@ESC

Cardiovascular Research (2024) 120, 82-94

European Society https://doi.org/10.1093/cvr/cvad158

of Cardiology

TNF-0 protects from exacerbated myocarditis
and cardiac death by suppressing expansion
of activated heart-reactive CD4" T cells

Filip Rolski

1, Karolina Tkacz ® ', Kazimierz Weglarczyk', Grzegorz Kwiatkowski?,

Pawel Pelczar3, Agnieszka jaiwa-Kusior4, Anna Bar 2, Gabriela M. Kuster5’6,
Stefan ChIopickiz, Maciej Siedlar 1, Gabriela Kania ® 7, and

Przemystaw Btyszczuk

1,7*

"Department of Clinical Immunology, Jagiellonian University Medical College, Wielicka 265, Cracow 30-663, Poland; *Jagiellonian Centre for Experimental Therapeutics, Jagiellonian University,
Cracow, Poland; 3Center for Transgenic Models, University of Basel, Basel, Switzerland; 4Depar‘tment of Medical Biotechnology, Jagiellonian University, Cracow, Poland; >Clinic of Cardiology,
University Hospital Basel, Basel, Switzerland; °Department of Biomedicine, University Hospital and University of Basel, Basel, Switzerland; and ’Department of Rheumatology, University Hospital
Zurich, University of Zurich, Wagistrasse 14, 8952 Schlieren, Switzerland

Received 3 November 2022; revised 8 August 2023; accepted 26 September 2023; online publish-ahead-of-print 25 October 2023

Time of primary review: 62 days

Aims

Methods
and results

Conclusion

Tumour necrosis factor o (TNF-0) represents a classical pro-inflammatory cytokine, and its increased levels positively correlate
with the severity of many cardiovascular diseases. Surprisingly, some heart failure patients receiving high doses of anti-TNF-a anti-
bodies showed serious health worsening. This work aimed to examine the role of TNF-a signalling on the development and pro-
gression of myocarditis and heart-specific autoimmunity.

Mice with genetic deletion of TNF-a (Tnf*"~ and Tnf~'") and littermate controls (Tnf""*) were used to study myocarditis in the in-
ducible and the transgenic T cell receptor (TCRM) models. Tnf"= and Tnf~'~ mice immunized with a-myosin heavy chain peptide
(aMyHC) showed reduced myocarditis incidence, but the susceptible animals developed extensive inflammation in the heart. In the
TCRM model, defective TNF-a production was associated with increased mortality at a young age due to cardiomyopathy and
cardiac fibrosis. We could confirm that TNF-o as well as the secretome of antigen-activated heart-reactive effector CD4™ T
(Tefr) cells effectively activated the adhesive properties of cardiac microvascular endothelial cells (cMVECs). Our data suggested
that TNF-a produced by endothelial in addition to Tk cells promoted leucocyte adhesion to activated cMVECs. Analysis of
CD4" T lymphocytes from both models of myocarditis showed a strongly increased fraction of T cells in hearts, spleens, and
in the blood of Tnf"~ and Tnf’~ mice. Indeed, antigen-activated Tnf'~ Teg cells showed prolonged long-term survival and
TNF-a cytokine-induced cell death of heart-reactive T

TNF-a signalling promotes myocarditis development by activating cardiac endothelial cells. However, in the case of established dis-
ease, TNF-a protects from exacerbating cardiac inflammation by inducing activation-induced cell death of heart-reactive Te. These
data might explain the lack of success of standard anti-TNF-o therapy in heart failure patients and open perspectives for T cell-
targeted approaches.
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A dual role of TNF-a in autoimmune myocarditis. The top panel illustrates that TNF-a can have a pro-inflammatory effect by activating cardiac endothelial
cells and an anti-inflammatory effect by inducing activation-induced cell death of heart-reactive T cells. The bottom panel depicts two alternative scenarios

in case of the absence of TNF-o.
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1. Introduction

Heart disease is a leading cause of death in the world affecting millions of
people worldwide." Inflammation has been implicated in the development
and progression of heart disease. Chronic systemic inflammation enhances
the development of atherosclerosis and increases the risk of life-
threatening ischaemic events, and active inflammatory processes in the
heart can trigger tissue remodelling and profibrotic and hypertrophic
changes in the cardiac muscle leading to systolic and diastolic dysfunctions
and cardiac arrhythmias.2 Myocarditis refers to an inflammatory condition
in the heart in the absence of ischaemic events and is characterized by a
massive influx of inflammatory cells, mostly myeloid cells, and T lympho-
cytes, into the cardiac tissue. Cardiotropic infections, systemic auto-
immune diseases, immune checkpoint inhibitor therapy, and most
recently COVID-19 represent major causes of myocarditis.** Diagnosed
myocarditis cases are relatively infrequent, and its true prevalence is likely
underestimated. This is primarily due to the lack of specific disease mani-
festation, the need for endomyocardial biopsies as a gold standard diagnos-
tic, and the limitations of magnetic resonance imaging (MRI). Fulminant
myocarditis may cause fatal arrhythmias and represents an important cause

TNF-alpha ® Experimental autoimmune myocarditis ® CD4" T cells ® Inflammation

of unexpected and sudden death.® Resolution of acute cardiac inflamma-
tion is often spontaneous and can be followed by full recovery; however,
some myocarditis patients develop dilated cardiomyopathy phenotype
characterized by left ventricular dilation and systolic dysfunction.
Tumour necrosis factor o (TNF-a) represents one of the most im-
portant cytokines in the immune response. Elevated TNF-a levels are ob-
served during the course of cardiovascular pathologies and positively
correlate with disease severity.*” TNF-a. is synthesized as a transmem-
brane protein that can be cleaved and released in a soluble form.®
TNF-a is secreted mainly by activated myeloid cells and T lymphocytes
but also by other cell types, and its production is often triggered by infec-
tions or injury. Both soluble and transmembrane TNF-a are biologically
active, as they can bind to TNF-a receptor (TNFR)1 and TNFR2,
respectively. Of note, transmembrane TNF-a acts also as a receptor
for TNFR2 in reverse signalling.9 TNFR1 signalling triggers a pro-
inflammatory response, immune activation, cell apoptosis, cytokine se-
cretion, and endothelial activation, while TNFR2 activation promotes
cell survival, and regeneration and modulates the immune response by
counteracting effects mediated by TNFR1.”'© Over 20 years ago, target-
ing TNF-a has been suggested as a promising anti-inflammatory
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treatment strategy across multiple diseases. Indeed, TNF-a. inhibitors re-
volutionized the treatment of certain systemic inflammatory diseases,
such as rheumatoid arthritis, psoriasis, or Crohn’s disease."
Conversely, treatment of heart failure patients with etanercept showed
no benefits, and high doses of infliximab adversely affected the clinical
condition."*"3 Similarly, treatment with infliximab significantly increased
cardiovascular mortality in immune checkpoint inhibitor—-induced myo-
carditis patients.14 The reasons for opposing outcomes of anti-TNF-a
therapies in the treatment of systemic inflammatory diseases and heart
failure remain unclear.

Heart-specific autoimmunity plays an important role in the progres-
sion of myocarditis alpha-myosin heavy chain (a-MyHC) represents a ma-
jor cardiac autoantigen in humans and mice. Unlike other cardiac
proteins, a-MyHC is not expressed in the thymus, and therefore,
a-MyHC-reactive T lymphocytes escape the negative selection process
and circulate in the body."® Release of a-MyHC from damaged cardiomyo-
cytes during heart injury may activate circulating a-MyHC-reactive T cells
and trigger a heart-specific immune response under various cardiac
conditions.

Mouse models of experimental autoimmune myocarditis (EAM) use the
ability of a-MyHC-reactive CD4" T lymphocytes to induce heart-specific
inflammation and reflect key aspects of the human disease.® In the classical
EAM model, immunization with a-MyHC peptide and complete Freund’s
adjuvant (CFA) is used to induce myocarditis in susceptible strains. In
this model, following the resolution of the inflammation, some mice
show progressive accumulation of fibrotic tissue in the myocardium, ven-
tricular dilatation, and impaired heart function.”® Published data demon-
strated that mice deficient for TNFR1 were protected from the
development of inducible EAM”; however, the effect of TNF-a cytokine
itself has not been investigated yet. Mice with transgenic overexpression
of T cell receptor (TCR) specific to a-MyHC (TCRM) represent an
alternative  EAM model. Due to the high number of circulating
a-MyHC-reactive T cells, TCRM mice spontaneously develop progressive
myocarditis-associated with ventricular wall thickening but without evident
systolic dysfunction.'®

2. Methods

2.1 Mice

To obtain Tnf*'~ and Tnf~'~ BALB/c mice, knockout of the Tnf allele was
performed in one-cell-stage BALB/c embryos wusing CRISPR/
Cas9-mediated non-homologous end-joining method. Generation of
TCRM mice (on BALB/c background) was described previously.®
TCRM mice were crossed with Tnf '~ mice to obtain TCRM x Tnf*'~
and TCRM X Tnf~'~ mice. Mice reaching humane endpoints (defined
as abnormal physical appearance, reduced mobility, and impaired
behavioural response to external stimuli) were prematurely euthanized
and classified as non-survivors. All experiments were performed in
accordance with Polish law and were approved by local authorities (li-
cence numbers 206/2017 and 234/2019 and 106/2021). Animal experi-
ments followed the guidelines from Directive 2010/63/EU of the
European Parliament on the protection of animals used for scientific
purposes.

2.2 Experimental autoimmune myocarditis
EAM was induced in 6-8-week-old sex-matched BALB/c mice by
subcutaneous injection of 200 ug of o-MyHCgi4 ¢34 peptide (Ac-
RSLKLMATLFSTYASADR-OH, Caslo, Denmark) emulsified 1:1 with
CFA (BD Difco, USA) at Days 0 and 7. On Day 21, mice were euthanized
by cervical dislocation under anaesthesia (intraperitoneal injection of 75
mg/kg ketamine). Myocarditis severity was evaluated using a blinded ap-
proach on haematoxylin/eosin stainings using a 0-5 scale (0, no leucocyte
infiltrates; 1, small foci of leucocytes; 2, larger foci of >100 inflammatory
cells; 3, >10% of a cross-section involved; 4, >30% of a cross-section in-
volved, 5, >50% of a cross-section involved.

2.3 Cardiac function

Global heart function was assessed by MRl usinga 9.4 T small animal MRI
scanner (Bruker BioSpec, Ettlingen, Germany) equipped with a 1000 mT/m
gradient coil with a maximum slew rate of 3500 T/m/s. During the experi-
ment, mice were anaesthetized using isoflurane (1.7 vol%) in oxygen and air
(1:2) mixture. Dobutamine hydrochloride (Sigma-Aldrich, Germany) was
dissolved in 0.9% NaCl at a concentration of 0.5 mg/mL and injected i.p.
at a dose of 2 mg/kg. Body temperature was monitored with an endorectal
probe and maintained in the range of 35.5-36.5°C. The response to dobu-
tamine stimulation was measured pre- and 6 min post-dobutamine (2 mg/
kg i.p.) injections. A detailed description is provided in the Supplemental
Methods section.

2.4 Cell cultures

To obtain CD4" T lymphocytes and antigen-presenting cells (APCs), single-
cell suspensions of splenocytes were sorted using BD FACSAria Il (BD
Biosciences, San Jose, CA, USA). CD4" T cells and APCs were co-cultured
in a 10:1 ratio. CD4" T cells were activated with anti-CD3/CD28 beads
(ThermoFisher, USA) or 10 ng/mL of a-MyHC (Caslo), and the condi-
tioned medium was collected on Day 3 for further experiments.
Experiments were performed on primary cardiac microvascular endothe-
lial cells (cMVECs) isolated from hearts of 4-week-old Tnf'™* and Tnf™~
mice as described previously."” cMVECs were cultured in RPMI 1640 sup-
plemented with 10% foetal bovine serum (FBS) and 2 ng/mL recombinant
mouse epidermal growth factor (BiolLegend, USA). cMVECs were acti-
vated with recombinant mouse TNF-a (5 ng/mL, BioLegend) or condition-
al medium. A detailed description is provided in the Supplemental Methods
section.

2.5 Flow cytometry

Isolation of single-cell suspension from spleens and hearts was previously
described.”® ¢MVECs were detached and collected using 0.25% trypsin
with 0.02% ethylenediaminetetraacetic acid (EDTA) (Sigma). Cells were
stained with appropriate fluorochrome-conjugated anti-mouse antibodies
(see Supplemental Methods section for detailed description and gating
strategies used in the experiments) for 30 min at 4°C and analysed with
the FACSCanto 10 Flow Cytometer (BD Biosciences) and the Flowjo
v10 software (Tree Star, Ashland, USA).

2.6 Adhesion assay

Adhesion of splenocytes to cMVECs was performed using the BioFlux 200
system (Fluxion, USA) as described previously." Briefly, mouse spleno-
cytes (3 x 10° cells/mL) labelled with CellTrace™ carboxyfluorescein dia-
cetate succinimidyl ester (CFSE) (ThermoFisher) were passed through
microcapillaries coated with cMVECs at 1 dyn/cm? for 30 min. Cell adhe-
sion was recorded with a fluorescence microscope LS720 (Etaluma,
USA) and analysed using the Image] software (version 1.52a, NIH,
Bethesda, USA).

2.7 Enzyme-linked immunosorbent assay
TNF-a, IL-6, IL-10, IFN-y, and GM-CSF were measured using respective
enzyme-linked immunosorbent assay (ELISA) MAX kits (BioLegend) ac-
cording to manufacturer instructions and analysed on an M200 PRO plate
reader (TECAN Instruments, Switzerland).

2.8 Histology

Hearts were fixed in 4% formalin and embedded in paraffin.
Conventional haematoxylin/eosin and Masson’s trichrome staining were
used to assess cardiac inflammation and fibrosis, respectively. Staining
with the wheat germ agglutinin conjugated with Alexa Fluor 488
(ThermoFisher) was performed to assess cardiomyocyte size. The longi-
tudinal cross-sectional area of >100 randomly selected cardiomyocytes
with a visible nucleus from each heart was measured using Imagej
software.
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Figure 1 Effect of TNF-a in experimental autoimmune myocarditis. (A) Severity of myocarditis in wild-type BALB/c (Tnf""*), haploinsufficient (Tnf"'~), and
mice deficient in TNF-a (Tnf ") at Day 21 after immunization, n = 12. (B) Average spleen weight of healthy (D0) and age-matched mice 21 days from disease
induction (D21). (C) Total percentage of splenic and blood CD4" T cells at D21, n = 8. (D) Percentage of effector CD4" T cells. (E) Ratio of effector to naive
CDA4" T cells in spleens and blood at D21, n = 8. (F) Percentage of selected leucocyte populations in myocarditis-positive hearts (defined as >3% of CD45+
cells; see Supplementary material online, Figure $3) of wild-type and TNF-a-deficient mice 21 days from immunization, n = 7. (G) Representative proliferation of
effector T cells isolated from the spleens of immunized mice in the presence (+MyHC) or absence (w/o MyHC) of a-MyHC peptide. P values calculated with
Kruskal-Wallis followed by Dunn’s test (A), one-way ANOVA followed by multiple comparison using Fisher’s LSD test (B), or unpaired Student’s t-test (C). ns

P> 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.

2.9 Statistical analysis

For normally distributed data unpaired Student’s t-test or one-way
ANOVA followed by Fisher’s least significant difference (LSD) tests was
used. Mann—Whitney U test or Kruskal-Wallis followed by Dunn’s test
was used for non-parametric data. Differences were considered statistical-
ly significant for P < 0.05. All analyses were performed with the Prism 8
software (GraphPad).

3. Results

3.1 TNF-a deficiency is associated with
reduced incidence of myocarditis in an
inducible model of EAM

To address the role of TNF-a in myocarditis, we generated BALB/c mice
with genetic deletion of the Tnf gene and used them in an inducible model
of EAM. Histological analysis of hearts at Day 21 showed a reduced inci-
dence of myocarditis in Tnf*’~ (TNF-a haploinsufficient) and in Tnf~'~
(TNF-a. knockout) mice compared with Tnf™* (wild-type) littermates
(Figure 1A). Although about half of Tnf"'~ and Tnf '~ mice were completely
resistant to immunization with a-MyHC and CFA, the other half of trans-
genic animals developed extensive inflammation in the cardiac muscle
(Figure TA). In this model, the immunization led to spleen enlargement,
which was particularly enhanced in Tnf~'~ mice. Of note, splenomegaly
was observed in all immunized Tnf~'~ mice regardless of myocarditis inci-
dence and severity (Figure 1B). EAM is mediated by MyHC-specific effector
CD4" T (T cells; therefore, in the next step, we analysed the

development of CD44"CD62L,,,, Ter in the immunized mice. While no
difference in the total percentage of CD4" T cells in spleens and blood
was found (Figure 1C), we observed a trend towards increased T percent-
age (Figure 1D) and significantly increased Teg/T, ratio in the spleen and
blood of Tnf""~ and Tnf™~ mice at Day 21 of EAM (Figure 1E). In line
with these data, increased prevalence of CD4" T cells was observed in
myocarditis-positive Tnf'~ hearts (Figure 1F, Supplementary material
online, Figure S1). CD4" T cells infiltrating the heart during myocarditis
show nearly exclusively Toi phenotype?®; therefore, an increased fraction
of CD4" T cells in the inflammatory compartment of TNF-a-deficient
hearts was not surprising. In the next step, we sorted splenic
CD44"CD62L"™" T from MyHC/CFA-immunized mice and challenged
them with MyHC peptide in the presence of wild-type APCs. Both Tnf*’
* and Tnf™'~ T showed a potent antigen-specific response (Figure 1G).
Local activation of cMVECs resulting in adhesion and transmigration of
blood leucocytes through the endothelial barrier represents the first step
in the development of myocarditis. We confirmed that TNF-a could po-
tently activate adhesive molecules ICAM-1, VCAM-1, and P-selectin in
c¢MVEGCs and effectively promote adhesion of leucocytes to cMVECs under
shear flow conditions in time- and dose-dependent manners (see
Supplementary material online, Figure S2). However, conditional medium
obtained from Tnf'_l_ Tef activated with anti-CD3/CD28 showed similar
up-regulation of ICAM-1 and VCAM-1 and activation of adhesive
properties of cMVECs as a conditional medium from activated Tnf"*
Tesr (Figure 2A-C). Similarly, stimulation of cMVECs with conditioned
medium obtained from MyHC-activated Ty isolated from MyHC/
CFA-immunized Tnf™"* and Tnf™'~ mice resulted in potent activation of
ICAM-1, VCAM-1, and P-selectin in cMVECs and adhesion of leucocytes
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Figure 2 Endothelial activation in inducible EAM model. T cells isolated from Tnf”* or TnF/_ mice at D21 of EAM were stimulated with anti-CD3/28
magnetic beads (+anti-CD3/28) or with APCs in the presence (+MyHC) or absence (w/o MyHC) of a-MyHC peptide for 3 days. (A) Changes in surface ex-
pression of ICAM-1, VCAM-1, and P-selectin on cMVECs stimulated with the indicated supernatants for 16 h, n = 6. (B—D) Results of leucocyte—endothelial
adhesion assay expressed as an average count of firmly adhered leucocytes per field of view after 30 min. (B, C) Adhesion to cMVECs stimulated with Teg
supernatants (n=8) and in (D) stimulated with 5 ng/mL of TNF-a or 60 ng/mL of IL-6 (n = 6) for 16 h. Brightfield microphotograph shows representative
microcapillaries coated with cMVECs, and fluorescence image indicates CFSE-labelled splenocytes. (E) TNF-a and IL-6 levels measured in the indicated super-
natants by ELISA (n = 4). P values calculated with one-way ANOVA followed by multiple comparison using Fisher’s LSD test. ns P > 0.05, *P < 0.05, **P < 0.01,

***P < 0.001.

to cMVECs (Figure 2A-C). Conditioned medium of Tnf'~ T (activated
with MyHC in the presence of Tnf~'~ APCs) was, however, slightly less ef-
fective in inducing adhesive properties of cMVECs (Figure 2C). Of note,
stimulation with TNF-a or IL-6 alone was sufficient in activating cMVECs
(Figure 2D). Analysis of TNF-a and IL-6 in secretomes of activated T
showed over-production of pro-inflammatory IL-6 by Tnf”'~ cells
(Figure 2E), which might explain effective activation of cMVECs by T in
the absence of TNF-o.

3.2 TNF-a protects from cardiac death in
TCRM mice

Next, we studied how TNF-a deficiency affected myocarditis and heart fail-
ure in transgenic TCRM mice. In the TCRM model, all T lymphocytes rec-
ognize the MyHC peptide and therefore the TCRM mice spontaneously
develop myocarditis and cardiomyopathy leading in some cases to cardiac
death.”® Strikingly, TCRM mice with reduced TNF-a production

(TCRMx Tnf"") and complete TNF-a deficiency (TCRM x Tnf ")
showed high mortality, particularly between Weeks 5 and 10 of age
(Figure 3A). Analysis of 6-week-old and 12-week-old mice showed more se-
vere myocarditis in TCRM x Tnf"'~ animals (Figure 3B). In line with these
data, increased size of the heart and cardiomyocytes were observed in
TCRM x Tnf""~ mice (Figure 3C, D).

Unlike TCRM X Tnf"~ mice, TCRM x Tnf'~ littermates with normal
appearance showed no or minimal cardiac inflammation and no signs of
any other cardiac pathology (Figure 3B—E). These data contradicted the
high mortality of TCRM x Tnf '~ observed at a young age (Figure 3A).
Therefore, in the next step, we focused on mice displaying worsening phys-
ical conditions that met humane endpoints and had to be prematurely eu-
thanized. These mice were classified as ‘non-survivors’. Analysis of
TCRM x Tnf ™'~ ‘non-survivors' showed severe pathological changes in
their hearts including massive infiltration of inflammatory cells, hyper-
trophy, and extensive fibrosis (Figure 3B—E). Of note, inflammatory areas
in those hearts exhibited significant fibrosis (see Supplementary material
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online, Figure $3). Hearts of TCRM x Tnf"~ ‘non-survivors’ also showed
exaggerated pathological changes but were less extreme than those found
in TCRM x Tnf '~ ‘non-survivors’ (Figure 3B—E).

Next, we addressed functional changes in TCRM x Tnf"* and TCRM x
Tnf*'~ mice using echocardiographic imaging and MRI. Due to the sudden
and unpredicted occurrence of the phenotype and the poor physical con-
dition of ‘non-survivors’, cardiac function was not assessed in these mice.
Echocardiography of 6-week-old TCRM x Tnf"* and TCRM x Tnf"'~ re-
vealed decreased stroke volume in TCRM mice, but no change in ejection
fraction and fractional shortening was observed (see Supplementary
material online, Figure $4). Measurements of heart function with MRI sug-
gested progressive development of left ventricular dysfunction in the
TCRM model, but despite the difference in myocarditis intensity, no signifi-
cant difference between TCRM x Tnf”* and TCRM x Tnf"'~ groups was
detected in ejection fraction and end-systolic and end-diastolic volumes
at 6 weeks of age (Figure 4B). The cardiac output was preserved for
TCRM x Tnf""~ but was reduced for TCRM x Tnf"™ at 6 weeks of age.
Assessment of a left ventricle function in response to [3.adrenergic recep-
tor agonist dobutamine confirmed uncompromised fractional area short-
ening and stress end-systolic area in 6-week-old TCRM mice (Figure 4C).
The cardiac output, ejection fraction, and end-systolic and end-diastolic vo-
lumes were significantly worsened in both groups at 12 weeks of age.
Correspondingly, the analysis of left ventricle deformability (as assessed
via global deformation along longitudinal direction) revealed significantly
reduced peak strain for both groups already at 6 weeks of age with a dis-
tinct worsening at the age of 12 weeks, especially in TCRM x Tnf™* animals
(Figure 4A). The deterioration of cardiac global function at 12 weeks of age
was accompanied by a marked increase in the post-dobutamine end-
systolic area and fractional area shortening in TCRMx Tnf™ and
TCRM x Tnf"'~ groups underlying decreased contractility capability in re-
sponse to increased workload (Figure 4C).

Flow cytometry analysis confirmed increased percentage of CD45" leu-
cocytes in myocarditis-positive (myo") TCRMx Tnf'~ hearts (see
Supplementary material online, Figure ST). Subset analysis of cardiac infil-
trates showed an increased prevalence of CD4" T and B cells in the hearts
of TCRM x Tnf"'~ and myo™ TCRM x Tnf '~ mice (Figure 5A). As expected,
CDA45" leucocytes and CD4" T lymphocytes were nearly absent in the
myocarditis-negative  (myo”™) TCRMxTnf'~ hearts (Figure 5A,
Supplementary material online, Figure S17). Although TNF-a deficiency did
not affect the prevalence of total CD4" T cells in the spleen, the percentage
of circulating CD4" T cells was increased in myo” TCRM x Tnf '~ mice. In
line with these findings, the T.«/T, ratio was significantly increased in
TCRM x Tnf""~ and myo™ TCRM x Tnf'~ mice (Figure 5B, C). On the
other hand, analysis of CD11b" cells showed no major effect of TNF-o. de-
ficiency on myeloid cell subpopulations (Figure 5D). To address how the
lack of TNF-a influenced the cytokine response of activated CD4™ T cells,
we stimulated TCRM splenocytes with MyHC antigen and measured cyto-
kines in supernatants after 72 h. TNF-a deficiency was associated with in-
creased production of IL-6, IL-10, GM-CSF, and IFN-y (Figure 5E). All of
these findings indicate that TNF-a is negatively regulating the adaptive im-
mune response.

3.3 TNF-a produced by cMVECs regulates

cell adhesion

Our data obtained with the inducible EAM model suggested that TNF-a
secreted by T played a role in cMVEC activation (Figure 2). In the next
step, we addressed the relevance of TNF-a produced by cMVECs. No
soluble TNF-a was detected in supernatants of cMVECs, but instead, we
observed its presence in cell lysates and on the cellular membrane
(Figure 6A=C). Interestingly, membrane TNF-o. was up-regulated upon
stimulation with exogenous TNF-a (Figure 6C). Analysis of adhesion mole-
cules showed that naive cMVECs in the hearts of Tnf~'~ mice were char-
acterized by reduced ICAM-1 and VCAM-1 level (Figure 6D). A reduced
ICAM-1 level was further confirmed in cultured TnF/_ cMVECs in un-
stimulated and TNF-a-stimulated conditions as well as following treatment
with conditioned medium of MyHC-stimulated CD44"CD62L,,,, Tes cells

(Figure 6E). Next, we addressed the role of TNF-a signalling in adhesion of
splenocytes to activated cMVECs under shear flow. As expected, this pro-
cess was TNF-a dependent, and in the case of activation of cMVECs with
the secretome of TCRM T, neutralizing anti-TNF-a antibody effectively
reduced splenocyte adhesion (Figure 6F). Experiments with Tnf'~ cells
confirmed that TNF-a produced not only by T but also by cMVECs con-
tributed to this process (Figure 6F). A detailed cell motion analysis revealed
in the case of Tnf~'~ cMVECs also a reduced number of rolling splenocytes,
suggesting impaired tethering and shorter rolling duration lowering the
chance for firm adhesion (Figure 6G). All these data suggest that TNF-a
produced by cMVECs might play an active role in the development of
CD4" T cell-mediated myocarditis.

3.4 TNF-a triggers activation-induced cell

death of heart-reactive T cells

In two models of myocarditis TNF-a, deficient mice were characterized by
an increased fraction of T cells in inflamed hearts and the periphery.
TNF-a has been previously recognized to trigger activation-induced cell
death; therefore, we hypothesized that in our disease models, TNF-a de-
ficiency led to an uncontrolled expansion of autoreactive CD4" T cells.
Reactivation of MyHC-reactive T cells (but also T, cells) from inducible
EAM model and TCRM mice for 3 days showed no difference in prolifer-
ation and survival between Tnf™ and Tnf'~ cells (see Supplementary
material online, Figure S5). Instead, TCRM Tnf'~ CD4" T lymphocytes
showed significantly less cell death when stimulated with MyHC antigen
for 7 days (Figure 7A—E). In line with these data, the addition of TNF-a cyto-
kine to antigen-activated TCRM CD4" T cells induced apoptosis and cell
death, whereas the addition of neutralizing anti-TNF-a antibody resulted
in increased cell survival (Figure 7A-D). These data confirmed that TNF-a
could effectively regulate the survival of heart-reactive T cells by an
activation-induced cell death mechanism.

4. Discussion

Despite decades of extensive research, the role of TNF-a in cardiovascular
disease is still puzzling. In particular, outcomes of the anti-TNF-a therapy in
various cardiac conditions provided an ambiguous answer. On the one
hand, results of clinical trials showed worsening of cardiac function in
some heart failure patients treated with a high dose of the TNF-a inhibitor
infliximab.2! On the other hand, clinical studies on rheumatoid arthritis pa-
tients receiving TNF-a blockers reported no increased risk of heart failure
and effective reduction in the incidence of major cardiovascular events sug-
gesting mild cardioprotective effects.”? Unlike heart failure patients, most
patients with systemic autoimmune diseases show normal cardiac function
and no serious heart pathologies. However, analysis in a subgroup of
rheumatic patients with post-ischaemic events showed no benefits of
anti-TNF-a therapy and in the case of an elderly population exacerbation
of heart failure and reduced survival.”*** Thus, these clinical findings sug-
gested a dual role of TNF-a signalling in cardiovascular disease. Our data
from two EAM models strongly support this hypothesis. Reduced myocar-
ditis prevalence of Tnf~'~ mice indicated a supportive role of TNF-a in dis-
ease induction, whereas increased cardiac death of TCRM X Tnf'” and
TCRM X Tnf'~ mice and exacerbated myocarditis in TCRM x Tnf"*
mice suggested a cardioprotective effect in established disease. Previous
works in various experimental myocarditis models also reported both car-
dioprotective and harmful effects following the blockade of TNF-a signal-
ling. For example, preventive treatment with an anti-TNF-a antibody
effectively reduced the severity of myocarditis caused by infection with a
cardiotropic virus,25 protozoan parasite Trypanosoma cruzi,26 or by immun-
ization with cardiac myosin.?’ Similar results were observed in Tnf '~ and
Tnfrsfla™~ mice."” 8% However, in the case of T. cruzi infection, increased
accumulation of CD4" T cells in the heart and enhanced mortality at the
late stage of the disease were observed in Tnfrsf1a_'_ mice.?? In line
with these data, in a hamster model of T. cruzi—induced myocarditis, a long-
term treatment with anti-TNF-a antibody enhanced left ventricular
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Figure 3 Effects of TNF-a deficiency in the TCRM model. (A) Mortality of TCRM mice up to age of 16 weeks (Tnf"”* n=45, Tnf""~ n =39, Tnf~'~ n=35).
(B) Myocarditis severity in 6-week-old and 12-week-old mice and in non-survivors (mice meeting humane endpoints, age 4-10 weeks, n = 8-12 per group) and
representative examples of age- and sex-matched healthy heart of wild-type (Tnf"”*) and TCRM X Tnf"'~ and TCRM x Tnf '~ non-survivors. (C) Heart weight/
tibia length (HW/TL) (n = 6). (D) Measurements of cross-sectional area of cardiomyocytes (n = 6). (E) Percentage of fibrotic area in cardiac sections (n = 6).
(F) Representative microphotographs used in the analysis. P values calculated with log-rank test for A, Kruskal-Wallis test for B, or one-way ANOVA followed
by multiple comparison using Fisher’s LSD test for C—E. ns P> 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.

dysfunction.30 All these data lead to the conclusion that TNF-a signalling
during the early phase of myocarditis contributes to the onset of the dis-
ease, whereas during the course of the disease, in the already inflamed
heart, it is counteracting disease exacerbation.

The pro-inflammatory effect of TNF-a. signalling is well established, and
our data confirmed its role in regulating the adhesion of inflammatory cells
to cMVECs - a critical step during the onset of tissue inflammation. In
line with our findings, reduced inflammatory responses were reported in
Tnf~'~ mice in other experimental cardiovascular disease conditions includ-
ing atherosclerosis,>’ myocardial infarction,*® hypertrophy,®* and viral
myocarditis.”® These data underline the importance of TNF-a signalling
in the induction of the immune response and explain the cardioprotective
effects of anti-TNF-o therapy in patients with a still healthy, unaffected car-
diovascular system. Soluble TNF-o. has been well recognized to activate
endothelial cells. We found that not only soluble TNF-a but also its mem-
brane form expressed by cMVECs was crucial for cell adhesion. In line with
previous reports, the lack of membrane TNF-a resulted in lower levels of

adhesion molecules on the surface of endothelial cells.*? We were able to
demonstrate that this phenotype correlated with the impaired ability of
cMVECs to tether flowing cells and with reduced rolling phase preceding
firm adhesion. Although expression of TNF-a in endothelial cells is very
low, it has been acknowledged to regulate their physiology and promote
atherosclerosis through interaction with TNFR2.>**® Taken together, en-
dogenous expression of TNF-a in cMVECs not only regulates their physi-
ology but plays an important role in the process of leucocyte recruitment.
These data may also explain major differences in the efficacy and side ef-
fects of the commonly used anti-TNF-a drugs etanercept and infliximab,
as the latter not only acts through neutralization of soluble TNF-a but
also binds to the membrane form of TNF-a.*® Transmembrane TNF-a
can act both as a ligand for TNFR2 and as a receptor capable of reverse-
signaling,®” but which exact molecular mechanism plays a dominant role
in activated cMVECs remains unclear.

In contrast to the well-characterized pro-inflammatory aspects of
TNF-a signalling, cellular mechanisms behind its cardioprotective effect
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Figure 4 Cardiac MRI (cMRI) of TCRM mice. Six-week-old TCRM wild-type (control), TCRM x Tnf"* and TCRM x Tnf*'~, and 12-week-old TCRM x Tnf*"*
and TCRM x Tnf"~ were taken into the analysis. (A) Representative changes in left ventricle longitudinal strain during a single heart cycle and representative
frames of matched layers from the cMRI during diastole and systole in all groups. (B) Mean values of cardiac output, ejection fraction, end-systolic volume,
end-diastolic volume, and peak longitudinal strain, n =6. (C) Mean end-systolic area and fractional ejection area after dobutamine injection, n = 6. P values
calculated with one-way ANOVA followed by multiple comparison using Fisher’s LSD test. ns P> 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.

are less understood. We demonstrated that the anti-inflammatory TNF-o
activity was independent of endothelial cell activation but, instead, linked
with its potential to induce cell death of pathogenic heart-reactive T cells.
We think that due to the abnormally high number of these heart-reactive
CD4" T cells in the TCRM mice, the cardioprotective effect of TNF-a was
well-pronounced and evident in this model. TNF-a is known to sensitize T
lymphocytes for enhanced activation-induced cell death, and our data con-
firmed TNF-a-induced death of heart-reactive CD4" T cells in the TCRM
model. In this process, cells undergo apoptosis in a controlled manner
upon activation of death receptors, which belong to the TNF receptor
superfamily. Therefore, TNF-a next to FasL and TRAIL represents a classic
example of death receptor agonists.38 Interestingly, only soluble but not
transmembrane TNF-o sensitizes T lymphocytes for enhanced
activation-induced cell death.** TNF-o induces activation-induced cell
death not only in CD4" but also in CD8" T cells.* In viral myocarditis,
the clearance of cardiotropic viruses relies on the effective elimination of
infected cardiomyocytes by CD8" T cells.*' By blocking TNF-a signalling,
one can expect an increase in the number and activity of CD8" T cells, re-
sulting in enhanced viral clearance. Thus, the role of the TNF-a-dependent
activation-induced cell death mechanism in myocarditis progression could
also depend on the underlying viral or autoimmune cause of the disease.
Furthermore, in the context of COVID-19, where myocarditis can occur
as a complication of SARS-CoV-2 cardiotropic infection or cytokine storm,

understanding the interplay between TNF-a signalling and CD4" and CD8"
T cell response becomes particularly relevant.*?

In addition to the activation-induced cell death mechanisms, TNF-a can
limit T cell expansion by enhancing, in cooperation with IFN-y, nitric oxide
production.43 This regulatory role of TNF-a is, however, not limited to the
heart. Data from experimental autoimmune encephalomyelitis and arth-
ritis demonstrated that Tnf ™'~ mice in those models also developed en-
hanced T cell-dependent autoimmune responses.**** Furthermore,
commensal bacteria were recently shown to boost heart-specific T cell re-
sponse and cause lethal inflammatory cardiomyopathy,* further underlin-
ing the destructive potential of unleashed heart-reactive T cells. Our study
also revealed an intriguing relationship between TNF-a and IL-6. We ob-
served that TNF-a exerts a negative regulatory effect on the production
of IL-6. In the light of the inhibitory effect of IL-6 on the Fas/FasL system*’
and an indispensable role of IL-6 in promoting the development of heart-
specific autoimmunit)/,18’48 our findings add another layer to interplay be-
tween TNF-a and IL-6.

So far, little is known about the involvement of cardiac autoimmunity
in the development of heart failure in humans. In the case of myocarditis
and dilated cardiomyopathy, some patients develop high titres of heart-
specific autoantibodies and the presence of anti-MyHC antibodies has
been associated with worse left ventricular systolic function.***°
Clinical results from the treatment of myocarditis occurring as an
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Figure 5 Leucocyte populations in the TCRM model. Cells isolated from hearts, spleen, and blood of é-week-old TCRM x Tnf“, TCRM x Tnf'/’, and
TCRM x Tnf '~ mice were analysed using flow cytometry. TCRM x Tnf '~ mice were divided into myocarditis-positive (TCRM x Tnf~ myo®, >3% of
CD45" cells in the heart) and myocarditis-negative (TCRM X Tnf~'~ myo™, <3% of CD45" cells in the heart; see Supplementary material online, Figure S3).
(A) Main heart-infiltrating leucocyte populations (n=4-7). (B) Percentages of splenic CD4" T cells. (C) Prevalence of CD4" T effector cells and the ratio
of effector to naive CD4" T cells in spleens and in blood (n = 3-7). (D) Analysis of heart-infiltrating populations of myeloid lineage (n = 4-7). Gating strategies
used in the experiments are presented in Supplementary material online, Figure S3. (E) TNF-a, IL-6, IL-10, GM-CSF, and IFN-y levels in supernatants of TCRM
splenocytes activated with MyHC for 3 days, n = 6. P values calculated with one-way ANOVA followed by multiple comparison using Fisher’s LSD test. In A-D,
statistical significance was calculated against TCRM x Tnf"* group. ns P> 0.05, *P < 0.05, #*#P < 0.01, ***P < 0,001
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Figure 7 TNF-o triggers activation-induced cell death of heart-reactive CD4" T cells. TCRM splenocytes were pulsed with 0-MyHC peptide in the absence
(control) or presence of 5 ng/mL TNF-a (+TNF) or 10 pg/mL anti-TNF-a neutralizing antibody (+anti-TNF) for 7 days. (A—D) Quantification of live (A), apop-
totic (B), late apoptotic (C), and necrotic (D) CD4" T cells at Day 7 (n = 6). (E) Comparison of live and necrotic CD4" T cells of control groups. P values
calculated with one-way ANOVA followed by multiple comparison using Fisher’s LSD test. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.

adverse event under immune checkpoint inhibitor therapy in cancer pa-
tients shed more light on the protective role of TNF-a in the inflamed
heart. Immune checkpoint inhibitors targeting PD-1/PD-1L and CTLA-4
prevent activated T cell de-activation and anergy, thereby increasing the
risk of autoimmune adverse effects. Due to these reasons, this therapy is
generally not recommended for patients with pre-existing autoimmune
disorders. It is therefore plausible that there is a high involvement of
heart-specific autoimmunity in myocarditis incidence in patients receiving
immune checkpoint inhibitors. Strikingly, a recent clinical study demon-
strated that myocarditis patients receiving infliximab showed a strongly
increased risk of cardiovascular death [odds ratio (OR) 12.0, P=
0.005]."* In light of our data, these discouraging findings are, however,
not surprising and could be linked to the protective effect of eliminating
activated heart-specific T cells by TNF-a. Of note, similar unfavourable
outcomes of anti-TNF-a therapy were obtained in multiple sclerosis,
which is also considered an autoimmune disease. A randomized,
placebo-controlled multicentre study reported exacerbated disease se-
verity in multiple sclerosis patients receiving TNFR1 fusion protein
Lenercept.51

In conclusion, our data suggest that TNF-a signalling plays a dual role in
myocarditis by promoting inflammation in the early phase through the
regulation of endothelial activation and suppressing immune response dur-
ing the acute and chronic stages by suppressing the expansion of autoreac-
tive T cells. However, it should be acknowledged that the latter mechanism
remains associative due to the nature of the models used and the dual role
of TNF-a signalling. Moreover, the observed heterogeneity in the pheno-
type of both models may suggest the existence of an unrecognized factor
that determines whether TNF-a signalling has a pro- or anti-inflammatory
effect. Therefore, the involvement of TNF-a signalling in myocarditis may
extend beyond the proposed mechanisms. Experiments employing
lineage-specific and time-specific blockade of TNF-a signalling in myocardi-
tis could provide a more thorough understanding of the complexities asso-
ciated with TNF-a signalling and its impact on disease progression.
Understanding these cellular and molecular mechanisms enables us to bet-
ter design future therapies. Accordingly, targeting TNF-a should be there-
fore limited to patients without significant involvement of heart-specific
autoimmunity or be performed in combination with T cell immune regula-
tors, such as alemtuzumab. Furthermore, it seems that more attention
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should be paid to heart-reactive T cells and the immune component in
myocarditis and other heart failure patients. Targeted therapy against in-
trinsic cardiac-specific autoimmune mechanisms might represent a prom-
ising option to attenuate pathogenic inflammatory processes in the heart.
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Translational perspective

Clinical trials implementing the use of TNF-a inhibitors in myocarditis and heart failure patients reported health worsening and cardiovascular-related
death. Our data indicated that in addition to its well-known pro-inflammatory effect, TNF-o negatively regulated the expansion of heart-specific T cells
and thereby protected from myocarditis-associated cardiac death. Thus, the use of anti-TNF-a agents could be re-considered for heart failure patients
without active cardiac autoimmunity. Furthermore, targeted therapy against intrinsic cardiac-specific autoimmune mechanisms might represent a
promising option to attenuate pathogenic inflammatory processes in the heart.
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