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I. List of abbreviations and acronyms 

 

Table 1. List of abbreviations and acronyms 

Abbreviation or acronym Description 

(LV)EF (left ventricular) ejection fraction 

ACE2 angiotensin converting enzyme 2 

B19V parvovirus B19 

CCL chemokine (C-C motif) ligand 

CCR chemokine receptor 

CD cluster of differentiation 

CM cardiomyopathies 

COVID-19 coronavirus disease 2019 

CPT1 carnitine palmitoyltransferase 

CS cardiac sarcoidosis 

CVB-3 Coxsackievirus B3 

DCM dilated cardiomyopathy 

DCMi dilated cardiomyopathy with inflammation 

E-gene envelope small membrane protein-gene 

EMB endomyocardial biopsy 

GCM giant cell myocarditis 

HHV6 human herpesvirus 6 

IFNγ interferon gamma 

IGCM idiopathic giant cell myocarditis 

IL interleukin 

IVIg intravenous immunoglobulin 

NGS next generation sequencing 

NS1 B19V Non-structural protein 1 

PBMCs peripheral blood mononuclear cells 

RdRP-gene RNA-dependent RNA polymerase gene 

ROC-AUC receiver operating characteristic-area under 

curve 

SARS‐CoV‐2 severe acute respiratory syndrome 

coronavirus 2 
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Th cell T helper cell 

TLR toll-like receptor 

VP1/2 B19V capsid protein 1/2 
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II. Abstract  

Myocarditis and dilated cardiomyopathy represent acute or chronic disorders of the 

myocardium in most cases caused by myocardial virus infection with or without concomitant 

inflammation that are associated with poor prognosis without specific treatment. Only by 

applying endomyocardial biopsy (EMB) it is possible to establish a pathophysiological-proven 

diagnosis as a prerequisite for causal therapy. Since EMB is limited in sample size, a substantial 

sampling error due to focal disease processes impairs its sensitivity and predestine EMB for 

molecular diagnostics. The project focused on development and optimization of PCR-based 

diagnostic methods to detect (i) fulminant forms of myocarditis and to identify cardiotropic 

viral pathogens, such as (ii) parvovirus B19 (B19V) and (iii) severe acute respiratory syndrome 

coronavirus 2 (SARS‐CoV‐2) as potential causes of myocarditis. 

(i) In order to improve diagnosis of idiopathic giant cell myocarditis (IGCM), a rare but fatal 

entity of myocarditis, a gene expression profiling test was developed. A panel of marker genes 

was revealed to distinguish IGCM from other fulminant forms of myocarditis. Screening of a 

large cohort demonstrated that 54.4% of IGCM patients would have been missed by solely 

conventional histopathological analysis. 

(ii) To improve diagnostics of molecular virology, a PCR assay was established to distinguish 

an active infection of the myocardium with B19V from clinical irrelevant latent infection by 

detection of viral transcripts. By investigating a cohort of n = 576 patients that underwent EMB, 

B19V DNA was detected in 70% of samples, while a subgroup of 38.5% of these was 

characterized by viral transcriptional activity. Precise and sensitive diagnostics of active B19V 

will help to identify patients which will benefit from antiviral treatment and will contribute to 

the development of novel therapy approaches. 

 (iii) Using PCR, it was possible to identify SARS‐CoV‐2 as a potential cardiotropic pathogen 

in EMB samples. Presence of SARS-CoV-2 RNA could be confirmed in 5 of 104 patients. 

Infection was accompanied by myocardial inflammation and histopathological analysis 

demonstrated that rupture of vessel walls of capillaries led to local ischemia and secondary 

damage of cardiomyocytes. A mild to highly acute clinical course of the disease was observed 

and cardiac complications occurred directly after primary infection, after latency, or in the 

absence of pulmonary symptoms. Thus, screening for SARS-CoV-2 should be considered as a 

routine method of EMB based diagnostics. 
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Successful application during routine diagnostics highlights the clinical significance of findings 

and underscore the need to further develop and improve molecular diagnostics of EMB samples 

in order to initiate targeted and effective treatment strategies without delay. 

 

III. Zusammenfassung 

Die Myokarditis und dilatative Kardiomyopathie sind eine akute und chronische Erkrankung 

des Myokardiums, welche häufig durch eine myokardiale Virusinfektion mit oder ohne 

begleitende Entzündung verursacht werden und ohne spezifische Therapie mit einer schlechten 

Prognose assoziiert sind. Die Untersuchung mittels Endomyokardbiospie (EMB) liefert eine 

pathophysiologisch-begründete Diagnose als Grundlage einer kausalen Therapie. Da die 

entnommene Materialmenge der EMB limitiert ist und zudem Krankheitsprozesse fokal 

auftreten können, führt dies zu einem Verlust an Sensitivität und prädestiniert die EMB für eine 

molekulardiagnostische Analyse. Im Fokus des Projektes stand die Entwicklung und 

Optimierung PCR-basierter Methoden zum Nachweis (i) fulminanter Formen der Myokarditis 

und kardiotroper viraler Pathogene, wie (ii) Parvovirus B19 (B19V) und (iii) severe acute 

respiratory syndrome coronavirus 2 (SARS‐CoV‐2) als potentielle Auslöser einer Myokarditis.  

(i) Um die Diagnose der Riesenzellmyokarditis (IGCM), einer seltenen aber mit schlechter 

Prognose verbundenen Form der Myokarditis, zu optimieren, wurde ein Genexpressions-Test 

entwickelt. Hierbei konnte ein Panel an Markergenen identifiziert werden, welche die 

Differentialdiagnostik der IGCM ermöglichten. Das Screening einer großen Kohorte zeigte, 

dass 54,4% aller IGCM-Patienten nicht identifiziert worden wären, insofern ausschließlich 

konventionelle histopathologische Diagnostik eingesetzt worden wäre. 

(ii) Es wurde ein PCR Assay entwickelt, um anhand des Nachweises von viralen Transkripten 

eine aktive Infektion des Myokardiums mit B19V von einer klinisch irrelevanten latenten 

Infektion zu unterscheiden. In einer Kohorte von n = 576 Patienten konnten B19V DNA in 70% 

aller Patienten nachgewiesen werden, während 38,5% dieser Patienten durch eine aktive 

Infektion charakterisiert waren.  Dies ermöglicht die Identifikation von Patienten, die von einer 

antiviralen Therapie profitieren werden und wird dazu beitragen, neue Behandlungsstrategien 

zu entwickeln. 

(iii) Mittels PCR konnte SARS‐CoV‐2-RNA als potentielles kardiotropes Pathogen in EMB 

Proben von 5 von 104 Patienten nachgewiesen werden. Die Infektion war begleitet von einer 

intramyokardialen Entzündung. Die histopathologische Auswertung zeigte Rupturen der 
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Kapillarwände, welche zu lokaler Ischämie und sekundären Schäden an den Kardiomyozyten 

führte. Milde bis hoch-akute klinische Verläufe der Krankheit wurden beobachtet, wobei 

kardiale Symptome unmittelbar nach Primärinfektion, nach einer Latenzzeit oder ohne 

pulmonale Symptomatik auftraten. Daraus folgernd sollte der Nachweis von SARS‐CoV‐2 als 

Routinetest in der EMB Diagnostik durchgeführt werden.  

Die erfolgreiche Anwendung in der Routinediagnostik konnte die klinische Signifikanz der 

Ergebnisse zeigen und bekräftigte die Notwendigkeit zur Entwicklung und Optimierung 

molekulardiagnostischer Methoden zur Analyse der EMB um so rasch eine gezielte und 

effektive Behandlung einzuleiten. 

 

1 Introduction 

 Myocarditis: etiology and course of the disease 

According to the American Heart Association scientific statement published in 2006, 

cardiomyopathies (CM) are defined as a heterogeneous group of diseases of the myocardium 

associated with mechanical and/or electrical dysfunction leading to failure of myocardial 

performance [74, 90]. CM must be distinguished from cardiac pathologies that are a direct 

consequence of cardiovascular diseases, such as systemic hypertension, valvular, coronary 

artery disease and congenital heart diseases resulting in secondary, ischemic damage of the 

heart [74, 90]. CM defines acute and chronic disorders of the heart caused by virus infection or 

other external or internal triggers, such as genetic factors, and in many cases, the underlying 

cause of disease remains unknown [74, 77]. By definition, primary CM that predominantly 

involve the heart, are segregated into genetic CM (e.g., hypertrophic CM), multifactorial CM 

(e.g., dilated CM), or acquired CM (e.g., inflammatory CM). Different forms of CM are 

classified by anatomical, functional, histopathological or molecular parameters. Therefore, the 

designations “cardiomyopathy” and “inflammatory cardiomyopathy” define both, a histological 

and functional diagnosis [18]. 

The heart muscle (myocardium), which is localized between the inner (endocardium) and outer 

layer (epicardium) of the heart wall, is composed of cardiomyocytes that form a functional 

syncytium and are connected by intercalated discs [20]. Myofibrils within cardiomyocytes are 

organized into sarcomeres and are responsible for contraction of the heart [20]. Cardiomyocytes 

are embedded in an extracellular matrix that mainly consists of collagen fibers [20]. Myocarditis 

is defined as an inflammatory disease of the heart muscle [25]. The Dallas criteria were the first 
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formal histological criteria to standardize diagnostic of myocarditis [98]. In brief, diagnosis of 

myocarditis was defined as histological evidence of inflammatory infiltrates within the 

myocardium that causes myocyte degeneration and necrosis and is of non-ischemic origin [98]. 

Acute myocarditis, which is defined by an histological evidence of myocytolysis, may heal or 

it may progress towards a chronic form presenting with or without inflammation [10]. Diagnosis 

of borderline myocarditis is characterized by a less pronounced inflammation without evidence 

of myocyte damage or necrosis according to Dallas criteria [7]. In contrast to myocarditis, 

dilated cardiomyopathy (DCM) or dilated cardiomyopathy with inflammation (DCMi) both 

represent chronic forms of the disease. DCM and DCMi are clinical diagnoses based on 

functional characterization of the heart. During DCM or DCMi, the left ventricle or both 

ventricles are affected by an impaired contraction capacity that is not caused by abnormal 

loading conditions or coronary artery disease [10]. Approximately 10 – 20 % of patients 

suffering from acute myocarditis progress towards a chronic stage and develop DCM or DCMi, 

as it was revealed by a long term follow up study [1].  

The global prevalence of myocarditis is estimated to occur at approximately 22 of 100,000 

patients and is estimated to account to 10 % of all cases of sudden death [36, 102]. The clinical 

presentation of myocarditis is widespread ranging from asymptomatic to life-threatening 

symptoms and [36]. Clinical symptoms last from a few weeks to several months and patients 

may present with fatigue, decreased exercise tolerance, palpitations, precordial chest pain, and 

syncope. Immunosuppressive therapy with prednisone and azathioprine is approved for virus-

negative myocarditis and leads to clinical improvement [33]. 

The etiology of myocarditis often remains unclear and might represent multifactorial processes, 

but viral pathogens are suggested to be the most potential trigger of the disease in developed 

countries [18, 91]. In general, causative agents of myocarditis can be classified into infectious 

pathogens or non-infective external triggers. In contrast to rarely detected bacterial or fungal 

infections, cardiotropic viruses, such as coxsackievirus (CVB-3), echovirus, adenovirus, human 

herpesvirus 6 (HHV-6), and cytomegalovirus are the major causes of myocarditis [10, 24]. 

Besides the aforementioned viral species, hepatitis E, influenza virus, and human 

immunodeficiency virus are associated with myocarditis, however, evidence for cardiotropism 

of these viruses has not been established yet [18, 25, 81]. Among the most frequently detected 

bacterial pathogens that were identified as causative agents of myocarditis, are Streptococcus, 

Diphtheria, and Trypanosoma cruzii [24]. Non-infective causes of myocarditis comprise 

systemic diseases, drugs, and toxins [10]. Autoimmune diseases, such as systemic lupus 
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erythematosus, as well as immunomodulatory therapy were identified as possible triggers of 

myocarditis [13, 73, 79]. Frequently, the causative agent of myocarditis remains unknown [18]. 

Endomyocardial biopsy (EMB) which is obtained either from the left or right ventricle by le 

represents the best suited method to establish diagnosis of myocarditis. However, since EMB 

is performed infrequently due to its invasive procedure, the true incidence of myocarditis might 

be underestimated [25]. Only by analysis of EMB, it will be possible to determine and quantify 

the exact types of immune cells involved in inflammatory processes. Furthermore, EMB can 

also be used to quantify presence of viral nucleic acids including sequencing and subtype 

analysis and is able to differentiate between latent or active viral infection. 

Idiopathic giant cell myocarditis (IGCM), as a rarely diagnosed entity, represents the most 

aggressive form of an active myocarditis and  despite advances in science and surgery, 

prognosis for IGCM is poor [6, 10]. A fulminant form of IGCM requires the patient to be put 

on mechanical circulatory support and heart transplantation represents the only long-term 

survival option for patients affected by IGCM [6]. Multicenter studies report a 5‐year 

transplant‐free survival rate no better than 10% - 42% for IGCM [31]. Furthermore, progression 

of IGCM into chronic forms is considered to occur in more than 80% of all IGCM cases [31]. 

There is a high medical need to detect IGCM as early as possible in order to avoid ongoing 

myocardial tissue damage, resulting in a need of transplantation or cardiac death [6]. 

Histopathological, IGCM presents with myocyte necrosis that is associated with multifocal or 

diffuse inflammatory cell infiltrates composed of T-lymphocytes, multinucleated giant cells, 

plasma cells, eosinophils, and occasional neutrophils [10]. CD68+ macrophages represent the 

cell type which is predominantly involved in giant cell formation [78]. Giant cells are often 

found in the surrounding border area of a site of active inflammation [78]. Due to its fast 

progression, particularly cardiotropic viral pathogens are supposed to trigger IGCM, however, 

the natural course of the disease remains to be elucidated [18, 82]. Poor prognosis and a 

significant sampling error of EMB to detect IGCM underscore the high medical need to improve 

diagnosis of this entity of myocarditis [95]. 

 Viral myocarditis  

Viral myocarditis is defined by histological criteria of myocarditis and presence of viral 

genomes in EMB samples [18]. A model of three phases is proposed to explain development of 

viral myocarditis and a possible progression of the disease into its chronic forms ( 

Figure 1) [82].  
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Figure 1. Schematic presentation of a proposed model of B19V-induced viral myocarditis and 

progression towards its chronic forms (Scheme adopted from Pollack et al., 2015) [82].  

The initial phase is characterized by infection of cells of the myocardium and cardiac 

dysfunction is a consequence of virus-induced cellular damage and activation of the innate 

immune response. Cardiac damage and presence and replication of viral pathogens elicits 

adaptive immune response. Cytokine and chemokine release leads to inflammatory processes 

within the heart during the second, acute phase of myocarditis. Necrosis and myocytolysis, 

representing hallmarks of active myocarditis, are a consequence of T- cell mediated clearance 

of infected cells. The third phase is characterized by recovery from myocarditis or progression 

into chronic forms. Elimination of the pathogen may result in resolution of inflammation and 

may lead to healing processes and clinical improvement [18]. However, autoimmune reactions 

may be triggered due to release and exposure of self-antigens from damaged cardiomyocytes. 

As an example, autoantibodies against cardiac molecules were detected in 30 % of all patients 

following infection with CVB-3 [17]. An unbalanced immune response and persistence of pro-

inflammatory cytokines after pathogen elimination, as well as incomplete clearance of 

pathogens are supposed to result in a chronic form of myocarditis [50]. Chronic inflammatory 
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myocarditis was defined as an onset of inflammation over three months after diagnosis of acute 

myocarditis [18]. The chronic stage is characterized by tissue remodeling, fibrosis, and loss of 

contractile function in accordance with reduced left ventricular ejection fraction (LVEF) [18, 

82]. Interestingly, patients suffering from a fulminant form of myocarditis had a better 

prognosis when compared to patients suffering from an acute non-fulminant form of 

myocarditis which could be explained by a pronounced immune response leading to a complete 

viral clearance [75]. This may have prevented progression into DCM or DCMi and resulted in 

an increased transplant free survival time thus strongly supporting hypothesis of Caforio et al. 

[75]. However, the exact mechanism of progression from acute form of myocarditis towards a 

chronic form remain to be elucidated and are supposed to be multifactorial processes [75]. 

In accordance with advances in molecular biology, coxsackie-, echo-, and adenoviruses were 

the most commonly detected cardiotropic species in heart muscle tissue [25, 82]. Enteroviruses 

and adenoviruses are able to infect and replicate within cardiomyocytes by binding to the 

coxsackievirus and adenovirus receptor [82]. Cell lysis results in direct myocardial injury or 

cardiac damage via an unbalanced immune response. The majority of patients recovers after 

infection, however, viral persistence of entero- and adenoviruses is associated with a poor 

prognosis [61, 63]. In the recent past, Parvovirus B19 has become as the most frequently 

detected viral pathogen in EMB besides Epstein-Barr Virus and human herpesvirus 6 (HHV-

6), what might represent an epidemiologic shift [14, 62]. The current project aimed to improve 

diagnostics of cardiac B19V infection thus molecular mechanism of pathogenicity and clinical 

significance were discussed in detail during publication 2 [80].  

Immunosuppressive therapy is indicated for virus-negative chronic and active forms of 

myocarditis and giant cell myocarditis [33, 39, 40]. Treatment options of viral myocarditis are 

less well established. In particular, for therapy of cardiac B19V infection, large randomized 

trials of potential drugs are pending. During two phase II-studies, adeno- or enterovirus-induced 

myocarditis or viral persistence were successfully treated by interferon-beta-1B therapy [63, 

93]. Similar beneficial effects of interferon-beta-1B were reported for B19V-induced 

myocarditis [93]. These results were confirmed when two cases of B19V-induced myocarditis 

in pediatric patients were treated successfully with interferon-beta-1B [21]. Controversial 

outcomes of intravenous immunoglobulin therapy were reported for treatment of B19V 

infection during two studies [30, 44]. Antiviral treatment with ganciclovir of chromosomally 

integrated HHV-6 has proven effective against viral reactivation associated with cardiac 

symptoms [59].  



 

12 

 

 Gene profiling as a novel approach in molecular diagnostics 

Gene profiling has become a breakthrough molecular method not only in cancer diagnostics. 

Only recently, commercially user-operated or end-to-end solutions that require sample transfer 

have become available to investigate cardiovascular diseases. Most products rely on non-

invasive sample methods. When gene profile tests are available as kits, the test can be conducted 

directly by the user. Most gene profiling products available require extensive sample 

processing, for example the extraction of peripheral blood mononuclear cells (PBMCs) from 

blood samples or specific enrichment processes of analytes. In such cases, sample material is 

sent to the manufacturer and will be analyzed in-house. This method is preferred when sample 

preparation is an elaborate process or deviations in sample processing might lead to invalid 

results.  

The majority of commercial cardiovascular-specific test platforms focus on risk assessment of 

inherited cardiovascular diseases, e.g., CardioGxOneTM (Admera health) and GeneSeq® 

(Integrated Genetics). Besides end-to-end solutions of gene profiling tests, a predesigned 

sequencing panel (TruSight™ CardioSequencing Kit) is available for Illumina® Next 

Generation Sequencing platforms that will detect mutations in 174 genes associated with 

inherited cardiovascular diseases [83].   

In contrast, AlloMap® (CareDx®) is a commercially available gene profiling test for detection 

of allograft rejection after heart transplantation. This gene profile relies on non-invasive 

sampling and was developed in order to avoid EMB as an invasive method of rejection 

surveillance [28]. Briefly, AlloMap® requires the extraction of RNA from isolated PBMCs and 

analyzes the expression rate of marker genes in relation to one or several housekeeping, so 

called non-informative genes [28]. AlloMap® was initially developed by screening of EMBs 

for histopathological evidence of graft rejection and a parallel correlation of marker gene 

expression signatures within isolated PBMCs. To that end, EMBs were analyzed independently 

by six pathologists to assess level of graft rejection. Isolated PBMCs were then screened for 

expression of marker genes applying a microarray analysis of a panel of 7370 genes. From a 

training cohort of 107 patients, an 11-gene panel was identified which was able to indicate 

allograft rejection. Marker genes, which are used to identify rejection, code for T-cell/natural 

killer and CD8+ T-cell activation markers and erythropoiesis markers (ALAS2, WDR40A, 

MIR). The identified marker genes were verified by investigating a validation cohort. As a 

result, AlloMap® is able to predict the probability of rejection solely from the blood cell gene 

expression signature [28]. First clinical studies (CARGO and CARGO II) evaluated the 
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performance of this test [27]. Since results of AlloMap® were optimized for detection of true-

negative results (>95%), its predictive value (sensitivity) of detecting rejection events is low 

(9.1 -10.2% true positives) reflecting in low ROC-AUC values of 0.71 (2-6 months) and 0.67 

(>6 months) post transplantation. However, the decision for these cut-off values was chosen 

consciously to avoid any false-positive results that might result in unnecessary catheterization 

and biopsy investigation with consequences for the patient [27].  

Similar to AlloMap®, a gene profiling approach assessing rejection after heart transplantation 

has been discovered by NGS-based screening of PBMCs [23]. Although this profile was 

established in only a small cohort of 12 patients, it performed well in a validation cohort of 47 

patients and was, useful to test for rejection after transplantation of other organs than heart [23]. 

To date, no commercial product exists that employs EMB sample material to diagnose 

cardiovascular diseases. 

Only a limited number of research approaches investigated disease-specific marker gene 

expression in EMB samples. These will be discussed in regard to findings during publication 

1. As an example, Heidecker et al. established a gene expression profile by transcriptome 

analysis of EMB samples which was able to differentiate lymphocytic myocarditis from DCM 

[45]. During this study, immune markers, such as genes from the Toll like receptor family, 

revealed a strong predictive power to detect myocarditis. Further research approaches to 

differentiate DCM from DCMi were investigated by others [5, 85, 107]. A study from Kittleson 

et al. identified disease-specific marker genes of IGCM when compared to transplantation 

donor hearts using microarray analysis [54]. However, each of these gene profiles relies on a 

limited patient cohort and clinical validation of these scientific approaches is pending. Besides 

gene expression profiling approaches, also circulating miRNAs have been shown to act as 

disease-specific molecular markers for DCM or DCMi to identify patients for whom EMB is 

indicated to clarify diagnosis [4]. 

 Project aims  

The present dissertation was performed within the GENPROVIC (Gene Profiling Test for 

Identification of Treatable Patients with Acute and Chronic Heart Failure) project. As a part of 

the European Research Area Network on Cardiovascular Diseases (ERA-CVD), GENPROVIC is 

funded by the European Union Framework Program for Research and Innovation ‘Horizon 

2020’ and was carried out as a transnational project involving three European academic and 

clinical centers (IRCCS Lazzaro Spallanzan (National Institute for Infectious Diseases), Rome; 

Hospital Universitario Puerta de Hierro Majadahonda, Madrid; Charité University Hospital; 
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Berlin) and one diagnostic laboratory (Institute for Cardiac Diagnostics and Therapy, Berlin). 

GENPROVIC aimed to develop molecular diagnostic methods for investigation of EMB samples 

in order to improve diagnosis of fulminant forms or virus induced forms of myocarditis and 

will establish a rapid transfer of findings into clinical diagnostics.  

Sensitive and specific diagnostic methods are a prerequisite to apply appropriate therapy 

strategies and to develop new treatment options. Non-invasive diagnostic methods, such as 

imaging techniques or testing of systemic parameters, have advanced in recent years, but in 

contrast to invasive EMB, still lack sensitivity and specificity to investigate diseases of the heart 

muscle. Since EMB must rely on small sample size, a sampling error due to focal disease 

processes was observed when conventional (immuno)histopathological analysis is applied. To 

remedy these shortcomings, development and optimization of precise molecular diagnostic 

methods as a prerequisite for causal therapy are of significant clinical importance.   

An overview on the methodical workflow of GENPROVIC was depicted schematically in Figure  

Figure 12 and a detailed description of each method is given in the respective publications 

comprising the cumulative dissertation (Figure 2). To summarize, EMB samples were analyzed 

by molecular and conventional (immune)histopathological methods using RNA and DNA 

extraction and staining of thin-cut tissue sections of EMBs. Results of both arms were then used 

to develop and improve molecular methods.   
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Figure 2. GENPROVIC workflow for gene profile development and molecular analysis of EMB 

samples 

Schematic presentation of molecular and histopathological EMB analysis workflow for gene 

profile development. Sample preparation for gene expression analysis follows the same 

procedures as molecular virology analysis for RNA viruses. (self-developed scheme) 
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2 Results 

 Publication 1 

Escher F, Pietsch H, Aleshcheva G, Wenzel P, Fruhwald F, Stumpf C, Westermann D, 

Bauersachs J, Enseleit F, Ruschitzka F, Nägele H, Laugwitz KL, Haake H, Frey N, 

Brachmann J, Huber K, Braun-Dullaeus RC, Bergmann MW, Strotmann J, Grönefeld G, 

Krülls-Münch J, Westenfeld R, Skurk C, Landmesser U, Pieske B, Gross UM, Morawietz L, 

Schultheiss HP.  

Evaluation of Myocardial Gene Expression Profiling for Superior Diagnosis of Idiopathic 

Giant-Cell Myocarditis and Clinical Feasibility in a Large Cohort of Patients with Acute 

Cardiac Decompensation.  

J Clin Med. 2020 Aug 19;9(9):2689. Doi: 10.3390/jcm9092689. PMID: 32825201; PMCID: 

PMC7563288. 

 

Summary: Diagnosis of IGCM relies on histopathological detection of multinucleated giant 

cells in EMB samples and thus is subjected to sampling error due to focal processes of the 

disease and small sample size of EMB [95, 109]. Since prognosis of IGCM is poor, there is a 

high clinical need to improve diagnosis in order to subsequently initiate a specific therapy [31]. 

The present study aimed to establish a novel molecular diagnostic method to detect IGCM in 

EMB samples and evaluated its clinical significance in a large cohort of cardiac patients that 

underwent EMB.  

The total patient cohort comprised samples from n = 427 patients including a group of 26 

histopathological confirmed IGCM cases. In this group, a disease-specific gene expression 

pattern was revealed that allowed to discriminate IGCM patients from the control group with 

high sensitivity (96.2 %) and specificity (100 %). Gene expression level of 27 genes was shown 

to be differentially regulated among IGCM patients and control group and further analysis could 

establish a gene profile consisting of five marker genes (carnitine palmitoyltransferase I 

(CPT1), chemokine (C-C motif) ligand 20 (CCL20), C-C chemokine receptor type 5 (CCR5), 

chemokine receptor 6 (CCR6), Toll-like receptor 8 (TLR8)). The comparison between gene 

profile and histological and immunohistological results revealed a considerable sampling error 

through conventional analysis of EMB samples when the total cohort was tested by gene 

profiling. As the molecular results of the gene profile demonstrated, 31 of 57 (54.4%) patients 

positive for IGCM but without histopathological proof of giant cells would have received false-
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negative diagnosis if only conventional analysis would have been applied. Successful therapy 

of IGCM, as the most aggressive form of myocarditis, however is only possible if 

immunosuppressive treatment is initiated early in the course of the disease to prevent ongoing 

myocardial tissue damage and progression into a chronic form. A significant higher number of 

immune infiltrates was observed, when histopathologically-diagnosed samples were compared 

to gene profile-diagnosed samples of IGCM. Thus, a mere quantification of immune cell 

infiltration by immunohistochemical analysis in EMBs did not prove to be an appropriate 

marker to identify IGCM. Immunosuppressive treatment of a subgroup of gene profile 

diagnosed and conventionally-diagnosed IGCM patients resulted in a significant clinical 

hemodynamic improvement after 6 months that was comparable between both groups treated. 

Significance: Successful clinical application of gene profiling as a novel molecular diagnostic 

method to distinguish fulminant forms was demonstrated in a large cohort of patients with 

unexplained heart failure that underwent EMB. These data confirm the feasibility to apply gene 

profiling in routine diagnostics of EMB samples thus minimizing the sampling error and 

operator bias of pure conventional microscopic analysis of tissue sections. Sampling error of 

conventional EMB analysis could be shown for diagnostics of giant cells by histological 

criteria, as well as for quantification of inflammatory infiltrates. Furthermore, the study results 

demonstrated that prevalence of IGCM is underestimated. Molecular results from the present 

study may serve as a basis for the development and evaluation of non-invasive diagnostic tests.  

 

 Publication 2 

Pietsch H, Escher F, Aleshcheva G, Lassner D, Bock CT, Schultheiss HP.  

Detection of parvovirus mRNAs as markers for viral activity in endomyocardial biopsy-based 

diagnosis of patients with unexplained heart failure.  

Sci Rep. 2020 Dec 18;10(1):22354. Doi: 10.1038/s41598-020-78597-4. PMID: 33339949; 

PMCID: PMC7749156. 

 

Summary: Human parvovirus B19 (B19V) is the most frequently detected viral species in 

human heart tissue. Several studies indicate that, in contrast to latent infection of the 

myocardium with B19V, transcriptional activity as determined by presence of viral RNA, is 

associated with endothelial dysfunction and progression of viral myocarditis into a chronic form 
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of the disease [11, 57, 67, 88, 89]. However, diagnostics of B19V viral RNA in EMB is 

hampered by the detection limit of PCR reflecting the low expression rate of viral transcripts 

and the small sample size of EMBs. Thus, sensitive diagnostic methods are needed to improve 

diagnostics of active B19V infection of the heart muscle. The present study aimed to establish 

a diagnostic real time PCR method to characterize expression of viral capsid transcripts (VP1/2) 

and expression of non-structural protein 1 (NS1) transcripts in EMBs of patients with 

unexplained heart failure. In addition to already established protocol for VP1/2 detection, a RT-

qPCR was designed to target B19V NS1 sequences and to further allow discrimination of B19V 

genotype 1 and 2 in a single reaction through genotype-specific probe design. In a cohort of n 

= 576 EMB samples, 70 % of patients tested positive for B19V genomes whereas 38.5 % of 

samples revealed an active B19V infection with viral transcripts being detectable. Differential 

expression of VP1/2 and NS1 transcripts was observed and viral B19V DNA load was higher 

when an active infection was detected. A significantly reduced left ventricular ejection fraction 

(LVEF) could be observed during the study comparing patients with a latent infection or virus 

free patients to those characterized by active viral transcription. 

Significance: The study revealed that transcriptional activity of B19V in the heart muscle 

occurs only in a subset of persistently infected cardiac patients. RNA expression of both major 

viral transcripts, the VP1/2 and the NS1, must be considered for molecular diagnostics of B19V 

transcriptional activity, as otherwise, correct diagnosis is be missed. As a consequence of 

retrospective study design, a large number of EMB samples was available, however, clinical 

data was scarce. Nonetheless, a reduction of baseline LVEF indicated the clinical relevance of 

active B19V infection of the myocardium in contrast to latent infection or virus-free samples. 

It was not possible to correlate clinical effects to the differential expression of either NS1 or 

VP1/2 or both transcripts during this study. Further prospective studies should, as well, address 

the question of long-term pathogenicity of B19V active infection of the heart muscle. Only 

recently, novel treatment strategies against B19V infection of the myocardium were 

investigated and precise diagnosis of active infection will help to identify patients that will 

profit from antiviral treatment [67, 110]. 
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 Publication 3 

Escher F, Pietsch H, Aleshcheva G, Bock T, Baumeier C, Elsaesser A, Wenzel P, Hamm C, 

Westenfeld R, Schultheiss M, Gross U, Morawietz L, Schultheiss HP.  

Detection of viral SARS-CoV-2 genomes and histopathological changes in endomyocardial 

biopsies.  

ESC Heart Fail. 2020 Oct;7(5):2440-2447. Doi: 10.1002/ehf2.12805. Epub 2020 Jun 12. 

PMID: 32529795; PMCID: PMC7307078. 

 

Summary: Although experimental data on SARS-CoV-2 was scarce at that time, first clinical 

reports indicated that the virus affects other organs besides entering its main target cells, the 

pneumocytes of the lungs. SARS-CoV-2 viral genomes were detectable by PCR in tissue and 

body fluids, such as sputum, nasal swabs, feces, blood, and urine of infected individuals [103]. 

A wide distribution of angiotensin converting enzyme 2 (ACE2), which is acting as the primary 

SARS-CoV-2 receptor, theoretically allows infection of other organs, such as the kidneys, liver, 

and heart. In particular, cardiovascular diseases were identified as risk factors for a severe 

course of the disease and cardiovascular complications occur frequently during SARS-CoV-2 

infection and progression of the disease [51, 72]. Cardiotropism of SARS-CoV-2 has not been 

demonstrated at the time the study was initiated, thus a possible detection of SARS-CoV-2 

genomes in heart tissue might help to clarify the hypothesis of direct cardiac damage through 

SARS-CoV-2 infection. 

EMBs of n = 104 patients suffering from unexplained heart failure or suspected myocarditis 

were analyzed retrospectively by immunohistochemistry, histopathological and molecular 

diagnostics. Patient samples were obtained from 3 February and 26 March 2020 from different 

German clinical centers. Molecular diagnostics of common cardiotropic viruses (enterovirus, 

adenovirus, parvovirus B19, and human herpesvirus 6) were performed and the diagnostic panel 

was extended to screen for severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2). 

To that end, a published PCR protocol to specifically amplify SARS-CoV-2 envelope small 

membrane protein (E)-gene and RNA-dependent RNA polymerase (RdRP)-gene sequences 

published by Corman et al. was adapted to small sample size of EMB nucleic acid extraction 

protocol and molecular work-up [26]. 

EMB samples of five of 104 patients (mean age: 57.90 ± 16.37 years; left ventricular ejection 

fraction: 33.7 ± 14.6 %, sex: n = 79 male/25 female) tested positive for the presence of SARS-
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CoV-2 RNA. These five patients presented with heterogenous clinical symptoms which were 

observed either subsequently to clinical symptoms of pneumonia, with latency after pulmonary 

symptoms, or in the absence of clinical signs of pulmonary infection. Nasopharyngeal swab 

samples were not investigated for presence of SARS-CoV-2 RNA since COVID-19 was not 

suspected. The course of the disease ranged from mild to highly acute forms that required ICU 

monitoring of three patients (patients 1,3,5). Besides SARS-CoV-2 detection (Ct value: 36.66 

± 1.99), screening for other common cardiotropic viruses in EMB samples yielded negative 

results. An active myocarditis according to the Dallas criteria showing necrosis of myocytes 

was confirmed in patient 1. Patient 5 presented with a borderline type of myocarditis and the 

remaining patients were diagnosed with an inflammatory cardiomyopathy. 

Immunohistochemical analysis of EMB tissue sections demonstrated a pronounced 

inflammation in four of five patients (patients 1,3,4,5) that was characterized by an increased 

number of T‐cells, macrophages, lymphocytes, and T‐memory cells and furthermore 

demonstrated an elevated number of intercellular adhesion molecule (CD54+). Histological 

evaluation revealed that inflammatory processes potentially led to rupture of capillary walls. 

Vacuoles in the neighboring myocardium indicated restricted metabolism and cellular stress 

that was caused by local ischemia. The histological findings were in accordance with an 

elevated increase in troponin level which was observed in each of the patients. Thus, myocardial 

complications during COVID-19 might result from impaired endothelial function and resulting 

local ischemia in these patients. 

Significance: This study confirmed presence of SARS-CoV-2 viral genomes in the 

myocardium by PCR and thus was able to identify SARS-CoV-2 as a causal agent of cardiac 

complications during COVID-19. Although precise mechanism of virus induced cardiac 

damage remain to be investigated, histopathological analysis revealed that cardiac 

complications arose from impaired capillary function resembling those of systemic vasculitis. 

Although no specific treatment strategies exist to date, EMB diagnostics has proven its clinical 

usefulness to identify SARS-CoV-2 as the causal trigger of cardiac dysfunction. Since infection 

with SARS-CoV-2 might as well manifest with asymptomatic pulmonary primary infection, as 

it was also observed during the present study, PCR-based molecular screening for SARS-CoV-

2 of EMB samples must be considered as a routine diagnostic method of patients with 

unexplained heart failure. 
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3 Discussion 

Novel diagnostic methods for analysis of EMB samples are urgently needed to differentiate 

between different forms of fulminant myocarditis or virus induced entities of cardiomyopathies 

in order to apply specific and personalized treatment strategies [92]. Improved diagnostics will 

help to reveal the natural course of the disease and thus will allow to develop novel therapy 

options. Strict limitation in sample size predestines EMB samples for molecular diagnostics, 

such as PCR-based detection of pathogens or gene profile testing. Both of these methods were 

explored during the project and evaluated in a clinical setting. 

 Gene profiling as a novel approach in molecular diagnostics of EMB samples 

During the present study, successful clinical application of gene expression profiling in a large 

cohort of heart failure patients that underwent EMB was demonstrated [35]. By using gene 

expression profiling it could be confirmed that conventional histopathological analysis of EMB 

to detect IGCM was hampered by a remarkable sampling error, thus correct diagnosis might 

have been missed [35]. Sampling error is a major drawback of EMB-based diagnostics 

questioning the clinical significance of this method [9, 109]. Correlation of EMB and complete 

heart pathology evaluation revealed that the formation of giant cells within the myocardium 

appears to be a focal process [95]. Sensitivity to detect IGCM by conventional EMB analysis 

was reported at 80 % [95]. In addition to focal processes of the disease, user experience and 

operator bias during histopathological analysis of EMB tissue sections were reported to affect 

correct diagnosis [94]. All of these aspects could be eliminated by the established gene profiling 

during our study. Despite its sampling error, EMB has proven superior for assessing myocardial 

inflammation when being compared to non-invasive cardiac magnetic resonance imaging, 

underscoring the diagnostic of invasive EMB [53]. 

In addition to giant cell formation, histopathological assessment of myocytolysis and 

immunohistological staining of inflammatory infiltrates, as well, reflected the sampling error 

of EMB analysis that might be caused by focal processes during IGCM. Except for perforin-

positive cells, a significantly higher number of immune infiltrates was observed in tissue 

sections of histopathological diagnosed IGCM patients when being compared to those 

diagnosed by gene profiling [35]. Similar, active myocytolysis was observed more frequently 

when IGCM was diagnosed by histology [35]. Findings from the present study imply that in 

addition to giant cell formation, also inflammation and myocytolysis of the heart muscle 

represent focally distributed processes which require more sensitive detection methods. Results 

were in accordance with a study from Katzmann et al. reporting a sampling error of EMB but 
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higher sensitivity of immunohistochemical in contrast to mere histological analysis of EMB 

[53]. 

Previously published results from our group successfully demonstrated a first approach to apply 

gene expression profiling as a novel molecular method in EMB-based diagnostics of heart 

failure patients [64]. Clinical feasibility and significance of this method was shown by 

successful treatment of an IGCM patient [38]. Despite the studies from Lassner et al. comprised 

only a limited patient cohort, results could be confirmed during the current study [38, 64]. In 

contrast to the previous work, disease-specific regulation of genes coding for further Toll like 

receptor, except TLR8, was not observed during the present study and the panel of marker genes 

to identify IGCM could be limited to five genes [35, 64]. Besides work from Lassner et al., 

further scientific approaches successfully applied gene expression analysis for differential 

diagnostics of myocarditis and will be discussed in detail.  

Heidecker et al. revealed a gene expression profile by transcriptome analysis of EMB samples 

which was able to differentiate lymphocytic myocarditis from DCM by using a panel of 13 

marker genes [45]. During this study, immune markers, such as genes from the Toll like 

receptor family (TLR1, 2, and 7) and CD14 revealed a strong predictive power [45]. Results 

thus were in line with data from publication 1 also establishing immune response genes as a 

strong predictor [35]. Further research approaches to differentiate DCM from DCMi were 

investigated [5, 85, 107]. In accordance with the results from publication 1, Ruppert et al. were 

able to differentiate entities of DCM and DCMi only by gene expression profiling and found 

no correlation between molecular and histological results implying sampling error of 

conventional EMB analysis [85]. Ameling et al. identified a specific gene expression pattern in 

EMBs of DCM patients to predict response to immunoadsorption with subsequent 

immunoglobulin G substitution treatment. Genes of oxidative phosphorylation, mitochondrial 

dysfunction, hypertrophy, and ubiquitin–proteasome pathway revealed a significant regulation 

in either responders’ or non-responders ‘group. Although different research questions were 

addressed in both studies, IGCM specific gene profiling identified CPT1 as a mitochondrial 

marker gene during publication 1 [35]. Wittchen et al. were able to differentiate DCMi from 

DCM by gene profiling of EMB samples [107]. Marker genes of inflammation during DCM 

may potentially play a role in IGCM, but data from publication 1 could not support this 

hypothesis  for genes coding for ADIPOR1, CCL14, STAT1, and IL17D [35, 107]. A study 

from Kittleson et al. was able to identify disease-specific marker genes of IGCM when 

compared to control hearts using microarray analysis [54]. The authors compared the 
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transcriptome of two cases of IGCM patients with the transcriptome of six unused organ 

transplant donor hearts by using microarray analysis [54]. Since heart tissue obtained during 

left ventricular assist device implantation was used, a large amount of sample size was available 

to establish the gene profiling test [54]. The study design did not represent a clinical feasible 

setting of EMB, despite results of the microarray analysis might be well-suited for becoming 

transferred into clinical diagnostics. In accordance with results from publication 1, 

predominantly upregulation of 115 differentially expressed genes was found in IGCM patients’ 

samples [35, 54]. In addition, the majority of disease specific marker genes were involved in 

immune response regulation and T-cell activation as reported during publication 1 [35, 54]. 

Upregulation of genes specifically of the Th1 pathway in IGCM patients indicates that 

autoimmune processes might be responsible for giant cell myocarditis [54]. 

Despite the discussed gene profile research approaches each of the studies yielded promising 

results, these relied on a limited patient cohort and thus might not be able to constitute a 

representative cross-section of patients. Further prospective clinical validation of these studies 

is pending.  

In contrast to EMB-based screening, VanBuren et al. investigated gene expression patterns 

within peripheral blood cells of 72 heart failure patients, whereas 32 of those were non-ischemic 

patients, in comparison to 15 control patients and developed a risk stratification that was 

independent from NYHA class [99]. Low- and high-risk genes were identified that 

predominantly originated from the cluster of T cell receptor signaling [99]. The study did not 

aim to establish a differential diagnosis of cardiac diseases and clinical validation and feasibility 

as a prognostic marker still has to be achieved [99].  

Since formation of giant cells in the myocardium is poorly understood, precise determination 

of molecular functions of marker genes identified in publication 1 remains speculative [35]. 

TLR8 as key marker gene, demonstrated the strongest predictive power [35]. Nevertheless, a 

combination of all marker genes was found superior [35]. TLR8, which is predominantly 

expressed in monocytes/macrophages and dendritic cells, is activated by presence of viral or 

bacterial RNA [22, 49]. Expression of TLR8 as a sign of activation of the innate immune 

response and antiviral response supports the hypothesis of virus-induced formation of giant 

cells during IGCM but may also be attributed to increased infiltration of macrophages [22, 82]. 

The fusion of macrophages to a multinucleated giant cell is stimulated by a pro-inflammatory 

cytokine pattern [25]. In particular, IL-4 and IL-13 activate M2 macrophages thus leading to 

formation of multinucleated giant cells as shown in a murine model [47]. Differential 
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expression of both genes could not be confirmed during publication 1 [35]. Th1 pathway 

immune stimulation leads to aggregation of M1 activated macrophages by proinflammatory 

cytokines IL-12 and IFNγ [97]. Since these findings could not be confirmed during publication 

1, one may speculate if the specific cytokine pattern responsible for initial triggering and 

formation of giant cells is a temporary processes [35]. A TLR7/8-mediated macrophage 

activated induction of multinucleated giant cells was described which supports our findings of 

TLR8 being up-regulated in patients harboring giant cells in the myocardium [32]. CCR6 

regulates the migration and recruitment of dendritic and T cells during inflammatory and 

immunological responses and CCR5 is responsible for chemotaxis of macrophages [55]. In 

IGCM and active myocarditis, CCL20 elicits its effects on its target cells by binding and 

activating the chemokine receptor CCR6 [8]. CCR6 is predominantly expressed on T 

lymphocytes whereas its ligand CCL20 is found on the surface of macrophages, multinucleated 

giant cells, and epithelioid cells within sarcoid granuloma [37]. The importance of CCL20 and 

CCR6 as marker genes for IGCM was confirmed during publication 1 [35]. The possible 

molecular mechanisms that affect expression of mitochondrial marker gene CPT1 during IGCM 

require further investigation. Possibly, CPT1 which is involved in fatty-acid metabolism, may 

play a role during macrophage phagocytic function [19]. Down-regulation of CPT1 during 

IGCM, as observed in the present study, is associated with increased inflammatory signaling 

and loss of phagocytic functions of macrophages [19, 35]. To conclude, the molecular 

mechanism of giant cell formation in the heart are poorly understood and the precise function 

of identified marker genes of IGCM remains to be clarified. Hypothetically, identified gene 

regulatory pathways of marker genes might serve as potential therapeutic targets. Results from 

publication 1 and previous studies imply that rather autoimmune processes than acute viral 

infection may play a role in IGCM. Case reports associate IGCM with viral myocarditis, 

however by applying molecular virology, conclusive results could not be established yet when 

larger cohorts were investigated [29, 41, 46, 76]. Improved diagnosis will help to decipher the 

natural course of the disease.  

 B19V expression of viral RNAs as a marker of viral activity 

Only EMB is able to establish evidence of viral infection of the myocardium and thus is a 

prerequisite to decide for adequate treatment strategy [25]. In particular, immunosuppressive 

therapy of inflammatory cardiomyopathy is contraindicated when adeno- or enteroviral 

infection of the myocardium was detected and was associated with an adverse outcome [40]. In 

accordance, immunosuppressive therapy can be considered for B19V-positive patients taking 

into consideration the viral load and the course of the disease when therapy is initiated while 
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presence of B19V RNA, as a sign of viral activity, is a contraindication for immunosuppressive 

therapy [18].  

Presence of B19V DNA is a common finding in EMB samples of cardiac patients, as it was 

confirmed by presence of B19V DNA in 70% of all patients during publication 2 [80]. Similar 

results were also reported from other studies that investigated either EMB or myocardial 

autopsy samples of non-cardiac patients [30, 44, 60, 62, 87]. Clinical relevance of the 

myocardium with B19V is a still an issue since the majority of studies report no association of 

cardiac diseases with B19V infection [11, 42, 48, 56, 58, 70, 101]. Since consensus on 

diagnostics of B19V has not been established yet, protocols vary among different studies [2]. 

In particular, most studies did not assess presence of B19V viral RNA to discriminate an active 

infection from a clinical irrelevant latent infection [2]. Results from publication 2 clearly 

demonstrated that only a subgroup of B19V infected patients was characterized by an active 

viral infection of the myocardium [80]. Results were in line with previous studies investigating 

presence of B19V VP1/2 RNA in EMB samples and which were able to show a causal 

relationship between B19V viral activity and cardiac clinical symptoms [11, 57].   

To date, studies investigating B19V infection of the myocardium, specifically with the aim to 

develop antiviral treatment approaches, are scarce. In a placebo-controlled randomized trial in 

a large cohort of B19V-associated chronic DCM patients, a potential beneficial effect of 

intravenous immunoglobulin (IVIg) therapy was analyzed. B19V positivity was determined by 

PCR in DNA extracted from EMB samples though viral transcriptional activity was not 

assessed [44]. A variety of clinical, molecular, and histopathological parameters were collected. 

Significant clinical improvement through IVIg therapy in addition to standard heart failure 

therapy after 6 months post therapy could not be confirmed [44]. One may speculate, if patients 

with active B19V might have benefitted from IVIg therapy despite study design did not allow 

to discriminate these patients. During a previous study, a significant decrease of B19V viral 

load and clinical improvement were shown after IVIg treatment of DCM patients [30]. In 

contrast to the aforementioned trial, cardiac B19V load was high in the total cohort [30]. As 

results of publication 2 demonstrated, B19V viral load was significantly increased when viral 

RNA was detected in EMB samples compared to latent infection with B19V [80]. In accordance 

with results from publication 2, a high viral load was associated with myocardial inflammation 

and furthermore, a clinically relevant threshold of B19V viral load was identified by Bock et al 

[11]. Beneficial effects of IVIg treatment reported from Dennert et al. therefore might be 

attributed to the fact that the majority of patients enrolled in the trial potentially suffered from 
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an active B19V infection of the myocardium which is correlated with a high B19V DNA load 

[30]. This finding also implicated that the majority of patients enrolled in the trial from 

Hazebroek et al. might be affected by a latent B19V infection thus no beneficial effects of IVIg 

therapy could have been expected for this subgroup [44]. 

Differential expression of VP1/2 and NS1 transcripts was observed during publication 2 [80]. 

As it was shown in vitro, replication of B19V in permissive cells is a regulated process being 

characterized by differential expression of viral transcripts to ensure effective production of 

progeny virions [15, 69]. In semi-permissive cells, such as endothelial cells of the myocardium, 

viral precursor transcripts are polyadenylated at polyadenylation site proximal due to the 

absence of cellular host factors [43]. This leads to an increased expression and accumulation of 

NS1 intermediates [43]. In permissive cells, replication of the viral genome during the late 

phase of infection triggers readthrough polyadenylation site proximal and results in expression 

of VP1/2 RNA [43]. Since endothelial cells of the myocardium are semi-permissive for B19V 

infection, these do not support replication of viral genome and infection with B19V leads to an 

incomplete viral replication cycle [16, 69]. As a consequence, VP1/2 RNA should theoretically 

not be expressed in the myocardium, however, was detectable in the present study [80]. Clinical 

significance of either VP1/2, NS1, or expression of both viral transcripts is yet to be clarified. 

However, a significantly reduced LVEF at baseline was shown for B19V infection with active 

viral transcription, despite this finding could not be correlated to any of the subgroups 

characterized by differential expression of viral transcripts [80]. So far, the expression rate of 

B19V VP1/2 compared to NS1 RNA in the myocardium has not been investigated. 

To conclude, the clinical relevance of cardiac B19V infection has been underestimated since 

the majority of studies did not consider to discriminate between active or persistent infection 

leading to seemingly ambiguous results [30, 44]. Future studies should also aim to correlate 

B19V viral gene expression in the myocardium to viral protein expression. Deciphering the 

mechanism of viral persistence and reactivation might also help to develop novel antiviral 

treatment options against active B19V infection of the myocardium. 

 SARS-CoV-2 as a viral pathogen with potential cardiotropism 

Proof of SARS-CoV-2 genomes by PCR in the myocardium has been established during the 

present study and only recently, these findings were confirmed by others [12, 34, 66, 96, 106]. 

As an example, Tavazzi et al. investigated EMB samples of a patient suffering from cardiogenic 

shock during COVID-19 [96]. SARS-CoV-2 viral particles were detected by transmission 

electron microscopy in interstitial cytopathic macrophages and surrounding areas and these 
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results were confirmed by positive PCR testing [96]. Cardiac tropism of SARS-CoV-2 could 

not be confirmed during this study since viral particles were not localized in cardiomyocytes. 

In contrast, viral particles could be observed in cardiomyocytes of EMB tissue samples of a 

single COVID-19 patient by using transmission electron microscopy during a study from 

Bojkova et al. [12]. Whether cardiac damage could be attributed to virus-induced cytopathic 

effects or resulted from secondary cardiac damage as a consequence of ischemia could not be 

addressed by study design of publication 3 [34]. Impaired endothelial function during COVID-

19, as reported in the present study, was confirmed by others [34]. Varga et al. established 

evidence of direct infection of endothelial cells by electron microscopy leading to endotheliitis 

in different organs including the heart of COVID-19 patients [100]. 

Further studies that analyzed EMBs of COVID-19 patients yielded negative PCR results for 

SARS-CoV-2-specific RNA in the myocardium [65, 86, 104]. Two case studies report cardiac 

complications during COVID-19 in the absence of clinical signs of interstitial pneumonia or 

when nasopharyngeal swabs tested negative for viral genomes which support findings from the 

present study [34, 52, 106]. Of note, when serial PCR testing of nasopharyngeal swab samples 

was performed in the same patient, negative results for SARS-CoV-2 RNA and dynamic 

changes of test positivity were reported, despite lasting clinical signs of COVID-19 [71]. 

Similar variation in SARS-CoV-2 PCR results were observed when virus-positivity by PCR 

was compared with findings from chest computed tomography [3]. These findings emphasize, 

that gaps in knowledge on the course of the disease still complicate molecular diagnostic of 

SARS-CoV-2 and nasopharyngeal swab testing should not be regarded as an exclusion criterion 

of COVID-19. 

A wide expression across different cell types and organs, including endothelial cells, 

fibroblasts, and cardiomyocytes, of ACE2 acting as the primary receptor for SARS-CoV-2 

might explain detection of the virus in different tissue, organs, and body fluids [68]. Despite 

ACE2 exhibits a higher expression in the heart in contrast to the lungs, cellular transmembrane 

protease, serine 2 (TMPRSS2) , which is responsible for priming viral entry, is expressed at a 

significantly lower rate in the heart [68]. Thus, viral entry of SARS-CoV-2 into cardiomyocytes 

might by restricted, however, expression of other proteases might compensate for the low 

expression rate of  TMPRSS2 [68]. Productive infection and resulting cytopathic effects of 

cardiomyocytes were shown in vitro leading to activation of pro-apoptotic pathways which 

impaired beating function of cardiomyocytes [12]. Hypothetically, the process of apoptosis is 

not associated with immune cell infiltration which in turn represents a hallmark of myocarditis 
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[10]. The present study and others observed inflammation in the heart of COVID-19 patients 

[34, 84, 100, 104]. Other studies report no association between cardiac SARS-CoV-2 infection 

and inflammation of the heart muscle [66]. 

Certain limitations applied to publication 3 that arose from retrospective study design. Small 

sample size of EMB hampered the use of extensive diagnostic methods such as proteomics or 

RNA localization methods, e.g., in situ hybridization or single cell sequencing. Repeated PCR 

testing of samples and targeting of different viral genome regions and subsequent sequencing 

were not possible. Furthermore, repeated testing of patients by EMB was not feasible since 

EMB as an invasive procedure requires hospitalization. Specifically-preserved blood samples 

that could be used to monitor a possible contamination of EMB samples by systemically 

circulating viral particles were not available [34]. However, viral particles were absent or 

detected only in a low concentration in peripheral blood samples from COVID-19 patients 

during a study from Wang et al. and thus possibly would not have led to contamination of small 

sample sized EMB [103]. In addition to positive stranded genomic RNA of SARS-CoV-2, viral 

antisense RNA is transcribed from the viral genome and serves as a matrix during viral genome 

replication [108]. Detection of subgenomic RNA as a proof of active viral genome replication 

remains to be investigated in the heart muscle. A study reported an approximately 1000 times 

lower expression rate of subgenomic RNA in relation to SARS-CoV-2 genomic RNA in clinical 

samples of the respiratory tract [108]. Thus, detection of subgenomic RNA in EMB samples 

will hypothetically be hampered by the detection limit of PCR. 

The limited number of cases studied may explain the heterologous clinical presentation of 

patients and variation in histopathological or molecular results of EMB analysis from COVID-

19 patients across different studies. To conclude, cardiac involvement during COVID-19 is still 

poorly understood and large cohort studies investigating histopathological samples of the heart 

muscle are needed to unravel the course of the disease. These studies should focus on 

elucidating the cellular mechanism of cardiac damage and should also apply next generation 

sequencing to investigate intrahost evolution as a potential factor that might be responsible for 

retargeting of SARS-CoV-2 to other organs than lungs. 

4 Conclusion and outlook 

The results of the present project have proven its clinical usefulness to further optimize EMB-

based molecular diagnostics of cardiac diseases. Improvements in molecular diagnostics of 

viral pathogens by detection of active B19V infection and SARS-CoV-2 of the myocardium, 
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could be subsequently translated into routine clinical diagnostics. Applying the IGCM-specific 

gene profile, it could be shown that true incidence of IGCM is underestimated. Further 

development of cardiovascular disease-specific gene profile should especially focus on rare 

cardiovascular diseases, such as eosinophilic myocarditis. Occurrence of these might be highly 

underestimated. The results obtained from publication 1 should be considered to develop and 

evaluate non-invasive diagnostic methods. In particular, clinical studies are needed to correlate 

results of EMB-based diagnostics with data from systemic parameters or imaging techniques, 

such as cardiac magnetic resonance imaging. As molecular methods continue to develop 

rapidly, sensitivity and cost-effectiveness of next generation sequencing and RNA-sequencing 

will increase and will allow for investigating large patient cohorts and routine diagnostics. 

Future studies should continue to explore the possibilities of molecular diagnostics of EMB by 

high-throughput screening for disease-specific marker genes and thus will contribute to 

achieving significant progress in personalized medicine. 
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