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Background: The pathogenesis of inflammatory cardiomyopathy is affected by the activation of autoim-

mune-mediated cascades. To study these cascades, we developed an experimental model of troponin

I (TnI)-induced autoimmune myocarditis (EAM). One factor playing a pivotal role in the context of auto-

immune disorders is the receptor fibroblast growth factor-inducible 14 (FN14). Thus, the impact of FN14

in the development of autoimmune myocarditis was investigated.

Methods and Results: TnI-immunization led to a significantly increased myocardial FN14 mRNA and

protein expression in wild-type (wt) mice. To investigate the precise role of FN14 in EAM, FN14 knockout

(ko) and wt littermates were immunized with TnI or control buffer. The animals were evaluated for cardiac

parameters and indicators of myocardial injury. FN14 deficiency resulted in better cardiac performance,

less myocardial inflammation, fibrosis, and cardiac damage. A lower myocardial mRNA expression of

inflammatory cytokines and chemokines as well as their receptors could be demonstrated in TnI-immu-

nized FN14ko compared to wt mice also immunized with TnI. Western blot analysis revealed a contribu-

tion of nuclear factor kappa-light-chain-enhancer of activated B cells to FN14-induced signaling cascades.

Conclusions: In the pathogenesis of autoimmune myocarditis, the inflammatory response to cardiac injury

is attenuated in FN14ko mice. Thus, inhibition of FN14 in patients might represent a novel therapeutic

strategy in the treatment of inflammatory cardiomyopathy. (J Cardiac Fail 2019;25:674�685)
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Introduction

With »17.3 million of deaths per year, cardiovascular

diseases are still a leading cause of death worldwide.1 In

patients younger than 40, who suffer from cardiovascular

diseases, myocarditis is the main reason for heart failure.2
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A myocarditis can be induced by viral or bacterial infection,

medication, radiation, ischemic events, or autoimmune

reactions.3 Cardiac damage, mediated by these factors, may

result in the presentation of endogenous antigens to the

immune system, which could cause an autoimmune

response against cardiac tissue. Such an autoimmune

response could lead to a perpetuation of immune-mediated

cardiac damage involving either cellular (eg, T and B lym-

phocytes, dendritic cells), and/or humoral (eg, antibodies,

cytokines) autoimmune responses. This immune-mediated

cardiac damage finally results in an inflammation of the

myocardium with concomitant impairment of cardiac func-

tion. Despite intensive research within the field of inflam-

matory cardiomyopathies, the molecular and cellular

pathomechanisms leading to myocardial inflammation and

cardiac dysfunction are not fully understood. To study prin-

ciple pathomechanisms of autoimmune-based cardiomyop-

athies, our group developed a mouse model of troponin I

(TnI)-induced experimental autoimmune myocarditis

(EAM) mimicking the chronic phase of the human myocar-

ditis. Here, immunization of mice with TnI induces severe
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inflammation, fibrosis, impaired left ventricular ejection

fraction (LVEF) and an increased myocardial damage.4

One important mediator of autoimmune reactions is the

receptor fibroblast growth factor-inducible 14 (FN14).

FN14 is a type I transmembrane protein belonging to the

tumor necrosis factor (TNF) receptor superfamily. Activa-

tion of FN14 signaling cascades by Tumor necrosis factor-

like weak inducer of apoptosis (TWEAK), the only ligand

of FN14, affects cell proliferation and differentiation, apo-

ptosis, angiogenesis as well as induction of inflammatory

cytokines.5,6 FN14 is expressed in almost all cell and tissue

types, including cardiomyocytes.7,8 Primary T and B lym-

phocytes are the only FN14-negative cells described so far.7

The clinical relevance of FN14 signaling could be already

demonstrated in different autoimmune disorders like sys-

temic lupus erythematosus and rheumatoid arthritis.9�13

Moreover, the role of FN14 signaling was investigated in dif-

ferent animal models of inflammatory diseases.9 Here, FN14

knockout (ko) mice showed a better outcome in a lupus and

colitis model.14,15 Nevertheless, FN14 signaling not only

plays a role in the immune but also in the cardiovascular sys-

tem.16�18 A role of FN14 in the pathogenesis of autoimmune

heart diseases is rather likely. Accordingly, we investigated

the FN14 signaling in the model of TnI-induced EAM to

better understand its contribution to the induction and

progression of autoimmune myocarditis.
Methods

Experimental Autoimmune Myocarditis

For all experiments 5- to 6-week-old female A/J mice

were used. A/J wild-type (wt) mice were obtained from

Envigo (Huntingdon, Cambridgeshire, PE28 4HS, United

Kingdom). FN14ko mice were kindly provided by Biogen

and backcrossed to A/J background for at least 6 genera-

tions.19 All mice were maintained in the animal facility unit

of the University of Heidelberg, Germany. The Animal

Care and Use Committee of the University of Heidelberg

approved all procedures involving the use and care of ani-

mals (German animal protection code, G-100/13). Experi-

ments were conducted according to the guidelines

formulated by the European Community for experimental

animal use (Directive 2010/63/EU).

To induce an EAM, A/J wt or FN14ko mice were immu-

nized 3 times with 120mg murine cardiac TnI in supplemented

complete Freund’s adjuvant (CFA) with 5mg/mL ofMycobac-

terium tuberculosis H37Ra (Sigma-Aldrich, St Louis, MO) and

sacrificed on day 21. As a control group, mice were immunized

with control-buffer (CFA+PBS) alone.
Echocardiography

Echocardiographic measurements were performed using

VisualSonicsVevo 2100 system, 30MHz linear MicroScan

transducer (MSH400), specially optimized for cardiovascular

experiments in mice. Parasternal long-axis projection cine

loops were acquired at the level of clear visible walls of the
aortic annulus. LVEF and stroke volume were determined by

appropriate software, provided with the Vevo2100 platform.

M-mode of the short axis was used to determine LV mass and

interventricular septum thickness (IVS).

Determination of High-Sensitive Troponin T

Serum samples were collected on day 21 when the mice

were sacrificed. To determine the severity of myocardial

damage, the high-sensitive troponin T (hs-TnT) level was

measured by electrochemiluminescence (Elecsys 2010 ana-

lyzer, Roche Diagnostics, Germany). Serum samples were

diluted (1:20) with 0.9% NaCl solution. Details of the test

principle have been described before.20

Histopathology and Immunohistochemistry

Mice were sacrificed under anesthesia with ketami-

ne�xylazine (120 mg/kg:16 mg/kg intraperitoneal) by cer-

vical dislocation. Hearts were removed and cut longitudinal

vertical to septum into 2 pieces.

Half of a heart was fixed in 10% formalin and subsequently

embedded in paraffin. The remaining part of the heart was

snap-frozen in nitrogen for further investigations. Sections of

3�5mm thickness were cut and stained with hematoxylin and

eosin (HE) to determine the level of inflammation. Five sec-

tions of each heart were inspected in a double-blinded manner

by 2 independent investigators under light microscopy to eval-

uate inflammation. Here, the area infiltrated by immune cells

was considered in relation to the whole heart section. The ratio

(inflamed area of the section/ whole section) was specified in

percentage. The mean infiltration (in percentage) was calcu-

lated from the values determined by the 2 investigators. Addi-

tionally, Masson’s trichrome or Acid Fuchsin Orange G

(Afog) staining was performed to detect collagen deposition to

assess the grade of fibrosis. For specific quantification of fibro-

sis, the amount of the blue-stained collagen was quantified

using the MRI fibrosis tool in combination with the color

deconvolution tool of the image software Fiji and calculated as

percentage of the whole heart section.

For immunohistochemical detection of infiltrated T lympho-

cytes (CD4, CD8), B lymphocytes (CD45), and macrophages

(CD68) serial sections of 0.5mm thickness were cut. After

heat-induced epitope retrieval for 30minutes, sections were

incubated with primary antibody (Supplementary Table S1)

overnight at 4 ˚C (CD8, CD45, CD68). Subsequently, the sec-

tions were washed and incubated with secondary antibody

(horseradish peroxidase-coupled anti-rat IgG, 1:500) for

25minutes followed by incubation with streptavidin horserad-

ish peroxidase complex for 25minutes. Antigens were visual-

ized using Dako REAL Detection System. The detection of

CD4-positive cells was performed using the SuperVision2Red-

single Species rabbit AP kit according to the manufacturer’s

instructions. The incubation with primary antibody was carried

out for 1 hour at room temperature. For quantifying infiltrated

leukocytes, 4 high-power fields (40x magnification) were

counted per slide and the number of positive cells was calcu-

lated per mm2.
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Quantitative Real-Time Polymerase Chain Reaction

RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Ger-

many) was used according to the manufacturer’s instructions

to isolate total RNA from snap-frozen heart tissue. An

amount of 1mg RNA was used for cDNA synthesis (iScript

gDNA Clear cDNA Synthesis Kit, Bio-Rad, Munich, Ger-

many). The quantification was done by using iTaq universal

SYBR Green supermix (Bio-Rad) according to the man-

ufacturer’s instructions and using an iCycler iQ2 Detection

System (Bio-Rad). An amount of 50 ng of cDNA in a 10 mL

reaction volume was used. A denaturation step at 95 ˚C for

5minutes was carried out, followed by 40 cycles of denatur-

ation at 95 ˚C for 10 seconds and annealing at 60 ˚C for

30 seconds. Primer sequences are listed in Supplementary

Table S2. The measured gene expressions were normalized

to the expression of the reference gene L32 as well as to the

expression of the analyzed genes in control immunized mice

by the application of following formula: r = 2�DDCT.

Indicated relative expression is the mean of 3 indepen-

dent technical replicates.
Western Blotting

For Western blot analysis, snap-frozen heart tissue was

ground in lysis buffer (50 mM Tris/HCl, 250 mM NaCl,

0.1% Triton X-100, 5 mM EDTA, 50 mM NaF) completed

with 0.1 mM DTT and HaltTM Protease and Phosphatase

Inhibitor Cocktail (Life Technologies, Darmstadt, Ger-

many) and incubated on ice for 30 minutes. Samples were

centrifuged at 18,000 g for 20 minutes. The supernatant was

used to determine protein concentrations using Protein

Assay Bradford reagent (Bio-Rad).

Ten micrograms of total myocardial protein extract per lane

were separated on NuPAGE Bis-Tris gels (Invitrogen, Darm-

stadt, Germany) and transferred to a polyvinylidene fluoride

transfer membrane (Millipore Immobilon-P; Millipore,

Schwalbach, Germany). The membrane was first blocked with

5% nonfat dry milk in 0.1% TBST for 1 hour at room tempera-

ture and then incubated with primary antibody (Supplementary

Table S1) overnight at 4 ˚C. After several washing steps, the

blots were incubated with secondary antibody (horseradish

peroxidase-coupled anti-rabbit IgG, 1:10,000, horseradish per-

oxidase-coupled anti-goat IgG, 1:10,000) for 1 hour at room

temperature. Protein bands were detected using a chemilumi-

nescence agent (GE Healthcare, Buckinghamshire, UK). Quan-

titative analysis was performed with FluorChem Q software.

GAPDH served as a loading control. Indicated relative expres-

sion is the mean of 3 independent technical replicates.
Statistical Analysis

Results are expressed as mean § SEM. For the compari-

son of 2 groups, the groups were tested for normal distribu-

tion with the D’Agostino�Pearson test. Differences between

2 parametric groups were tested with unpaired t tests. For 2

nonparametric groups, Mann�Whitney test was used. For

the comparison of >2 groups, two-way ANOVA with
conservative Bonferroni post hoc test was used to control the

type I error rate. As independent variables the genotype (wt

vs FN14ko) and the treatment (control vs TnI) were tested.

Values of P < 0.05 were considered statistically significant

and marked by *P < 0.05, **P < 0.01, ***P < 0.001. Anal-

ysis was performed with GraphPad Prism 7.

Results

TnI-Immunization Increases Myocardial mRNA and

Protein Levels of FN14

After TnI and control immunization in wt mice, expres-

sion of myocardial FN14 mRNA level was determined by

quantitative real-time polymerase chain reaction (qPCR).

TnI-immunized mice showed a significantly increased

FN14 mRNA expression level compared to the control

group 21 days after the first immunization (Fig. 1A). Fur-

thermore, Western blot analysis also revealed a significantly

increased FN14 protein expression 21 days after EAM

induction (Fig. 1B, C).

FN14 Deficiency Resulted in Less Myocardial

Inflammation and Fibrosis, Cardiac Damage, and

Cardiac Performance Compared to wt

Because of immunization-dependent alterations in FN14

expression, the role of FN14 in EAM was further investigated.

Therefore, FN14ko mice as well as wt mice were immunized

with TnI or control and different parameters for the evaluation

of disease outcome were determined. FN14ko mice showed

significantly less inflammation and fibrosis within the myocar-

dium after TnI-immunization (Fig. 2A, B). Furthermore, TnI-

immunized FN14ko mice displayed significantly lower hs-

TnT levels than the wt group (Fig. 2C). A significantly lower

heart weight to body weight ratio could be detected in TnI-

immunized FN14ko mice compared to wt mice (Fig. 2D).

Additionally, 21 days after starting with EAM-induction,

transthoracic echocardiography showed an improved cardiac

performance in FN14ko mice compared to their wt littermates.

This improved cardiac performance was expressed by a signif-

icant better LVEF of FN14ko mice compared to wt mice on

day 21. Apart from that, TnI-immunized FN14ko mice

showed a significantly higher stroke volume compared to wt

mice. LV Mass was significantly lower in ko compared to wt

mice after TnI-immunization. TnI-immunized wt mice dis-

played increased interventricular septum thickness (IVS) com-

pared to FN14ko mice (Fig. 2E; Supplementary Table S3).

No further differences could be detected for any of the

investigated parameters between control-immunized wt and

ko mice (Fig. 2A�E).

FN14 Has an Impact on Infiltrating Immune Cells of the

Innate As Well As the Adaptive Immune Response

To investigate whether the milder progression of EAM in

FN14ko mice is based on specific cell types, the infiltrated

leukocytes in the myocardium were immunohistochemical

differentiated in CD4 and CD8 T lymphocytes, B



Fig. 1. Altered expression of FN14 in EAM model. Female A/J mice were immunized with TnI (n = 6) or control (n = 4) and sacrificed on
day 21. Relative mRNA expression of FN14 (control: 1.01§ 0.09 vs TnI: 2.13§ 0.38; P< 0.05) was determined (A). Western blot analysis
for FN14 protein expression (control: 1.00§ 0.15 vs TnI: 2.283 § 0.581; P< 0.05) was performed (B). Representative Western blot images
for detection of FN14 protein expression. Ten micrograms of protein were used for detection of FN14 protein expression. GAPDH served as
loading control (C). Data are depicted as mean § SEM. Statistical analysis was performed using Mann�Whitney U test.
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lymphocytes, as well as macrophages. Here, a significantly

lower infiltration of CD4 T lymphocytes, B lymphocytes,

and macrophages could be detected in TnI-immunized

FN14ko mice compared to wt mice. The infiltration with

CD8 T lymphocytes could be observed to a very low num-

ber for both wt and ko mice. Here, no difference could be

detected dependent on the genotype (Fig. 3).
Myocardial mRNA Expression Levels Display Anti-

Inflammatory Phenotype in FN14ko Mice

To evaluate the contribution of the immune system to the

significantly reduced inflammation and fibrosis in FN14ko

mice, mRNA expression of chemokines and their receptors

was determined between FN14ko and wt mice. The myocar-

dial mRNA expressions of monocyte chemoattractant pro-

tein (MCP) 1, C��C chemokine receptor type (CCR) 1,

CCR2, and CCR5 were significantly lower in TnI-immu-

nized FN14ko mice compared to wt littermates. No signifi-

cant expression changes of macrophage inflammatory

protein (MIP1) a and MIP1b could be detected between

TnI-immunized and control-buffer-immunized ko mice,

whereas wt mice showed significant changes in expression

of these 2 genes after EAM-induction. Expression of regu-

lated on activation, normal T cell expressed and secreted

(RANTES) was increased during EAM in both ko and wt

mice (Fig. 4A, B). Furthermore, the myocardial mRNA

expression of the inflammatory cytokines like TNFa, inter-

leukin (IL) 6, and IL17 showed significantly decreased lev-

els in TnI-immunized ko compared to wt mice. Expression

of IL1b was decreased in FN14ko compared to wt mice

after EAM induction by tendency. Here, a significant

increase of IL1b mRNA expression could be observed in

TnI-immunized wt mice compared to control group,

whereas FN14ko mice showed no difference depending on

immunization (Fig. 4C). Matrix metalloproteinase (MMP)
expression level revealed for MMP9 a difference in wt

between control-buffer and TnI and for MMP14 between

TnI-immunized wt and FN14ko mice. No differences could

be detected for MMP2 neither between control-buffer and

TnI nor between wt and ko mice (Fig. 5).

The highest increases in mRNA expression of the investi-

gated genes arise from the same mice.

FN14 Signaling Activated Nuclear Factor Kappa-Light-

Chain-Enhancer of Activated B-Cell Pathway

Analysis of nuclear factor of kappa light polypeptide gene

enhancer in B-cell inhibitor, alpha (IkBa) protein expression

revealed that TnI-immunization led to a decreased IkBa protein

expression in wt, but not FN14ko-mice (Fig. 6A, B). Further-

more, protein expression of the p50 precursor protein p105 was

slightly increased in TnI-immunized wt- compared to FN14ko-

mice. Protein expression of p50 was significantly higher in

TnI-immunized wt- compared to FN14ko-mice (Fig. 6C�E).

Discussion

Inflammatory cardiomyopathy is a leading cause of

dilated cardiomyopathy, which in turn is considered to be

one of the most common reasons for heart failure.21,22 The

molecular pathomechanisms involved in the induction of an

inflammatory cardiomyopathy have not been completely

understood so far. This lack of knowledge can be referred

to various endogenous and exogenous agents mediating

autoimmune reactions including both cellular and humoral

response.21 One important mediator of autoimmune reac-

tions in general is the FN14 receptor, which supports cellu-

lar and humoral response via the activation of nuclear

factor kappa-light-chain-enhancer of activated B cells

(NFkB).7 Thus, the contribution of FN14 to autoimmune

reactions suggests the assumption that FN14 could also

play a pivotal role in the pathogenesis of an EAM.



Fig. 2. FN14ko mice showed reduced inflammation and preserved function in TnI-induced EAM. FN14ko mice and wt littermates were immu-
nized with TnI or control and sacrificed on day 21. Histoscore of cardiac inflammation and fibrosis of immunized mice were significantly lower in
TnI-immunized FN14ko (n = 15) compared to wt mice (n = 12); (inflammation score: FN14ko: 2.47 § 0.31 vs wt: 3.58 § 0.40; P < 0.01; fibrosis
score: FN14ko: 2.07§ 0.37 vs wt: 3.33§ 0.45; P< 0.05) (A). Representative macroscopic pictures (column 1) and histopathological examinations
(columns 2 and 3) of hearts stained with HE and Afog. Scale bars indicate 200mm (B). FN14ko mice immunized with TnI (n = 14) displayed signif-
icantly lower hs-TnT levels compared to wt (n = 12) (FN14ko: 473§ 147pg/mL vs wt: 2586§ 823pg/mL; P< 0.01) (C). TnI-immunization led to
significantly lower heart weight to body weight ratios in FN14ko mice (n = 4) compared to wt (n = 4) (FN14ko: 5.75 § 0.67 vs wt: 10.38 § 1.00;
P< 0.001) (D). Echocardiographic parameter revealed a better cardiac performance in FN14ko mice immunized with TnI (n = 15) compared to wt
(n = 12); stroke volume (FN14ko: 18.62§ 2.04mL vs wt: 12.00§ 1.92mL; P< 0.05), left ventricular mass (LV Mass) (FN14ko: 55.99§ 6.49mg
vs wt: 81.74 § 9.93mg; P < 0.05), systolic IVS (IVSs), diastolic IVS (IVSd) (IVSs: FN14ko: 1.54 § 0.05mm vs wt: 1.856§0.11mm; P < 0.01;
IVSd: FN14ko: 0.85 § 0.07mm vs wt: 1.24 § 0.14mm; P < 0.01), LVEF (FN14ko: 82.4§ 2.5% vs wt: 70.9§ 4.4%; P < 0.001) (E). Data are
depicted as mean§ SEM. Statistical analysis was performed using two-way ANOVAwith Bonferroni post hoc test. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the online version of this article.)
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Therefore, the impact of the cytokine receptor FN14 on the

induction of an EAM was investigated.

For that purpose, it was initially clarified if FN14 plays a

role in EAM in general. Here, the results showed that the

induction of an EAM led to a significantly increased myo-

cardial FN14 mRNA as well as protein expression level.

Similar results could be demonstrated by Mustonen and
colleagues.23 They observed an increased FN14 mRNA and

protein level within 1 day after infarct induction in rats.

Moreover, a boost in FN14 expression was detected in a

model of Ang II-induced hypertension.23 These results

demonstrate that the expression level of FN14 is upregu-

lated transiently after acute injury and persistently in chron-

ically injured tissue.7,24 Thus, the upregulation of FN14



Fig. 3. FN14ko mice showed a reduced recruitment of lymphocytes and macrophages in TnI-induced EAM. FN14ko mice and wt litter-
mates were immunized with TnI and sacrificed on day 21. The number of infiltrated CD4 T lymphocytes, B lymphocytes, and macrophages
was significantly lower in the hearts of FN14ko (n = 14) compared to wt mice (n = 12) (CD4: FN14ko: 48.14§10.56 vs wt: 117.9§ 12.76;
P< 0.001; CD45: FN14ko: 10.86§2.79 vs wt: 24.83§5.89; P< 0.05; CD68: FN14ko: 14.86§5.91 vs wt: 27.42§6.68; P< 0.05). No differ-
ence could be detected for the amount of CD8 T lymphocytes. Scale bars indicate 100mm (columns 2 and 4) and 50mm (columns 3 and 5).
(For interpretation of the references to color in this figure legend, the reader is referred to the online version of this article.)

Mouse Model of Experimental Autoimmune Myocarditis � Fischer et al 679
seems to be important for the activation of the FN14 signal-

ing in acute injuries.

After these results provided a first clue to a role of FN14

in the pathogenesis of an autoimmune myocarditis, an EAM

was induced in mice lacking FN14 to investigate its precise

role in disease manifestation. Here, FN14ko mice showed a

milder progression of the EAM compared to wt mice. This

milder progression found expression in less inflammation

and fibrosis as well as better cardiac performance. Further-

more, lower hs-TnT levels could be observed. Usually high

hs-TnT levels are associated with the incidence of heart fail-

ure and cardiovascular death.25 Thus, the decreased hs-TnT

levels detected in FN14ko mice refers to a cardio protective

effect mediated by the inhibition of FN14 signaling. These
results are in accordance with other animal models of

inflammatory diseases.9 In this context, for FN14ko mice a

better overall performance could be observed in a lupus as

well as a colitis model.14,15

In a next step, the effect of FN14 on the recruitment of dif-

ferent leukocyte populations into the myocardium was investi-

gated. With this experiment, it should be ruled out whether the

observed milder progression of EAM in FN14ko mice com-

pared to wt mice was triggered by a specific cell type. The

results showed that FN14 had an influence on the recruitment

of CD4 T lymphocytes, B lymphocytes, and macrophages. In

wt mice the amount of these cell types was significantly higher

compared to FN14ko mice. In contrast to that, CD8 T lympho-

cytes do not seem to play an important role in the pathogenesis
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Fig. 5. FN14 deficiency affects myocardial mRNA expression of genes involved in cardiac fibrosis. FN14ko mice and wt littermates were
immunized with TnI (FN14ko: n = 13�15; wt: n = 11�12) or control (FN14ko: n = 9�11; wt: n = 4�5) and sacrificed on day 21. mRNA
expression level of MMP9 was increased in TnI-immunized wt mice compared to mice receiving control (TnI: 23.93§5.03 vs control:
1.25§0.46; P< .05). MMP14 mRNA expression level was significantly lower in TnI-immunized FN14ko compared to wt mice (FN14ko:
4.95§1.18 vs wt: 10.01§2.08; P< .05). MMP2 expression did not show any differences between the groups. Data are depicted as means §
SEM. Statistical analysis was performed using two-way ANOVA with Bonferroni post hoc test.
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of an EAM at all. Thus, only a small amount of CD8 T lym-

phocytes was recruited to the myocardium in wt as well as

FN14ko mice. Nevertheless, the immunohistochemical analy-

sis refers to an impact of FN14 on the innate as well as the
Fig. 4. Lack of FN14 affects myocardial mRNA expression of genes invo
immunized with TnI (FN14ko: n = 15; wt: n = 12) or control (FN14ko: n =
1 was significantly lower in TnI-immunized FN14ko compared to wt mi
expression of MIP1a and MIP1b were increased in TnI-immunized wt
17.58 vs control: 1.15 § 0.17; P < 0.05; MIP1b: TnI: 118.7§ 32.66 vs c
FN14ko and wt mice after TnI-immunization (FN14ko: TnI: 21.10 § 5.44
1.05 § 0.12; P < 0.05). (A) mRNA expression of C��C CCR1, 2, and 5
mice (CCR1: FN14ko: 18.65 § 4.84 vs wt: 44.66 § 10.08; P < 0.05; CC
FN14ko: 22.24 § 5.21 vs wt: 43.70 § 6.66; P < 0.01). (B) mRNA le
decreased in TnI-immunized FN14ko compared to wt mice (TNFa: FN14
§ 66.24 vs wt: 524.2 § 171.0; P < 0.05; IL17: FN14ko: 20.67 § 5.49
increased in TnI-immunized wt mice compared to mice receiving control
depicted as means§ SEM. Statistical analysis was performed using two-w
adaptive immune response, which is in line with the findings

observed by qPCR experiments.

To better understand the changes in the immune response

triggered by FN14ko, the myocardial mRNA expression
lved in cardiac inflammation. FN14ko mice and wt littermates were
12; wt: n = 5) and sacrificed on day 21. mRNA expression of MCP

ce (FN14ko: 14.63 § 3.49 vs wt: 26.82 § 5.72; P < 0.05). mRNA
mice compared to mice receiving control (MIP1a: TnI: 62.86 §
ontrol: 1.12 § 0,16; P < 0.05). RANTES was upregulated in both
vs control: 1.18§ 0.17; P < 0.01; wt: TnI: 25.58 § 3.95 vs control:
were significantly lower in TnI-immunized FN14ko compared to wt
R2: FN14ko: 39.19 § 7.26 vs wt: 85.61 § 18.97; P < 0.01; CCR5:
vels of cytokines such as TNFa, IL6, and IL17 were significantly
ko: 7.72 § 1.81 vs wt: 14.90 § 3.66; P < 0.05; IL6: FN14ko: 176.9
vs wt: 54.75 § 11.98; P < 0.01). mRNA expression of IL1b was
(TnI: 396.3§ 102.0 vs control: 1.13§ 0.31; P < 0.05). (C) Data are
ay ANOVA with Bonferroni post hoc test.



Fig. 6. FN14 signaling activated NFkB pathway in TnI-induced EAM. FN14ko mice and wt littermates were immunized with TnI (FN14ko:
n = 14; wt: n = 12) or control (FN14ko: n = 15; wt: n = 6) and sacrificed on day 21. Expression of IkBa was decreased in TnI-immunized wt-
compared to FN14ko-mice (FN14ko: 1.07§ 0.10 vs wt: 0.74§ 0.07; P< 0.01) (A). Representative Western blot images for detection of
IkBa protein expression. Ten micrograms of protein were used for detection of IkBa protein expression. GAPDH served as loading control
(B). Expression level of p105 was slightly increased in TnI-immunized wt compared to FN14ko-mice (FN14ko: 2.24§ 0.33 vs wt: 3.05§
0.38) (C). Expression of p50 was significantly lower in TnI-immunized FN14ko compared to wt mice (FN14ko: 2.32§ 0.28 vs wt: 3.70§
0.51; P< 0.01) (D). Representative Western blot images for detection of p50 and p105 protein expression. Ten micrograms of protein were
used for detection of p50 and p105 protein expression. GAPDH served as loading control (E). Data are depicted as mean § SEM. Statistical
analysis was performed using two-way ANOVA with Bonferroni post hoc test. (For interpretation of the references to color in this figure
legend, the reader is referred to the online version of this article.)
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pattern of various chemokines, their receptors, cytokines, as

well as MMPs was determined. In inflammatory processes,

chemokines play an important role in the early state because of

their chemotactic potential. They are responsible for the

directed migration of leukocytes into tissue via their receptors.

Because of the diversity in progression of the EAM between

FN14ko and wt mice, differences in their chemokine and che-

mokine receptor expression pattern could be expected. The

results of the mRNA analyses showed that the level of the che-

mokine MCP1 and the levels of the chemokine receptors

CCR1, CCR2, and CCR5 are significantly decreased after

EAM induction in FN14ko compared to wt mice. Results from

former experimental trials support the important role of chemo-

kines in the pathogenesis of heart diseases. Accordingly, G€oser
et al26 were able to show that MCP1 and the receptors CCR2

and CCR5 are crucial in the induction of an EAM. In addition,

they described that MCP1 inhibition significantly reduced dis-

ease severity. Furthermore, Liehn et al27 demonstrated that

CCR1 contributed to functional impairment and structural

remodeling after myocardial infarction (MI). Thus, the

improved cardiac parameters in FN14ko mice after EAM

induction could be explained by a reduced expression of

MCP1 and the chemokine receptors CCR1, CCR2, and CCR5.

After the successful recruitment of leukocytes into cardiac

tissue, invaded immune cells produce high amounts of cyto-

kines, which keep pushing the inflammation forward. Thus,

pro-inflammatory cytokines like TNFa, IL6, IL1b, and IL17

were upregulated in response to EAM induction in wt mice.
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However, the expression of these cytokines was reduced in

FN14ko mice after EAM induction indicating that FN14 sig-

naling is essential for their transcription. These results are in

accordance with the finding of Park et al,12 who could describe

an enhanced IL17 expression after FN14 stimulation of murine

splenocytes. Furthermore, FN14ko mice displayed lower levels

of IL6 compared to wt mice in a model of systemic lupus

erythematosus.28 Apart from IL6 and IL17, the FN14 signaling

dependent activation of TNFa and IL1b expression, both

important cytokines for the induction of an EAM,29 could be

already demonstrated in a colitis and rheumatoid arthritis ani-

mal model.11,30 Thus, it could be assumed that the milder myo-

cardial inflammation observed in FN14ko compared to wt

mice is a consequence of lower levels of inflammatory cyto-

kines of mice lacking FN14.

Apart from cytokines, which are essential for the early phase

inflammatory processes, MMPs are important factors for the

subsequently cardiac remodeling occurring in a later phase of

myocarditis. Their involvement in the pathogenesis of cardio-

myopathies has been already described.31�33 MMPs like

MMP2, MMP9, and MMP14 can be induced by cytokines like

TNFa, IL6, and IL1b.34,35 Accordingly, in this study it could

be observed that the cardiac MMP9 and MMP14 mRNA levels

were upregulated during EAM in wt mice, whereas FN14ko

mice showed reduced levels of these MMPs. In contrast to

that, MMP2 mRNA expression showed no differences depend-

ing on the genotype after EAM induction. These differences in

the transcriptional expression of MMPs seem to be based on

NFkB signaling cascade mediated by FN14.7,9 This cascade

regulates the expression of MMP9 and MMP14, whereas the

expression of MMP2 is not effected by NFkB signaling.36

Thus, the reduced mRNA expression level of MMP9 and

MMP14 in FN14ko mice in the EAM model could be ascribed

to a decreased activation of NFkB signaling.

To elucidate the impact of FN14ko on NFkB, the expres-

sion of NFkB associated proteins was analyzed by Western

blot. Here, IkBa, p105, and p50, NFkB signaling molecules,

showed different expression levels between wt and FN14ko

mice after EAM induction. Accordingly, IkBa protein expres-

sion was increased, whereas p50 and p105 protein expression

were reduced in FN14ko mice. However, no significant differ-

ence could be observed for control-treated wt mice compared

to wt mice treated with TnI. This might be ascribed to a type

II error because of the small number of animals in the wt con-

trol group. Nevertheless, a tendency toward a reduced IkBa
protein expression because of EAM induction is detectable in

TnI-treated wt mice. FN14ko mice did not show such a

decrease in the myocardial IkBa protein amount in response

to TnI immunization. Thus, these changes point to a decreased

NFkB signaling activation in mice with FN14 depletion. Usu-

ally, after FN14 activation IkBa, which inhibits the transloca-

tion of NFkB into nucleus, is phosphorylated and

subsequently degraded resulting in the release of NFkB. Thus,
a higher IkBa level refers to a lower amount of activated

NFkB.37 NFkB itself is a dimer consisting of various subunits

including p50, the active derivative of the precursor p105.

Accordingly, a decreased expression of the precursor p105
and the dimer subunit p50 observed in FN14o mice, points to

a lower amount of activated NFkB as well. Thus, FN14ko not

only seems to prevent the translocation of NFkB into the

nucleus, but also seems to reduce the NFkB dimer formation

leading to a less severe myocarditis. These results are in line

with the already demonstrated contribution of NFkB signaling

to the pathogenesis of myocarditis, where the severity of

EAM could be reduced by inhibition of NFkB activation.38,39

Moreover, our findings suggest that the cellular basis for the

milder progression of EAM in FN14ko mice could be ascribed

to less susceptibility of cardiomyocytes to inflammatory

injury. With the exception of primary T and B lymphocytes,

FN14 is expressed in almost all cell and tissue types, including

cardiomyocytes.7,8 Under physiological conditions, the FN14

expression is comparably low in cardiomyocytes. However,

tissue damage triggered by inflammatory processes can induce

an increase in FN14 expression in these cells.23 Furthermore,

it has been previously shown that cardiac fibroblasts as well as

cardiomyocytes themselves can secrete proinflammatory cyto-

kines.40 In addition, a connection between FN14 activation

and increased cytokine expression could already be observed

in other tissue injury models.11,28,30 Thus, by an increased

FN14 expression, injured cardiac fibroblasts as well as cardio-

myocytes seem to maintain an initial myocardial inflammation

via activation of downstream signaling cascades resulting in

proinflammatory cytokine expression. This FN14 triggered

inflammatory response is prevented by the missing FN14

expression in FN14ko mice. Accordingly, the inflammatory

response to cardiac injury caused by the experimental autoim-

mune myocarditis is attenuated in FN14ko mice.

Nevertheless, this study could only give first evidences to

an important role of FN14 in the pathogenesis of an inflam-

matory myocarditis. Although the EAM model is well

suited to mimic this human disease in mice, further investi-

gations need to be performed.

Conclusion

FN14 may play an important role in the pathogenesis of

autoimmune myocarditis. Therefore, inhibition of FN14

might represent a novel therapeutic strategy in the treatment

of inflammatory cardiomyopathy caused by autoimmune

reactions. However, further investigations are necessary to

translate these findings in clinical context.
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