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Key Points

Question: Can severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) be documented in

cardiac tissue of coronavirus disease 2019 (COVID-19) autopsy cases?

Findings: In this cohort study of 39 autopsy cases of patients with COVID-19, cardiac infection with
SARS-CoV-2 was found to be frequent but not associated with myocarditislike influx of inflammatory
cells into the myocardium.

Meaning: Among individuals with cardiac infection, overt myocarditis was not observed in the acute

phase, but the long-term consequences of this cardiac infection needs to be studied.



Abstract

IMPORTANCE Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can be documented in
various tissues, but the frequency of cardiac involvement as well as possible consequences are

unknown.

OBJECTIVES To evaluate the presence of SARS-CoV-2 in the myocardial tissue from autopsy cases and

to document a possible cardiac response to that infection.

DESIGN, SETTING, AND PARTICIPANTS This cohort study used data from consecutive autopsy cases from
Germany between April 8 and April 18, 2020. All patients had tested positive fro SARS-CoV-2 in

pharyngeal swab tests.

ExPOsURES Patients who died of coronavirus disease 2019.

MAIN OuTCOMES AND MEASURES Incidence of SARS-CoV-2 positivity in cardiac tissue as well as CD3",
CD45*, and CD68" cells in the myocardium and gene expression of tumor necrosis growth factor a,

interferon y, chemokine ligand 5, as well as interleukin-6, -8, and -18.

REsuLTs Cardiac tissue from 39 consecutive autopsy cases were included. The median (interquartile
range) age of patients was 85 (78-89) years, and 23 (59.0%) were women. SARS-COV-2 could be
documented in 24 of 39 patients (61.5%). Viral load above 1000 copies per uyg RNA could be
documented in 16 of 39 patients (41.0%). A cytokine response panel consisting of 6 proinflammatory
genes was increased in those 16 patients compared with 15 patients without any SARS-CoV-2 in the
heart. Comparison of 15 patients without cardiac infection with 16 patients with more than 1000 copies

revealed no inflammatory cell infiltrates or differences in leukocyte numbers per high power field.

Conclusions and Relevance: In this analysis of autopsy cases, viral presence within the myocardium
could be documented. While a response to this infection could be reported in cases with higher virus
load vs no viral infection, this was not associated with an influx of inflammatory cells. Future

investigations should focus on evaluating the long-term consequences of this cardiac involvement.



In patients with the coronavirus disease 2019 (COVID-19), cardiovascular involvement occurs
frequently. Myocardial injury with elevated troponin levels is described in patients hospitalized with
COVID-19" and seems to be associated with outcome.? The origin of myocardial injury can result from
ischemia due to thrombotic coronary obstruction but can also include other causes such as heart failure,
pulmonary embolism, tachycardia, and sepsis.® Obviously, an infection of the myocardium with severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is another alternative for elevated troponin.
Next to elevated biomarkers for cardiac injury, myocardial dysfunction determined by echocardiography
is also reported in up to 70% of hospitalized patients.* This makes cardiac involvement during COVID-
19, which manifests primarily as a pulmonary disease, likely.

Myocarditislike clinical presentations have been described in only a few patients with COVID-19 to date,5
suggesting that fulminant myocarditis is rare.® In the very few cases with clinically suspected
myocarditis, SARS-CoV-2 infection was associated with cardiac inflammation.”

Whether SARS-CoV-2 can be documented and replicates within the heart and whether this is associated
with mononuclear cell infiltration or induces cytokine expression remains elusive in deceased patients
without clinically overt myocarditis. Therefore, we investigated whether myocardial infection occurred in

autopsy cases of patients with COVID-19.

Methods
Study Cohort and Tissue Sampling

Consecutively, deceased individuals with diagnosed SARS-CoV-2 infection were autopsied at the
Institute of Legal Medicine at the University Medical Center Hamburg-Eppendorf in Germany between
the April 8 and April 18, 2020. The diagnosis was confirmed post mortem by quantitative reverse
transcriptase-PCR to detect SARS-CoV-2 RNA and performed from pharyngeal swabs.8 This study was
approved by the local ethic committee of the Hamburg Chamber of Physicians. The cases were included
in the autopsy study of the first consecutive 80 individuals who had died of SARS-CoV-2 infection in
Hamburg, Germany, which reported cause of death and comorbidities.® A detailed description of
myocardial tissue is the subject of this article. Cardiac tissue was collected during autopsy with median
postmortem intervals of 3.0 (interquartile range, 2.0-4.3) days. Two tissue specimen were taken from

the left ventricle and either snap frozen in liquid nitrogen or fixed in formalin for subsequent analysis.

Gene Expression Analysis and Histological Analysis

Isolation of total RNA has been described earlier.'® Reverse transcription of 1 ug RNA was carried out
using the high capacity cDNA kit in the presence of random reverse transcription primers to determine
virus load and gene expression. Gene expression of cytokines was determined as described in the
eMethods and eTable 1 in the Supplement and plotted as heat map. Quantitative real time PCR for
SARS-CoV-2 was performed with primers and probe for the viral gene E (Tib Molbiol).' To investigate
virus replication, cDNA synthesis was performed in the presence of 1 yM gene-specific forward primer
(E_Sarbeco_F)'" or in the absence of primer to exclude nonspecific cDNA synthesis. Paraffin sections
were stained with antibodies against CD3, CD45R0, and CD68 and quantified as positive cells/mm? as

described in the eMethods and eTable 2 in the Supplement.



In Situ Hybridization

In situ hybridization was carried out to detect viral RNA of SARS-CoV-2 on paraffin sections using
RNAscope 2.5 high-definition detection kit (Advanced Cell Diagnostics). In brief, tissue sections were
deparaffinised in xylene and followed by target retrieval at 95°C for 10 minutes. Subsequently, internal
peroxidase activity was quenched by hydrogen peroxide incubation for 10 minutes followed by
permeablization using protease plus treatment at 40°C for 30 minutes. The SARS-CoV-2-specific probe
V-nCoV2019-S was hybridized at 40°C for 2 hours. RNAScope signal was developed with 3,3'-
diaminobenzidine and nuclei were counter stained using haematoxylin. Negative controls are shown in

the eFigure in the Supplement.

Results

The median (interquartile range) age of the 39 individuals was 85 (78-89) years and 23 (59.0%) were
women. Pneumonia was evaluated as cause of death in 35 individuals (89.7%); in 4 individuals (10.2%),
another cause of death was identified (patient 6, necrotizing fasciitis; patient 11, cardiac
decompensation with prior heart failure; patient 21, bacterial bronchitis; patient 27, unknown).® None of
the patients in the study were diagnosed as having clinically fulminant myocarditis. Comorbidities such
as hypertension, coronary artery disease, and diabetes were frequent and diagnosed in 17 843.6%), 32
(82.0%), and 7 patients (17.9%), respectively. In Figure 1, patients were sorted according to their virus
load within the myocardium. Fifteen out of 39 autopsies (38.5%) had no SARS-CoV-2 RNA in the
myocardium. In 8 of 24 patients (33.3%) with viral presence, the virus load was lower than 1000 copies
per ug RNA. In the remaining 16 patients, virus load was lower above 1000 copies. Virus replication of
SARS-CoV-2 defined by the detection of the (-) strand replicate of the RNA genome was documented
in the myocardium of the 5 patients with the highest virus load. The median (interquartile range) copy
number of those 5 patients was 135 584 (84 949-474 675) per ug RNA. In situ hybridization of SARS-
CoV-2 RNA confirmed the virus presence in interstitial cells within the cardiac tissue (Figure 2). Gene
expression of a response panel of 6 genes was measured in the myocardium. Comparing the rank sums
of this panel, lower gene expression was present in those patients without compared with the group with
virus load higher than 1000 copies (Figure 1, shown in red). The number of CD3*, CD45*, and CD68*
cells/mm? were quantified (Figure 1, shown in blue). Importantly, virus presence was not associated with
increased infiltration of mononuclear cells into the myocardium. (Figure 3) compared with the virus
negative group. According to the Dallas criteria, no myocarditis was present because no massive cell

infiltrates or necrosis could be documented.

Discussion

Viral genome was present in the myocardial tissue in this autopsy study. This is in line with findings that
the SARS-CoV-2 receptors are expressed within myocardial cells'? as well as findings from SARS-CoV,
where myocardial infection was documented as well.'® Our findings from in situ hybridization revealed

the most likely localization of SARS-CoV-2 not to be in the cardiomyocytes but in interstitial cells or



macrophages invading the myocardial tissue. Nevertheless, this has to be studied in more detail in
upcoming studies.

In this study, 5 of 16 patients with virus load above 1000 copies, which we deem to be clinically
significant, showed signs of viral replication within the myocardial tissue. This indicates not only virus
presence but viral progeny. Whether it is associated with viral shedding is unknown.

Importantly, fulminant myocarditis was not associated with SARS-CoV-2 infection in this study with no
significant change in transendothelial migration of inflammatory cells in the myocardium in patients with
high virus load vs no virus. In the published cases in which myocardial inflammation was present, there
was also evidence of clinical myocarditis, and therefore the current cases underlie a different
pathophysiology. Our findings emphasize no increased inflammatory cells in consecutive COVID-19
cases without clinical myocarditis. Whether myocardial viral activity in the absence of clinical evidence
of myocarditis might result in long-term consequence is unknown. Leukocytopenia is another feature of

COVID-19, which might hamper myocardial invasion of mononuclear cells.'

Limitations

This study has limitations, including the design as an autopsy study. Elderly age of patients might have
influenced the results. Presumably, in nonautopsy studies, the incidence of virus infection will be
different. Unfortunately, endomyocardial biopsies of patients with COVID-19 are not available in
significant numbers at the moment and will likely not be available in higher numbers to address this in
the near future owing to the emerging health care crisis due to COVID-19. As an autopsy study, we
have only limited clinical information. Therefore, future studies are needed to reveal whether cytokine
expression correlates with cardiac dysfunction during the disease and its aftermath. Moreover, no
information is present about myocardial biomarkers, which might be up-regulated due to the SARS-

CoV-2 infection.

Conclusion

Overt fulminant myocarditis has been reported in isolated patients with SARS-CoV-2 infection. However,
the current data indicate that the presence of SARS-CoV-2 in cardiac tissue does not necessarily cause
an inflammatory reaction consistent with clinical myocarditis. The long-term consequences of this

cardiac infection requires further investigation.

Funding / Support: This study was supported by the grant to Drs Westermann and Lindner from the
Deutsche Herzstiftung and by the German Center of Cardiovascular Research (DZHK).
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Figure 1: Virus infection and inflammatory response in cardiac tissue from COVID-19 deaths.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA was detected by reverse
transcription-PCR in 24 of 39 patients (61.5%). Patients were grouped according to SARS-CoV-2 copy
numbers. Virus replication was determined in the 5 patients with the highest virus load. Gene expression
data of a cytokine response panel revealed increased proinflammatory response in cardiac tissue with
copy numbers more than 1000 compared with noninfected cardiac tissue, whereas
immunohistochemistry staining revealed no difference in leukocyte infiltrates. F indicates female, IL,

interleukin, interferon y, INF-y; M, male, max, maximum; min, minimum; TNF-a, tumor necrosis growth

factor .
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Figure 2: In-situ hybridization to detect virus RNA in SARS-CoV-2 infected cardiac tissue.
Paraffin-embedded cardiac tissue section of a patient with severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) infection revealed interstitial cells carrying virus RNA detected.
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Figure 3: Histological analyses of cardiac tissue.

Paraffin-embedded cardiac tissue sections either virus-negative (white boxes) or with more than 1000
copies of SARS-CoV-2 (grey boxes) were analyzed and depicted as Tukey-style box plots with median
and interquartile range. The comparison of the 15 patients without cardiac infection to the 16 patients
with more than 1000 copies revealed no infiltrates or differences in leukocyte numbers per high power
field. Representative images for patient 39 with no cardiac infection and patient 8 revealing the highest

copy number in the cardiac tissue are displayed. H&E indicate hematoxylin-eosin.
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eMethods

Gene expression analysis

To isolate total RNA, snap frozen cardiac tissue was added to QIAzol and disrupted in the tissue lyser
. RNA was further purified using the miRNeasy mini kit (Qiagen, Germany) according to the
manufacturer’s protocol. To avoid genomic DNA contamination, DNase | (Qiagen, Germany) was
applied directly on the column during the purification protocol, as suggested. The resulting RNA
concentration was determined using the Nanodrop 2000c¢ spectrophotometer and RNA was stored
at -80°C for further processing. After reverse transcription, cDNA was further diluted to a final working
concentration of 10 ng/ul.

Virus load and replication were calculated as copy numbers using a quantified PCR product as standard.
To assess gene expression for target genes, real-time PCR was performed using 2.5 ul gene expression
master mix (Thermo Fisher Scientific, USA) and 0.25 pl specific gene expression assay. Gene
expression assays listed in eTable 1 include forward and reverse primers as well the FAM-labelled
probe. As template 1 pl of cDNA was used in a final volume of 5 ul. Real-time PCR was carried out on
a QuantStudio 7 system (Applied Biosystems, USA). Each sample was analyzed in duplicates.
Furthermore, the gene expression of CDKN1B was determined as endogenous control to normalize the
data using the formula 2%Ct and plotted as heat map as x-fold to CDKN71B using Morpheus

(https://software.broadinstitute.org/morpheus).

Histological analysis

Cardiac specimens were fixed in 4 % formalin for approximately 48h and subsequently dehydrated and
embedded in paraffin. Four micrometer-thick sections were cut and deparaffinised using xylene
substitute (Rothihistol, Roth) and ethanol.

Cross sections were stained using hematoxylin and eosin (RO/T865.2, Roth) to visualize infiltrates. In
addition, immunohistochemical staining using antibodies directed against CD3*, CD45R0* and CD68*
cells were performed and quantified as previously described.! Antibodies are listed in eTable 2. Staining

were quantified by digital image analysis.? Images were taken using a Keyence BX-9000 microscope.
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eTable 1: Gene expression assays were purchase from Thermo Fisher Scientific.

Gene name Gene symbol Assay ID
Tumor necrosis factor alpha TNF-a Hs00174128_m1
Interferon gamma IFN-y Hs00989291 m1
C-C motif chemokine ligand 5 CCL5 Hs00982282 m1
Interleukin 6 IL6 Hs00174131_m1
Interleukin 8 / C-X-C motif chemokine ligand 8 IL8/CXCL8 Hs00174103_m1
Interleukin 18 IL18 Hs01038788_m1
Cyclin dependent kinase inhibitor 1B CDKN1b Hs00153277_m1

eTable 2: Primary antibodies used for immunohistological analyses.

Target Dilution Company Ordering information
CD3 1:25 Agilent M7254
CD68 1:100 Agilent MO0876
CD45R0 1:300 Agilent MO074201

13



eFigure. In situ hybridization - RNAScope

Viral SARS-Cov-2 RNA was detected via RNAScope on paraffin sections, while negative control probe

against bacterial dihydrodipicolinate reductase (DapB, #310043) revealed no staining. Arrows indicate

lipofuscin background, visible in negative control as well as in immunhistochemical staining as shown

in the Figure.
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Supplement Figure 1: As a negative control, probes detecting the bacterial dihydro-dipicolinate reductase (DapB)

was used and revealed no specific staining. Lipofuscin is indicated by arrows and found frequently due to the elderly

patient cohort.
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