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Characterization of COVID-19-associated cardiac injury:

evidence for a multifactorial disease in an autopsy cohort
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As the coronavirus disease 2019 (COVID-19) pandemic evolves, much evidence implicates the heart as a critical target of injury in
patients. The mechanism(s) of cardiac involvement has not been fully elucidated, although evidence of direct virus-mediated injury,
thromboembolism with ischemic complications, and cytokine storm has been reported. We examined suggested mechanisms of
COVID-19-associated heart failure in 21 COVID-19-positive decedents, obtained through standard autopsy procedure, compared to
clinically matched controls and patients with various etiologies of viral myocarditis. We developed a custom tissue microarray using
regions of pathological interest and interrogated tissues via immunohistochemistry and in situ hybridization. Severe acute
respiratory syndrome coronavirus 2 was detected in 16/21 patients, in cardiomyocytes, the endothelium, interstitial spaces, and
percolating adipocytes within the myocardium. Virus detection typically corresponded with troponin depletion and increased
cleaved caspase-3. Indirect mechanisms of injury—venous and arterial thromboses with associated vasculitis including a mixed
inflammatory infiltrate—were also observed. Neutrophil extracellular traps (NETs) were present in the myocardium of all COVID-19
patients, regardless of injury degree. Borderline myocarditis (inflammation without associated myocyte injury) was observed in 19/
21 patients, characterized by a predominantly mononuclear inflammatory infiltrate. Edema, inflammation of percolating adipocytes,
lymphocytic aggregates, and large septal masses of inflammatory cells and platelets were observed as defining features, and
myofibrillar damage was evident in all patients. Collectively, COVID-19-associated cardiac injury was multifactorial, with elevated
levels of NETs and von Willebrand factor as defining features of direct and indirect viral injury.

Laboratory Investigation (2022) 102:814-825; https://doi.org/10.1038/s41374-022-00783-x

INTRODUCTION Whether mechanisms such as direct viral cardiotoxicity,

As the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic continues to ravage populations worldwide, our
efforts to accumulate knowledge regarding the pathogenesis
underlying clinical presentations of coronavirus disease 2019
(COVID-19) have matured. While initially considered primarily a
respiratory disease, COVID-19 has become associated with
myocardial injury, with reports of cardiac damage in over 20%
of patients’; early studies from Wuhan indicate 51.2% increase in-
hospital mortality among those with cardiac injury®>. Magnetic
resonance imaging has further determined 78% of unselected,
recovered COVID-19 patients to have lasting cardiovascular
effects®. COVID-19-associated cardiac damage may manifest as
myocarditis, cardiogenic shock, thrombosis, or ischemic injury,
reflected in impaired left ventricular ejection fraction and elevated
serum troponin"*''. Clinical risk factors include male sex,
advanced age, and comorbidities such as hypertension, obesity,
and diabetes'?.

immune-thrombotic changes, dysregulated immune response, or
a combination of such are responsible for cardiac injury have yet
to be fully elucidated. Still, recent studies have touched on the
matter. On the basis of clinical and histological evidence, potential
mechanisms of injury include (1) direct viral insult'* or (2) indirect
damage to the heart due to hypoxemia as a result of acute
respiratory distress syndrome, (3) elevated thromboembolic
risk*'*"", and (4) COVID-19-associated cytokine storm syndrome
(CSS) and inflammation-mediated tissue injury'”"'8.

To date, findings of viral infection of the heart have been
limited. In vitro evidence suggests that SARS-CoV-2 preferentially
targets cardiomyocytes'®, consistent with high angiotensin-
converting enzyme 2 (ACE2) expression (the primary receptor)
on cardiomyocytes®®?'. However, ACE2 expression alone may not
account for observable tissue tropism??, and clinical evidence of
cardiomyocyte infection is sparse. Increasing evidence suggests
that endothelial dysfunction and thromboembolic disease
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Table 1. Summary of COVID-19 patient demographics, laboratory
results, pre-existing conditions, histopathological and macroscopic
pathological features.

COVID-19 patients (n = 21)
Demographics

Age (years) 64.3 (35-85)
Male sex 17 (81%)

BMI (kg/m?) 32.7 (22.0-48.0)
Ventilator 20 (95.2%)

Lab results

Platelets (10E3/uL) 232 (62-365)
INR 1.5 (1.0-2.6)
PTT (s) 40.9 (22.7-114.4)

1222 (<215-3723)
0.08 (<0.04-0.13)

D-dimer (ng/mL)
Troponin (ng/mL)
Pre-existing conditions

Hypertension 16 (76%)
Hyperlipidemia 11 (52%)
Coronary artery disease 5 (24%)
Diabetes mellitus type Il 9 (43%)
Chronic kidney disease 6 (29%)
Gastroesophageal reflux disease 5 (24%)
Histopathological features

Fibrosis 9 (43%)
Edema 19 (90%)
Borderline myocarditis 19 (90%)
Monocyte hypertrophy 15 (71%)
Myocytolysis 10 (48%)
Blood vessel congestion 10 (48%)
Thrombosis 4 (19%)
Hemorrhage 4 (19%)
Pericarditis 2 (9.5%)

Macroscopic pathological features

Average heart weight (g) 447 (282-671)

Right ventricular hypertrophy 6 (29%)
Left ventricular hypertrophy 10 (48%)
LAD narrowing (%) 54 (0-90)
LCA narrowing (%) 48 (0-90)
RCA narrowing (%) 49 (0->90)
Right ventricular dysfunction 8 (38%)
Left ventricular dysfunction 5 (24%)
Small vessel thrombi 4 (19%)
Lymph inflammation (myocardium) 4 (19%)
Lymph inflammation (epicardium) 2 (10%)
Acute myocardial infarction 3 (14%)
Hemorrhagic myocardial infarction 6 (29%)

LAD left anterior descending, LCA left coronary artery, RCA right coronary
artery.

affecting the macro and microvasculature play a significant role in
COVID-19-associated cardiac (and multi-organ) injury'®*72>. The
resultant damage, either by direct virus injury or thrombus
formation and ischemia, is postulated to participate in triggering
cytokine storm during the late phase of COVID-19%, characterized
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by significant elevations in serum IL-6'2*?” and associated with
increased morbidity and mortality. Histological analyses of COVID-
19 patients demonstrated significant inflammation, including
neutrophils and lymphocytes present in the lungs, heart, kidneys,
liver, and brain up to 6 weeks post onset of symptomes, indicative
of an autonomous maladaptive immunity®®, However, the
inflammatory phenomenon and the contribution of CSS are still
the subjects of controversy®.

Collectively, studies to date regarding COVID-19-associated
cardiac injury indicate distinct phases and phenotypes of injury
though incomplete regarding the understanding of the mechan-
isms and key factors involved. Thus, this study’s objectives are to
better delineate the clinical course, pathophysiology, and
mechanism(s) of COVID-19-associated cardiac injury. To this end,
we analyzed (1) direct viral injury and associated myocyte
damage, (2) presence of macro/micro thrombosis and factors
involved in endothelialitis, thrombosis, and angiogenesis, and (3)
factors involved in cytokine storm, immune-mediated injury, and
immune cell populations in twenty-one consecutive autopsy
decedents. We compared our findings to other forms of virus-
associated heart failure attributable to influenza B, coxsackievirus
B3 (CVB3), adenovirus 2 (AAV2), and hepatitis C virus (HCV) as well
as to healthy controls and clinically matched controls (CMC) to
shed light on the mechanisms of COVID-19-associated cardiac
injury.

MATERIALS AND METHODS

COVID-19 patients

Cardiac tissues from 21 consecutive, fatally ill COVID-19+ patients were
collected at the University of Nebraska Medical Center (Omaha, NE)
between April and December 2020. All tissues were collected under
ethically approved guidelines (H05-50004, H15-40080) in accordance with
the Code of Ethics of the World Medical Association (Declaration of
Helsinki). For all human subjects, informed consent was obtained via a
written waiver before individuals were deceased. All studies were
performed on tissues from patients with diagnosed COVID-19 as indicated
by active SARS-CoV-2 infection via nasopharyngeal swab and positive PCR
test. Anonymized, hematoxylin and eosin (H&E) stained tissue sections
were assessed by cardiovascular pathologists (B.M.M., SJ.R, and CL.)
blinded to diagnosis to delineate the histopathological findings related to
direct viral injury, thrombus presence, and inflammation. Clinical and
histopathological characteristics are summarized in Table 1. Regions of
pathological interest were selected and used to generate a custom, single-
slide tissue microarray (TMA) (see Tissue Microarray Design).

Control patients

All subsequent molecular assays and analyses were performed in parallel
on corresponding control tissues from patients with clinically diagnosed,
in situ hybridization (RNAscopeQ)—conﬁrmed virus-associated heart failure
((HCV (n=3), CVB3 (n=3), influenza B (n=3), AAV2 (n=13)), COVID-19
CMC (n = 14) and healthy controls (n = 10) (see Supplementary Table 1C).
Cardiac tissues from viral control patients were obtained from diseased
transplant hearts and autopsy, tissues from CMC were obtained from
transplant, and tissues from normals were obtained from autopsy. To the
degree possible, patients were age- and sex-matched with COVID-19
patients (see Supplementary Table 1C).

Patient clinical information

For all patients, de-identified clinical information, including demographic,
clinical status variables, comorbidities, and blood laboratory results, were
paired with molecular analysis data made available under ethically
approved guidelines.

In situ hybridization via RNAscope®

In situ hybridization was conducted on 4-um paraffin sections using
RNAscope” 2.5 HD Red Assay. RNAscope” probes detected the SARS-CoV-2
S gene encoding spike protein sense strand (ACD V-nCoV2019-Sense).
SARS-CoV-2-positive patient lung tissue was used as positive control tissue.
In situ hybridization via RNAscope” detected the replicative strand of CVB3,

SPRINGER NATURE

815



P.J. Hanson et al.

816

influenza B, HCV, and AAV2 in patients with pathologist-confirmed viral
myocarditis at transplant/explant or autopsy that were utilized as control
tissues.

Tissue microarray design

Two identical TMAs were designed, each consisting of heart tissue from
regions of pathological interest, determined by cardiac pathologist
examination, from SARS-CoV-2, CVB3, influenza B, HCV, AAV2 patients,
CMC, and healthy controls. The TMAs included 21 COVID-19 patients, 3
CVB3, influenza B, HCV, AAV2 patients each, 14 COVID-19 CMC patients,
and 10 non-infected control patients. A TMA instrument (TMA Master I, 3D
Histech, Budapest Hungary) extracted tissue cores 2mm in diameter
corresponding to regions of pathological significance in the left and right
ventricles and ventricular septum from individual FFPE blocks and
transferred the cores into the custom-designed TMA. All subsequent
immunohistochemical (IHC) staining was conducted using the TMA.

Tissue fixation, processing, histological and
immunohistochemical staining

All patient cardiac tissues were fixed in 10% neutral buffered formalin
(Fisher) for at least 24 h and subsequently embedded in paraffin blocks.
Four-um sections from the TMA were placed onto glass slides for
histological (H&E) and IHC staining. IHC staining was performed on a Roche
Ventana BenchMark Ultra IHC System (Optiview DAB detection) with heat-
induced epitope retrieval using Roche CC1 (high pH) solution or Leica
Bond RX (red bond polymer staining) automated stainers and counter-
stained with hematoxylin. To quantify our three postulated mechanisms of
SARS-CoV-2-associated cardiac injury, we conducted staining for (1) direct
viral injury (IHC staining for SARS-CoV-2 spike protein and RNAscope®
in situ hybridization for SARS-CoV-2 spike protein sense strand) and
associated myocyte damage (cleaved caspase-3 and troponin-l), (2)
presence of macro/micro thrombosis (histological observation, CD61)
and factors involved in endothelialitis, thrombosis and angiogenesis® Von

Willebrand factor (vWF), fibrinogen, CD31 (platelet endothelial cell
adhesion molecule) and (3) factors involved in cytokine storm, immune-
mediated injury and immune cell populations (CD45 (leukocyte common
antigen), CD4 (helper T cell), CD8 (cytotoxic T cell), CD68 (macrophage), IL-
6, C4D (complement), and citrullinated histone 3 (CitH3) and myeloper-
oxidase (MPO) as markers of neutrophil extracellular traps NETs)) (Fig. 1).
All tissues from all patients were stained for every marker uniformly. Briefly,
all staining was quantified using computer-aided image analysis (see Data
analysis below).

Data analysis

Protein expression was quantified via ImageScope™, a computer-aided
image analysis software used to detect DAB and Leica Bond RX red
polymer staining for the respective indicated proteins. All values were
normalized to the average value of normal, healthy controls per signal (n
=10). Individual groups were analyzed via Student’s t-test in comparison
to normal. The results are expressed as means of at least three patients per
patient group (i.e.,, CVB3, HCV, etc. n=3 or more). A P value of less than
0.05 was considered statistically significant. Asterisks represent significant
differences between groups.

RESULTS

COVID-19 patient demographics

The mean age of COVID-19 decedents was 64 years (range 35-85),
with 19% of patients being female. All patients except one
required ventilation and 67% of patients had elevated D-dimer
levels (>500ng/mL), indicative of thrombosis. The average
troponin-l level of patients during hospitalization was 0.08 ng/
mL, and individual measurements are summarized in Supplemen-
tary Table 1A. All troponin levels were measured via the Beckman
Coulter Dxi 800 immunoassay system. The most common
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Summary of mechanism(s) of COVID-19-associated myocardial injury. Proteins of interest ((shown in red (increased expression) and

blue (decreased expression) text)) stained via IHC and quantified in cardiac tissues of COVID-19-positive decedents relative to normal control

tissue.
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comorbidities were hypertension (76%), hyperlipidemia (55%), and
type Il diabetes (40%). However, comorbidities were largely varied
(Supplementary Table 1A) and also included coronary artery
disease, chronic kidney disease, and deep vein thrombosis. The
majority of patients (16/21) did not have previous clinical cardiac
diagnoses, although cases of takotsubo cardiomyopathy, trans-
mural acute myocardial infarction, and hemorrhagic myocardial
infarction were reported (Supplementary Material 1A). Notably,
one patient was the recipient of a heart and lung transplant. In our
cohort, 81% of individuals met the criteria for being overweight
or obese.

Clinical comparison of patient groups

Compared to our group of CMC, the mean of the COVID-19 cohort
was obese, while CMC were overweight (BMI: 32.7 vs 26.4 for COVID-
19 vs controls, p =0.005). Due to a limited range of selection for
control patient samples, certain demographics including age (64.3 vs
65.6, p=0.711), sex (81 vs 79% male, p=0.886), and various
comorbidities including hypertension (76.2% vs 85.7%, p = 0.498)
and diabetes (42.9% vs 28.6%, p =0.398) varied slightly (Supple-
mentary Table 1C). The heart weights between patient groups also
differed slightly, with COVID-19 hearts having an average mass of
447 g and CMC hearts averaging 512g (p=0.057) (Table 1 and
Supplementary Table 1D). x* tests and two-sample t-tests were used
to measure statistical significance.

Patient pathological findings

Upon analysis of COVID-19 patient cardiac tissue by expert cardiac
pathologists (B.M.M., S.J.R., and C.L.) blinded to diagnoses, several
notable findings were observed. Histopathological evidence
meeting the “Dallas criteria” for borderline myocarditis (inflamma-
tion without associated myocyte injury) was observed in 19/21
patients. In addition, we found that 90% (19/21) of patients had
interstitial myocardial edema, 71% had myocyte hypertrophy, and
48% had features of myocytolysis. Moreover, prominent conges-
tion of the blood vessels (with and without thrombosis) was noted
in 19% (4/21) of decedents. The average heart weight was 447 g
and multiple patients had evidence of right (6/21) and left (10/21)
ventricular hypertrophy, right (8/21) and left (5/21) ventricular
dysfunction, and acute (3/21) and hemorrhagic myocardial
infarction (6/21) (Table 1).

Detection of SARS-CoV-2 in hearts of critically ill COVID-19
patients

RNAscope® in situ hybridization was utilized to detect the sense
strand coding for the SARS-CoV-2 spike protein and IHC staining
was used to detect the spike protein. SARS-CoV-2 sense strand
targeting the spike protein region was detected to varying degrees
in the hearts of most decedents (n=16) at autopsy, indicating
transcriptionally active virus within the heart (Fig. 2G). SARS-CoV-2
spike protein was also detected via IHC in the hearts of 16/21
decedents (Fig. 2H). In general, viral RNA was sparse, focal, and
patchy in distribution and was localized within cardiomyocytes, the
interstitium, adipocytes within the visceral epicardium, and
percolating adipocytes within the myocardium (Fig. 3).

Direct virus-mediated cardiac injury in COVID-19 patients

Beyond findings on routine H&E stained microscopy, myofibrillar
damage was evident upon histological evaluation in all COVID-19
patients, regardless of whether they presented clinically with heart
failure, based on levels of troponin-l and caspase-3 obtained
through quantitative image analysis (Figs. 4 and 7). Tissue levels of
troponin-l were depleted in many COVID-19 patients relative to
normal and CMC, indicative of structural, sarcomeric damage to
the cardiomyocytes (Fig. 4). Though troponin is a non-specific
marker of cardiac injury, these results in conjunction with viral
presence in regions of troponin depletion could indicate that the
virus likely contributed to this structural damage. Accordingly, the
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majority (16/21) of patients in our cohort are proposed to exhibit
direct viral injury as indicated by viral presence, depleted
cardiomyocyte structural proteins, and significant levels of cleaved
caspase-3 as compared to CMC, normals, and viral myocarditis
controls (4.92-fold, 5.59-fold, 1.81-fold, respectively), suggestive of
cellular apoptosis. Although also significant in areas of damage
and edema, inflammation could not be directly attributed to direct
viral damage as the viral presence was sparse in distribution.

Presence of arterial and venous thrombi, vasculitis, and
enhanced angiogenesis—a feature unique to COVID-19-
associated injury

Thrombi in macro and microvasculature were notable in the
hearts of 19.1% (4/21) of critically ill COVID-19 patients in our
cohort (Fig. 3). Compared with other forms of virus-associated
heart failure, venous and arterial thrombi were notable features of
COVID-19 (Fig. 5). CD61, indicative of platelet activation, was
significantly enhanced among COVID-19 patients (5.56-fold
relative to normal), along with venous and arterial thrombi
identified histologically. In addition, fibrinogen (CMC: 2.56-fold,
normal: 1.33-fold, viral myocarditis: 1.28-fold) and vWF (CMC: 3.59-
fold, normal: 4.71-fold, viral myocarditis: 2.21-fold) were signifi-
cantly increased among COVID-19 patients relative to controls
indicating coagulopathy. Increases in CD61, vVWF, and fibrinogen
were common only among COVID-19 patients when compared to
other viral controls. As indicated by greatly enhanced CD31
expression (CMC: 11.04-fold, normal: 2.06-fold, viral myocarditis:
3.83-fold), angiogenic activity was also significant and unique
among COVID-19 patients relative to controls and all other
etiologies of viral myocarditis, suggestive of a COVID-19-specific
process. In most instances, thrombi were associated with
vasculitis, with inflammation predominantly consisting of macro-
phages, neutrophils, and occasional T cells (Fig. 5).

Enhanced expression of NETs in the myocardium of critically
ill COVID-19 patients

Significant increases in NETs as indicated by MPO (5.38-fold
relative to CMC) (Fig. 4) were observed diffusely in the cardiac
tissue of all COVID-19 patients within our cohort. MPO presence in
COVID-19 patients was also found to be increased when
compared to other cardiotropic viruses (3.20-fold), and healthy
normals (3.65-fold). We further observed a unique, positive
relationship between SARS-CoV-2 spike protein expression and
MPO expression in the myocardium. NETs, as detected by MPO,
were present within thrombi and in the surrounding vasculature
(Fig. 5) and interspersed throughout the myocardium in regions of
myocardial injury and was associated with troponin depletion
fibrinogen and vWF deposition (Fig. 4). To further corroborate our
findings of NETs, we performed CitH3 staining, which was
upregulated when compared to CMC (1.94-fold), cardiotropic
viruses (2.07-fold), and healthy normals (4.47-fold). In 18/21
COVID-19 patients, CitH3 was upregulated.

COVID-19-associated cardiac inflammation: myocarditis,
pericarditis, and lymphocytic aggregates

COVID-19-associated myocarditis was distinctly less severe in
comparison to control viral myocarditis patients who exhibited
severe acute and fulminant myocarditis, with transmural inflam-
mation in a number of instances. However, borderline myocarditis
was observed in 19/21 COVID-19 decedents. Inflammatory
infiltrate was a mix of predominantly mononuclear cells consisting
of macrophages as assessed by CD68 expression (CMC: 5.24-fold,
normal: 1.50-fold, viral myocarditis: 1.07-fold) and CD4 (CMC: 3.39-
fold, normal: 3.77-fold, viral myocarditis: 3.35-fold) positive T cells
with occasional polymorphonuclear leukocytes (neutrophils and
rare eosinophils) detected within areas of edema and myocardial
damage and within the interstitium as found from pathologist
H&E routine microscopy review (Supplementary Fig. 2).
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Fig.2 Detection of SARS-CoV-2 sense strand RNA and spike protein in the myocardium. Representative images of SARS-CoV-2 sense strand
spike protein within the interstitium (E), within blood vessels (A), within dying cardiac myocytes (C), and within percolating myocardial
adipose tissue (D). SARS-CoV-2 spike protein expression was detected in blood vessels (B) and inflammatory infiltrates regions (F), where
lipofuscin was also detected in the cardiomyocytes. Graphical representation of SARS-CoV-2 spike protein expression (H) and replicative
strand expression (G) in the hearts of 21 COVID-19 patients. Yellow arrows indicate regions of viral positivity.

Furthermore, C4d (CMC: 4.44-fold, normal: 3.78-fold, viral myo-
carditis: 3.36-folds), a complement protein, IL-6, a pro-
inflammatory cytokine, (CMC: 10.49-fold, normal: 4.08-fold, viral
myocarditis: 1.56-fold), and CD45 (CMC: 4.37-fold, normal: 1.95-
fold, viral myocarditis: 1,09-fold), a marker of hematopoietic cells,
were all found to have increased expression in the heart when
compared to CMC, while CD8-positive T cells were diminished in
the majority of patients compared to comorbidity matched
controls (CMC: 0.63-fold, normal: 1.55-fold, viral myocarditis:
0.31-fold). In addition to myocarditis, cardiac inflammation in the
COVID-19 patients was commonly associated with vasculitis
(Figs. 2 and 5) and also pericarditis, with prominent inflammation
in the visceral epicardium (Fig. 3G) and surrounding adipose
tissue. Adipocytes were commonly associated with inflammation
both in the visceral epicardium as well as in percolating adipose
tissue within the myocardium, a feature common in obese
individuals. A lymphocytic lesion (resembling a “Quilty” lesion
seen in transplanted allograft hearts) lining the right ventricular
endocardium was observed in one patient (see Supplementary
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Fig. 1). The lesion consisted primarily of a lymphocytic infiltrate,
with rare macrophages present and extended slightly into the
myocardium with myocyte destruction noted by localized
depletion of troponin-l. Large luminal masses of inflammatory
cells interspersed with platelets were detected in the right
ventricle of one patient and the left ventricle of another patient
in our COVID-19 patient cohort (Fig. 6). Detection of SARS-CoV-2
was not present in myocarditic lesions, although it was sparsely
detected in luminal masses of mixed inflammatory cells detected
in the RV of one patient and LV of another patient (Fig. 6). SARS-
CoV-2 expressed along the endothelium, and an inflamed artery
due to COVID-19-associated damage within the myocardium was
also observed (Fig. 5). All IHC signals quantified for COVID-19
patients are summarized in the heatmap (Fig. 7).

DISCUSSION
This study characterizes the pathological features of COVID-19-
associated cardiac injury in relation to three primary proposed

Laboratory Investigation (2022) 102:814 - 825
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Fig. 3 Characteristic histopathologic features of COVID-19-associated cardiac injury in critically ill patients. Hematoxylin and eosin
staining of representative cardiac injury among critically ill COVID-19 patients. COVID-19 patients exhibited pathological features of direct and
indirect viral injury of the heart. Upper panels (A-D) are characteristic arteriole (A, B) and venous (C, D) thrombus. Regions of myocarditis from
a COVID-19-positive decedent are shown in E, characteristic fibrin-rich thrombus and cardiomyocyte injury in COVID-19 patient (COVID-19)
with history of myocardial infarction (F), mononuclear predominant inflammatory infiltrate within the visceral epicardium, and surrounding
adipocytes (G) and a zone of ischemia (yellow arrows) in a patient with COVID-19-associated acute coronary syndrome demonstrating late
healing with pigmented macrophages (H). Images A, C, F, and G are shown at x10 magnification, B and E are shown at x20 magnification, D is

shown at x40 magnification, and G is shown at x4 magnification.

mechanisms: (1) direct viral injury, (2) vasculitis, endotheliaitis, and
resultant thrombotic-mediated injury and (3) cytokine storm/
immune-mediated injury (Fig. 1). Our results provide evidence of
all three processes occurring to varying degrees in a cohort of 21
consecutive COVID-19 decedents. We compared histopathologic
features of the myocardium of COVID-19 patients to common
etiologies of virus-associated heart failure patients, clinically
matched, and healthy controls. Herein, we provide evidence of
direct viral injury to the myocardium by SARS-CoV-2 within
cardiomyocytes®' and confirm reports of virions within the
interstitium'>. In 16/21 patients, SARS-CoV-2 was sparsely
distributed within the heart, suggestive of additional mechanisms
of COVID-19-associated cardiac injury. Our results can be
compared to a systematic review of cardiac autopsies from
COVID-19 decedents, where SARS-CoV-2 was detected within the
myocardium of 50/105 hearts (47%)>2. We additionally provide, to
our knowledge, the first evidence of SARS-CoV-2 infection of
percolating adipocytes within the myocardium in autopsy patients
(Fig. 2). The finding of SARS-CoV-2 infection of percolating
adipocytes within the myocardium (Fig. 2D) is consistent with

Laboratory Investigation (2022) 102:814-825

the hypothesis proposed by Cinti et al.>* that SARS-CoV-2 infects
adipocytes (which express high levels of the SARS-CoV-2 receptor
ACE2 in murine models of obesity®*) and with reports of increased
risk and severity of the clinical course of COVID-19 in obese
individuals®>=®. Despite randomized and unbiased selection of
autopsy patients, the majority (78%) of our patients were
overweight or obese; our findings are consistent with obesity
being associated with severe outcomes of COVID-19 and provide
mechanistic evidence of SARS-CoV-2 infection of adipose tissue.
In addition to direct viral-mediated injury, we report indirect
injury attributable to immune-ischemic damage in the hearts of
our COVID-19 decedents (Fig. 3). Recent research has revealed an
intriguing correlation between thrombosis and SARS-CoV-2
infection, which to date has been primarily focused on the
lungs®”. Alveolar capillary microthrombi were especially prevalent
in COVID-19 patients, present at nine times the amount compared
to influenza patients®’, consistent with levels of CD61 in our
COVID-19 patient hearts in comparison to influenza-induced heart
failure (4.76-fold higher) (Fig. 4). Additional reported features of
COVID-19 patient lungs include severe endothelial injury, which is
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Fig. 4 Abundant myocardial damage in the absence of detectable virus in a critically ill COVID-19 patient. A Characteristic section from
the left ventricle of a COVID-19-positive decedent. Cardiomyocyte structural protein troponin-l (brown) is depleted in regions of injury in
regions of fibrinogen (brown) and vWF (brown) deposition. Diffuse myeloperoxidase (MPO) staining (brown), indicative of neutrophil
extracellular traps (NETs), are prominent in the interstitial spaces in the same region of myocyte damage (MPO, brown). All images are at x10
magnification within the same region. B Graphical representation of troponin-l, fibrinogen, vWF, and myeloperoxidase (MPO) expression in
the hearts of COVID-19 patients compared to normal, clinically matched control (CMC), HCV-, influenza B-, AAV2- and CVB3-positive heart
failure patients. Sample size were as followed: normal (n = 10); CMC (n = 14); viral myocarditis (n = 12: AAV2 (n = 3); CVB3 (n = 3); Inf B (n = 3);
HCV (n = 3)); COVID (n = 21). *denotes statistical significance relative to normal control heart tissue (p < 0.05).

associated with intracellular SARS-CoV-2 viral presence and
disruption of the endothelial cell membranes, and overall wide-
spread thrombosis with microangiopathy®”. Increased circulatory
markers of angiogenesis have also been observed in severe cases
of COVID-19%¢, aligning with our reports of significantly increased
levels of CD31 in cardiac tissue unique to COVID-19 relative to all
other virus-associated heart failure (2.12-fold increase). Others
have reported similar associations between thrombosis and the
novel coronavirus disease’. Al-Samkari et al., for example, noted
an overall thrombotic complication rate of 9.5% (45 events in 38
COVID-19 patients)*°. Here we report thrombosis in 19.1% (4/21)
COVID-19-positive decedents.

Arterial thrombosis, in particular, leading to stroke or myocardial
infarction, is reported to have occurred in up to 4% of COVID-19
patients in intensive care’. In addition, autopsy studies on COVID-
19 decedents have noted prominent endothelial inflammation
and microvascular thrombosis with inflammatory cells found
attached to the endothelium of small vessels in the heart*, further
demonstrated in our cohort (Figs. 3 and 5). This may be explained
by the fact that endothelial dysfunction plays a role in
microvascular thrombosis, secondary to the amplified inflamma-
tory response triggered in SARS-CoV-2-infected patients. We
report evidence of endothelial damage with significantly elevated
levels of VWF and fibrinogen in our COVID-19 cohort, which are
hypothesized to result in uncontrolled hypercoagulability. The
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presence of thrombi in vascular beds of the heart is associated
with hypoxia-induced vVWF upregulation*'. Others have observed
elevated levels of VvWF in blood samples from COVID-19
patients***3, and one group observed factor VIII, a glycoprotein
closely linked to VWF, in COVID-19-positive cardiac autopsy tissue
that was indicative of nonocclusive fibrin microthrombi**. How-
ever, this is the largest study to date to detect VWF specifically in
the heart of COVID-19 patients in thrombi and surrounding
vasculature (Fig. 5), as well as in the myocardium in regions of
fibrotic remodeling (Fig. 4). VWF levels were found to be high in
COVID-19 ICU patients as compared to other septic ICU patients*,
which is reflected in our COVID-19 cohort compared to non-virus
infected controls (3.59-fold increase) and all virus-associated heart
failure controls (3.03-fold increase mean), suggesting a COVID-19
specific process. VWF is additionally hypothesized to be a
prognostic measure of thrombotic risk in COVID-19 patients and
contributes to disease severity®.

Moreover, complement activation is shown to contribute to
endothelial cell dysfunction and exocytosis of VWF and platelet
proteins, which causes prothrombinase activity and micro-
thrombogenesis*’~*°. This, in turn, results in cardiac dysfunction.
Our findings of increased complement protein C4D (4.44-fold
relative to CMC) align with a recent study by Pellegrini et al. on the
hearts of 40 COVID-positive decedents, which demonstrated that
myocyte necrosis was caused by microthrombi and showed
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Fig. 5 SARS-CoV-2 infection of the endothelium, resultant damage, and thrombosis as a defining feature in COVID-19-associated cardiac
injury. A large characteristic thrombus (750-100 um) penetrating an artery within the myocardium of a COVID-19-positive decedent was
reported. SARS-CoV-2 spike protein was prominently expressed (brown) in the endothelium. Neutrophil extracellular traps (NETs) were
interspersed throughout as indicated by myeloperoxidase (MPO) (brown) within the thrombus and in the artery wall near the endothelial-
thrombus interface. Archetypical expression of VWF (brown) indicative of endothelial injury is prominent in the lining of the elastica and along
with fibrinogen (brown) forms the thrombus. CD45 (leukocyte common antigen) (brown) demonstrates prominent inflammation within the
thrombus and surrounding vasculature. H&E indicates hematoxylin and eosin staining. Images are shown at x10 magnification, with inserts

shown at x40 magnification.

higher fibrin and C5b-9 complement expression when compared
to intramyocardial thromboemboli from non-COVID-19-infected
individuals®.

NETs, which we report at significant levels in all COVID-19
patients in our cohort as indicated by MPO staining and 18/21
patients by CitH3 staining®'~?, are involved in the exacerbation
of various disease processes (such as diabetes, obesity, and deep
vein thrombosis>®) that are associated with increased morbidity
and mortality related to COVID-19°*°°. As such, NETs activate
the coagulation complement pathway, amplify inflammatory
processes and are associated with the pathogenesis of arterial
and venous thrombosis'’. In the context of COVID-19, previous
studies have demonstrated NETs as being involved in thrombus
formation, fibrosis, and inflammation-associated damage®®. It
has also been demonstrated that sera from patients with COVID-
19 have elevated MPO-DNA and citrullinated histone H3 (CitH3),
markers of NETs>’. The observation of higher MPO-DNA and
CitH3 in patients receiving mechanical ventilation compared to
those without the need of oxygen supplementation indicates a
correlation between NETs, which has been documented in the
lungs of COVID-19 patientsS, and disease severity, which is
corroborated by our study with 95.2% (20/21) patients receiving
mechanical ventilation (see Supplementary Table 1A). In the
present study, MPO was found to be substantially upregulated
in COVID-19 patients relative to all other forms of virus-related
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heart failure, which indicates a process unique to COVID-19
pathogenesis—this points toward NETs as a potential therapeu-
tic target. We found MPO to be expressed transmurally that
included thrombi (Fig. 5), areas of fibrotic remodeling of the
myocardium (Fig. 4), and myocarditic lesions (Supplementary
Fig. 2) within our cohort. Thus, NETs may be a distinguishing
factor linking the hypercoagulative, prothrombotic state to the
hyperinflammatory cytokine storm described in some critically ill
COVID-19 patients>S.

We also provide further evidence that SARS-CoV-2 infection
evokes inflammatory immune responses, responsible for a
cytokine storm and thus leads to critical disease. Indirect ischemic
cardiac injury due to direct damage to the lungs in COVID-19
patients may have triggered the immune cell infiltration observed
in the hearts of most patients in our cohort. Following the initial
response of neutrophils homing to the cardiac tissue after
ischemic injury, IL-6 is produced and recruits macrophages to
the myocardium®®. In Basso et al’s study of 21 COVID-19
autopsies, it was determined that 86% of patients had increased
macrophage presence in the myocardial interstitium>®. Another
autopsy study reported high expression of macrophages in the
myocardium of COVID-19 decedents®®, which is reflected in our
cohort as seen in the upregulation in IL-6 and macrophage (CD68)
expression in comparison to healthy hearts and CMC (Fig. 6 and
Supplementary Fig. 1).
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Fig. 6 Luminal collection of mixed lymphoid cells along the right ventricular septum of an acutely ill COVID-19 patient. A A large mass of
leukocytes consisting of predominantly neutrophils (myeloperoxidase (MPO)), with rare macrophage, CD8, and CD4 positive T cells. Rare, focal
SARS-CoV-2 replicating (CoV-195) strand positive cell (yellow arrow) was detected within the mass and focally within the surrounding
myocardium via RNAscope . IL-6 was detected within the mass and surrounding endocardium and myocardium (brown). CD61-positive cells
(brown) were interspersed diffusely throughout the inflammatory cell mass. B Graphical representation of C4D, IL-6, caspase-3 expression
quantified in Aperio ImageScope software. Sample size were as followed: normal (n = 10); CMC (n = 14); viral myocarditis (n = 12: AAV2 (n = 3);
CVB3 (n=3); Inf B (n =3); HCV (n = 3)); COVID (n = 21). *denotes statistical significance relative to normal control heart tissue (p < 0.05).

Among the many modalities by which COVID-19 has been
demonstrated to affect the heart, myocarditis has been reported
in the critically ill patients, in children associated with MIS-C, in
adults (manifesting as post-acute infection), and in previously
asymptomatic individuals where clinical presentation may mimic a
heart attack and is attributed to sudden death®°'. To date, reports
on the frequency and severity of COVID-19-associated myocarditis
have been highly variable. Estimates from a recent meta-analysis
reported myocarditis in only 7.2% of decedents, while others have
reported myocarditis in 60% of patients surveyed®. Incidence has
widely varied among published cohorts, reflecting the uncertainty
and gaps in knowledge surrounding COVID-19-associated cardiac
injury®®. Within our patient cohort, 19 of 21 patients were
diagnosed with borderline myocarditis at autopsy, meeting the
histopathologic definition put forth in the Dallas criteria.
Myocarditis among our patient cohort was typically concurrent
with vasculitis, thrombosis, and ischemic damage. Additional
features of cardiovascular injury, including edema (90% of
patients), myocyte hypertrophy (71%), and myocytolysis (48%)

SPRINGER NATURE

were commonly noted, although fibrosis (43%) and hemorrhage
(19%) were also present (see Supplementary Table 1B). In patients
with borderline myocarditis, we observed mixed but predomi-
nantly mononuclear inflammatory infiltrates consisting of neu-
trophils, macrophages, and, Ilymphocytes, which were
predominantly CD4- with sparse CD8-positive T cells (Fig. 5).
While many studies report a decrease in serum lymphocyte
presence (lymphopenia)®®, the presence of lymphocytes in the
myocardium of COVID-19 patients has not been extensively
examined. However, it has been determined that CD4+ cells play
a pathological role in heart failure severity by supporting a pro-
inflammatory response that further promotes cardiac remodel-
ing>®. An autopsy study of COVID-19 decedents reports increased
CD4+ T cell expression in the myocardium of all patients®.
Similarly, in our cohort, the significant increase in CD4+ T cell
presence in COVID-19 patient myocardium as compared to control
patients aligns with severe cardiac damage. Our reports of
decreased CD8 expression align with Urra et al's findings of
reduced CD8 cell levels in the blood as a marker of worse

Laboratory Investigation (2022) 102:814 - 825
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Fig. 7 Heatmap of markers of direct and indirect SARS-CoV-2-associated myocardial injury COVID-19-positive patients. The relative
intensity of the indicated markers stained via immunohistochemistry and quantified using computer-aided image analysis. All values were
normalized to the average signal intensity of clinically matched controls. Red indicates higher expression; blue indicates lower than normal
expression. COVID-19 patients were arranged based on quantification of SARS-CoV-2 from lowest to highest signal. Average signal
quantification for each protein marker is shown at the bottom of each column. The heatmap is divided into direct viral injury and indirect

injury (i.e., thrombosis or markers of inflammation).

prognosis and increased inflammation in COVID-19 patients®*. A
higher CD4:CD8 ratio has been correlated with poorer disease
outcomes®, consistent with our results (Fig. 7).

Within our comparison of COVID-19 patients to CMC, the only
notable differentiation between the groups appears to be SARS-
CoV-2 infection. By eliminating variability in age, sex, BMI, and
various comorbidities to the extent of our resources, it can be
further supported that significant differences in protein expression
are unique to SARS-CoV-2 infection and independent of the
external factors previously mentioned.

This study is, to our knowledge, the first of its kind in which
there was a performance of in-depth IHC analyses juxtaposed with
corresponding patient clinical history and pathological reports,
effectively charting the course of the novel disease relative to all
currently postulated mechanisms of COVID-19-associated cardiac
injury. This study also provides spatial context and quantitative
proteomic insights into the nature of SARS-CoV-2-associated
cardiac injury in COVID-19 patients. We anticipate our findings
will contribute to delineating the unique mechanisms of SARS-
CoV-2-associated cardiac injury while identifying commonalities
among protein expression between COVID-19, controls, and other
forms of virus-associated heart failure. Notably, COVID-19 heart
damage was primarily indirect in nature, with inflammation
occurring typically in and around sites of thrombus formation
and regions of ischemia, with sparse regions of viral positivity. In
other etiologies of virus-associated heart failure, myocarditis
associated with direct viral injury was the defining feature; NETs
(MPO)-associated injury and inflammation, with enhanced throm-
bosis and vasculitis, appear to be a defining feature of COVID-19-
associated cardiac injury, further demonstrated by a correlation
between NETs and SARS-CoV-2 expression. Our findings suggest
that COVID-19-associated heart damage is multifactorial (attribu-
table to direct viral damage, thrombotic damage in a hypercoa-
gulative state, and aberrant cytokine- and immune cell-mediated
damage—the latter likely being a consequence of a hypercoagu-
lative state mediated by endothelialitis and vascular thrombosis
triggering dysregulated immune responses).

Moreover, we identified protein markers involved in direct and
indirect mechanisms of cardiac injury such as vVWF and MPO,

Laboratory Investigation (2022) 102:814 - 825

which may serve as distinguishing factors linking the phases of
injury observed in critically ill COVID-19 patients. These phases are
enhanced by many of the underlying conditions (i.e., obesity,
diabetes, and hypertension) that render such individuals more
vulnerable to severe outcomes and poor prognosis. VWF and NETs
may serve as potential candidates for prognostic, diagnostic, and
therapeutic guidance regarding to COVID-19-associated heart
failure. The spectrum of injury reported among our small patient
cohort supports the notion that further investigation into the
mechanisms of COVID-19-associated cardiac injury in larger
patient populations is warranted.

Limitations

Our study was limited by the number of normal and viral
myocarditis patients who were available to use. Utilizing all of the
hearts in our research center that were diagnosed with viral
myocarditis, we performed in situ hybridization to determine the
etiology of myocarditis that resulted in three each of CVB3, AAV2,
influenza B, and HCV. Furthermore, cleaved caspase-3 is sugges-
tive, but not a specific indicator for direct viral injury, as indirect
effects of the viral injury may also contribute to increased cleaved
caspase-3 expression. Cleaved caspase-3 remains also to be
suggestive of apoptosis, as the gold standard is electron
microscopy. Another limitation of the study was the histopatho-
logic diagnosis of borderline myocarditis. In this manuscript, the
guidelines of the Dallas criteria for myocarditis were followed
although tools including cardiovascular magnetic resonance
imaging are complementary in obtaining a complete diagnosis.
Despite using the current gold standard, all patients were
diagnosed post-mortem and thus the pathological and IHC
analysis of formalin-fixed paraffin-embedded cardiac tissue sec-
tions were the only methods available and may have limited the
accuracy of diagnoses.

DATA AVAILABILITY
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corresponding author on reasonable request.
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