granulomas and the presence of cardiomyopathy. In

the tissue sample of a patient (case 6), who had slightly
elevated levels of IgG4 and sIL-2R, increased infiltration of
CD45-positive T lymphocytes and CD68-positive macro-
phages was observed. In contrast, CD38-positive B
lymphocytes and IgG4-positive cells were sparse (Fig. 3).
In lymph node specimens from another patient with cardiac
sarcoidosis (case 11) who had normal serum IgG4 levels,
increased infiltration of CD45-positive T lymphocytes and
CD68-positive macrophages was found; however, IgG4-
positive cells as well as CD38-positive B lymphocytes were

-sparse (Fig. 4). IgG4 staining of heart specimens that were

judged to be 1+ (Table 3) is shown in Fig. 5.

4. Discussion

In the current study, we measured serum IgG4 levels in 65
patients who were diagnosed with sarcoidosis. The mean
serum IgG4 level was 56.8 = 43.0 mg/dL, and 9 (14%)
patients had an IgG4 level above the upper reference range
(105 mg/dL). In addition, among the 12 patients with cardiac
sarcoidosis, 2 (17%) had an IgG4 level above the upper
reference range. The mean IgG4 level did not differ
significantly between patients with cardiac sarcoidosis and
non—cardiac sarcoidosis patients. On the other hand, 41
(63%) of the 65 patients with sarcoidosis had increased
serum levels of sIL-2R, a marker that may reflect sarcoidosis
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Fig. 2  Gross anatomy and histologic findings of cardiac sarcoidosis (case 10 in Table 3). A, Macroscopic analysis. The dilated LV wall
showed thinning (arrows), and the scar-like white lesion was observed (asterisks). B, C, and D, Microscopically, many sarcoid granulomas and
interstitial fibrosis were evident. B and C, Masson-trichrome staining. D, Hematoxylin-eosin staining. (Original magnification: x100 in B and

%400 in C and D.)

activity [15], although the mean sIL-2R level did not differ
corresponding to the presence or absence of cardiac
involvement. Together with the finding that the relationship
between serum IgG4 and sIL-2R was insignificant, these
results suggest that serum IgG4 levels may not represent a
biomarker for or reflect the disease activity of sarcoidosis,
regardless of cardiac involvement.

IgG4-related sclerosing disease is a newly emerging
disease entity, and a certain fraction of various lymphopro-
liferative disorders, such as Mikulicz disease, Sjoegren
syndrome, and Castleman disease, may be IgG4 related
[3,16]. However, whether IgG4-related sclerosing disease is
truly a separate clinical entity needs to be elucidated, and if

yes, the extent covered by this disease requires further
evaluation to avoid diagnostic confusion [16]. We propose
the possibility that other disorders that occasionally present
similar clinical features, such as sarcoidosis, Wegener
granulomatosis, and malignant lymphoma, should be ruled
out before the diagnosis of IgG4-related sclerosing disease or
alternatively, IgG4+ multiorgan lymphoproliferative disease
is made [5].

As previously discussed, sarcoidosis is one of the diseases
that should be distinguished from IgG4-related sclerosing
disease. Whether a certain fraction of [gG4-related sclerosing
disease has been misdiagnosed as sarcoidosis or whether a
certain fraction of sarcoidosis overlaps with IgG4-related
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Fig. 3  Histologic and immunohistochemical analyses of the cardiac specimen from a patient with cardiac sarcoidosis (case 6 in Table 3). All
panels were from serially cut sections. A, Hematoxylin and eosin staining. Large noncaseating sarcoid granulomas are observed. They are mainly
composed of lymphocytes, macrophages, multinucleated giant cells, and interstitial components. B, Higher-magnification image of the boxed area
in A. C, CD38 staining showing CD38-positive B cells. D, CD68 staining. CD68-positive macrophages and multinucleated giant cells are
observed. E, CD4S5 staining showing CD45-positive T cells. F, [gG4 staining. (Original magnification: x40 in A and D and x100in B, C, E, and F.)

DR

Fig. 4 Histologic and immunohistologic analyses of the mediastinal lymph node from a patient with cardiac sarcoidosis (case 11 in Table 3).
All panels were from serially cut sections. A, Hematoxylin and eosin staining. B, Higher-magnification image of the boxed area in A. C, CD38
staining. D, CD68 staining. CD68-positive macrophages and multinucleated giant cells are observed. E, CD45 staining. F, IgG4 staining.
(Original magnification: x40 in A and D and x100 in B, C, E, and F.)

—275—



