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Abstract

COVID-19 has been associated with cardiac injury and dysfunction. While both myocardial inflammatory cell infiltration
and myocarditis with myocyte injury have been reported in patients with fatal COVID-19, clinical-pathologic correlations
remain limited. The objective was to determine the relationships between cardiac pathological changes in patients dying
from COVID-19 and cardiac infection by SARS-CoV-2, laboratory measurements, clinical features, and treatments. In a
retrospective study, 41 consecutive autopsies of patients with fatal COVID-19 were analyzed for the associations between
cardiac inflammation, myocarditis, cardiac infection by SARS-CoV-2, clinical features, laboratory measurements, and
treatments. Cardiac infection was assessed by in situ hybridization and NanoString transcriptomic profiling. Cardiac
infection by SARS-CoV-2 was present in 30/41 cases: virus* with myocarditis (n = 4), virus* without myocarditis (n = 26),
and virus~ without myocarditis (n = 11). In the cases with cardiac infection, SARS-CoV-2" cells in the myocardium were
rare, with a median density of 1 cell/cm?. Virus™ cases showed higher densities of myocardial CD68" macrophages and
CD3" lymphocytes, as well as more electrocardiographic changes (23/27 vs 4/10; P =0.01). Myocarditis was more
prevalent with IL-6 blockade than with nonbiologic immunosuppression, primarily glucocorticoids (2/3 vs 0/14; P =0.02).
Overall, SARS-CoV-2 cardiac infection was less prevalent in patients treated with nonbiologic immunosuppression (7/14 vs
21/24; P = 0.02). Myocardial macrophage and lymphocyte densities overall were positively correlated with the duration of
symptoms but not with underlying comorbidities. In summary, cardiac infection with SARS-CoV-2 is common among
patients dying from COVID-19 but often with only rare infected cells. Cardiac infection by SARS-CoV-2 is associated with
more cardiac inflammation and electrocardiographic changes. Nonbiologic immunosuppression is associated with lower
incidences of myocarditis and cardiac infection by SARS-CoV-2.

Supplementary information The online version contains Introduction

supplementary material available at https://doi.org/10.1038/s41379-
021-00790-1. While coronavirus disease 2019 (COVID-19), as caused by

severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), primarily affects the lungs [1, 2], systemic viremia
can occur in critically ill patients with COVID-19 [3, 4].
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the myocardium primarily via RT-PCR on fresh tissue or
in situ hybridization (ISH) on formalin-fixed paraffin-
embedded tissue [8—13], the relationships among cardiac
pathological changes, cardiac infection by SARS-CoV-2,
and clinical features remain unclear. Clinical trials have
demonstrated improved outcomes of hospitalized patients
with COVID-19 treated with glucocorticoids [14—17] but not
tocilizumab [18-20]. Associations between these medica-
tions and myocardial inflammation, myocarditis, and cardiac
infection by SARS-CoV-2 have not been reported.

As previous reports have described the cardiac histology
in patients dying from COVID-19 [7, 9, 10], the clinical and
functional relevance of these findings remains unclear. In
this study, we aimed to determine the associations between
cardiac pathological changes and the presence of cardiac
infection by SARS-CoV-2, clinical features, laboratory
measurements, and immunosuppressive treatments.

Subjects and methods
Patients and study criteria

The patient cohort included sequential autopsies performed
between March and July of 2020 at the Massachusetts
General Hospital, Boston, Massachusetts that met the
inclusion criteria: a positive antemortem nasopharyngeal
swab for SARS-CoV-2, along with clinical and/or post-
mortem assessment of death due to COVID-19. The study
was approved by the Hospital’s human subjects institutional
review board.

Clinical information

Medical records were reviewed for baseline patient char-
acteristics, laboratory values, electrocardiography studies
(ECGs), cardiac imaging studies, treatments, and durations
of illness and hospitalization. For hematologic laboratory
values and fibrinogen levels, the lowest recorded value was
used. For creatinine and estimated glomerular filtration rate
(eGFR), the last value prior to initiation of renal replace-
ment therapy (RRT) was used. For IL-6 levels, the highest
level prior to initiation of IL-6 blockade was used. For all
other laboratory tests, the highest recorded value was used.
Electrocardiographic changes were obtained from the
medical records and considered new when not present prior
to hospitalization or on previous studies during the terminal
hospitalization.

Pathologic analysis

Postmortem heart weights were compared with the upper
limit of normal based on the height and sex [21, 22]. The
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hearts were examined histologically after formalin fixation
and paraffin embedding using 20 blocks of myocardium
from the left and right ventricles, along with additional
sections of the major coronary arteries and left and right
atria. The presence of myocarditis, inflammation, and other
patterns of myocardial injury were assessed on hematoxylin
and eosin (H&E)-stained slides. Myocarditis was defined as
an inflammatory infiltrate associated with myocyte injury,
which was not due to some other cause and was present in
multiple foci [7]. The degree of coronary artery disease was
estimated based on the percentage of luminal area loss [23].
The degree of inflammation was quantified on the ven-
tricular tissue block with the most inflammatory cells using
immunohistochemical stains for CD3, CD4, CDS8, and
CD68. The cell density positive for each marker was
determined by counting the number of cells in ten high-
power fields (each 0.23 mm?) and was expressed as cells/
mm?’. The presence of microthrombi was assessed using
H&E-stained slides and CD61 immunohistochemistry. The
presence of right ventricular strain injury was ascertained by
C4D immunohistochemistry, which highlights necrotic
myocytes. All immunohistochemical stains were performed
on routine automated diagnostic staining platforms.

SARS-CoV-2 in situ hybridization

The presence of SARS-CoV-2 in the heart was assessed by
ISH using RNAscope 2.5 LS Probe-V-nCoV2019-S and
RNAscope 2.5D DAB on a diagnostic Leica Biosystems
BOND-IIT apparatus. SARS-CoV-2-ISH was obtained on
one left ventricle and one right ventricle section for each
case utilizing sections with the most inflammation. SARS-
CoV-2-ISH-stained slides were evaluated by a cardiac
pathologist (YPH) blinded to the clinical and pathological
data. The total number of SARS-CoV-2" cells on the two
slides was enumerated. Cells staining positively that were
clearly in blood were excluded. Total tissue area on the
slides was determined using ImageJ. The density of SARS-
CoV-2" cells was expressed as cells‘cm®. A case was
considered to have SARS-CoV-2% myocardial cells, if the
density of SARS-CoV-2-ISH™ cells exceeded that of the
non-COVID-19 control cases (>0.3 cells/cm?). The study
cases were divided into three groups based on the presence
or absence of myocarditis and myocardial SARS-CoV-2"
cells. The non-COVID-19 control cases for the ISH analysis
consisted of 15 autopsies performed at MGH either in 2019
prior to the COVID-19 pandemic (n =5) or in 2020 during
the pandemic with a negative SARS-CoV-2 nasopharyngeal
swab (n = 10), and included nine men and six women with
a median age of 67 years (range 45-87 years). The causes of
death for these control cases were malignancy (n=4),
aspiration pneumonia (n = 3), coronary artery disease (n =
2), cirthosis (n=2), urosepsis (n=1), non-ischemic
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cardiomyopathy (n = 1), peritonitis (n = 1), and sarcoidosis
(n=1).

Transcriptomic profiling

SARS-CoV-2 viral RNA and ACE2 mRNA were quantified
using the NanoString nCounter’ Coronavirus Panel Plus
(Supplementary Table S1) [24]. Normalization of raw data
was performed using the nSolver software 4.0. Data were
normalized in combination to spiked-in positive controls,
spiked-in negative controls, and the five housekeeping
genes (ABCF1, G6PD, NRDE2, OAZI, and PPIA) of
SARS-CoV-2-ISH™ samples as threshold reference.

Composite risk factor scores

Composite risk factor scores for underlying pathologic and
clinical conditions were calculated based on the presence of
each of the following: age >60 years, BMI >30kg/m?,
severe coronary artery disease, heart weight > upper limit of
normal, and previous history of diabetes, hypertension,
hyperlipidemia, myocardial infarction, autoimmune disease,
or smoking. One point was assigned for each condition for a
maximum of 10 points.

Statistical analysis

The primary outcome was the association of cardiac
pathological changes with cardiac infection by SARS-CoV-
2. Secondary outcomes were the associations of cardiac
inflammation, myocarditis, and cardiac infection by SARS-
CoV-2 with clinical features, laboratory measurements, and
treatments. Inflammatory cell densities and RNA levels
between groups were compared using either T-test or
ANOVA with post-test by Bonferroni, after log transfor-
mation as appropriate. Other variables were compared
between the three groups using %> or Kruskal-Wallis with
post-test by Wilcoxon. The relationship of inflammation to
clinical variables was assessed by Fisher exact test, Wil-
coxon test, or linear regression after log transformation as
appropriate. All tests were two-sided. P values < 0.05 were
considered significant for hypothesis testing (primary ana-
lyses) or hypothesis generating (secondary analyses).

Results
Pathologically defined patient groups
Forty-one patients met the study criteria and included 38 in-

hospital and 3 out-of-hospital deaths (Table 1). There were
27 men and 14 women (median age 67 [range: 21 to >89]

years), including 23 Caucasian, 16 Hispanic, and 2 African
American individuals. The 38 hospitalized patients died a
median of 17 days after onset of symptoms and 13 days
after hospitalization. For each patient, the underlying cause
of death was COVID-19; the immediate cause of death was
pneumonia/diffuse alveolar damage in 35 patients (Table 2).
Based on the pathological presence of myocardial SARS-
CoV-2" cells by ISH and/or myocarditis, the patients were
divided into three groups (Fig. 1): 4 with myocardial SARS-
CoV-2" cells and myocarditis (VTM™), 26 with myocardial
SARS-CoV-2" cells without myocarditis (V*M"), and 11
without myocardial SARS-CoV-27 cells or myocarditis (V"
M"). No significant differences were detected among the
three groups regarding baseline characteristics (including
immediate cause of death, postmortem interval, heart
weight, frequency of severe coronary artery disease, or
composite cardiac risk factor score), except that non-
Caucasian race was more prevalent in patients without
myocardial SARS-CoV-27 cells (Tables 1 and 2).

Quantification of cardiac RNA levels by NanoString in
23 cases, all with postmortem intervals less than 48h,
showed that the SARS-CoV-2-ISH" cases had higher levels
of SARS-CoV-2 antisense RNA indicating viral replication
in the heart, and had lower levels of the SARS-CoV-2
receptor ACE2 (Fig. 2). One of the V'M™ cases, which was
negative for SARS-CoV-2 by ISH, showed relatively high
levels of positive-strand SARS-CoV-2 sequences by
NanoString, but not the antisense SARS-CoV-2 RNA
strand sequence, likely representing non-replicating pack-
aged virions in the blood.

Variations in cardiac inflammation across the
patient groups

In three of the four patients with myocarditis, the histology
in the ventricles demonstrated lymphocytic myocarditis
with multiple small discrete foci of lymphocyte pre-
dominant inflammation associated with myocyte injury
(Fig. 1). The fourth patient had a more extensive granulo-
matous myocarditis with eosinophils and giant cells
(Fig. 3); this patient had been treated with tocilizumab. In
three of the four patients with myocarditis, the lymphocytes
were CD4 predominant, and in the fourth patient the lym-
phocytes were CD8 predominant. Compared with the 11
virus-negative cases, the 30 cases with SARS-CoV-2*
myocardial cells showed increased densities of myocardial
CD68" macrophages, CD3% T-lymphocytes, and CD4"
helper T-lymphocytes, but not CD8' cytotoxic T-
lymphocytes (Figs. 1 and 4 and Supplementary Fig. S1).
Compared with both the V"M~ and V"M~ groups, the four
patients with myocarditis showed increased densities of
myocardial CD68" macrophages, CD3" T-lymphocytes,
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Table 1 Baseline patient characteristics.

Virus™ with myocarditis Virus™ without myocarditis Virus~ without myocarditis P

n 4 26 11

Age (years) 60 (55-64) 71 (33—>89) 62 (21—>89) 0.40
Male sex 2 (50) 19 (73) 6 (55) 0.43
BMI (kg/mz) 33 (29-36) 30 (20-70) 32 (22-60) 0.36
Caucasian ethnicity 4 (100) 16 (62) 3(27) 0.03
Hypertension 2 (50) 18 (69) 7 (64) 0.74
Diabetes mellitus 2 (50) 9 (35) 3(27) 0.71
Hyperlipidemia 1(25) 13 (50) 3(27) 0.34
History of CAD 0 (0) 2 (8) 0 (0) 0.55
History of autoimmune disease 0 (0) 3 (12) 109 0.77
Statin 1(25) 12 (48), n=25 3(27) 0.41
ACE inhibitor 1(25) 2 (8),n=25 2 (18) 0.51
Calcium channel blocker 0 (0) 4 (16), n=25 109 0.62
Beta-blocker 1(25) 9 (36), n=25 4 (36) 0.91
Aspirin 0 (0) 10 (40), n=25 2 (18) 0.16
History of smoking (current or former) 2 (67),n=3 13 (50) 4 (40), n=10 0.31
Baseline creatinine (mg/dL) 1.1,n=1 1.0 (0.6-1.6), n=19 1.1 (0.8-2.9), n=5 0.74
Baseline BUN (mg/dL) 19, n=1 17 (11-62), n=17 19 (8-27),n=5 0.88

Data are expressed as median (range) or n (%).

For each characteristic, the number of patients is indicated when information regarding the characteristic was not available for all of the patients in

the group.

ACE angiotensin-converting enzyme, BMI body mass index, BUN blood urea nitrogen, CAD coronary artery disease.

2 or Kruskal-Wallis.

and CD4™" helper T-lymphocytes, but not CD8" cytotoxic
T-lymphocytes. Similar inflammatory infiltrates were seen
within the atrial tissue, with one of the V™M™ cases
showing involvement of the atria by myocarditis (Supple-
mentary Fig. S2).

Characteristics of cardiac SARS-CoV-2-ISH™ cells

The SARS-CoV-2" cells consisted predominantly of cells
in the interstitium, consistent with macrophages, showing
either focal dot-like cytoplasmic staining or diffuse cyto-
plasmic staining (Fig. 1). There were also rare cells with the
histologic localization and features of endothelial cells,
which also showed either focal dot-like cytoplasmic stain-
ing or diffuse cytoplasmic staining (Supplementary Fig.
S3). In addition, there were rare apparent myocytes with
focal cytoplasmic dot-like staining for SARS-CoV-2 (Sup-
plementary Fig. S3). CD61" microthrombi were present in
3/8 (38%) patients with apparent SARS-CoV-2" endothelial
cells compared with 2/33 (6%) patients without apparent
SARS-CoV-2" endothelial cells (P =0.04). Myocarditis
was present in 3/6 (50%) patients with apparent SARS-
CoV-2* myocytes, compared with 1/35 (3%) patients
without apparent SARS-CoV-2" myocytes (P = 0.007).
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Clinical and laboratory features of the
pathologically defined patient groups

There were non-significant trends toward increasing dura-
tions of illness and hospitalization for the VTM™ patients
compared with the VTM™ patients, and also for the VM~
patients compared with the V"M~ patients (Fig. 5 and
Supplementary Table S2). Serum levels of C-reactive pro-
tein and erythrocyte sedimentation rate did not differ sig-
nificantly among the three groups. Compared with the
V™M™ group, both the VIM" and V"M~ groups showed
more severe indices of multisystem disease, including
higher creatinine, lower eGFR, and higher AST/ALT. The
V™M™ group showed higher levels of D-dimer and LDH
than the V'M~ group. Among the 38 in-patient deaths,
those with myocarditis were more likely to have received
RRT, compared with those without myocarditis (4/4 vs 6/
34; P=0.002).

Immunomodulatory and antiviral therapy
For the 38 in-hospital deaths, 19 patients did not receive

immunosuppression. Fourteen patients received non-
biologic immunosuppression: hydrocortisone (n =8),
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Table 2 Autopsy findings.

Virus™ with myocarditis Virus™ without myocarditis Virus~ without myocarditis P*

n 4
SARS-CoV-2* (cells/cm?) 1.2 (0.5-3.0)
CD61" microthrombi present 1(25)

Right ventricular strain injury 0 (0)

Focal isolated pericarditis 2 (50)
Postmortem interval (h) 20 (16-26)

Heart weight (g)
Heart weight/upper limit of normal

Severe coronary artery disease 1 (25)
Transthyretin amyloidosis 0 (0)
Composite risk factor score 4.0 (2-6)

Immediate cause of death due to pneumonia/diffuse 3 (75)
alveolar damage

Other immediate causes of death RP bleed, n=1

593 (480-627), n =13
1.25 (1.04-1.53), n=3

26 11
1.2 (0.4-7.4) 0.2 (0.0-0.3) <0.001
4 (15) 0 (0) 0.30
3(12) 2 (18) 0.63
6 (23) 19 0.23
20 (4-190) 26 (9-96) 0.82
449 (204—646) 480 (267-738) 0.24
1.02 (0.48-1.67) 1.18 (0.72-1.86) 0.26
5(19) 3027 0.85
3(12) 0 (0) 0.39
4.5 (0-6) 4.0 (1-6) 0.93
23 (88) 9 (82) 0.72

Refractory VT, n=1
Acute HF, n=1
PE, n=1

Abdominal organ
ischemia, n =2

Data are expressed as median (range) or n (%).

For each characteristic, the number of patients is indicated when information regarding the characteristic was not available for all of the patients in

the group.

HF heart failure, PE pulmonary embolism, RP retroperitoneal, VT ventricular tachycardia.

ay? or Kruskal-Wallis.

methylprednisolone (n = 2), hydrocortisone with tacrolimus
(n=1), dexamethasone (n = 1), sulfasalazine (n = 1), and
MMF (n = 1). Sulfasalazine and tacrolimus/MMF were pre-
hospitalization treatments for ulcerative colitis (n = 1) and
renal transplantation (n=2), respectively, which were
continued during terminal hospitalization. One of the
patients who received nonbiologic immunosuppression also
received IL-6 blockade, and one was randomized to IL-6
blockade or placebo. Three patients received IL-6 blockade
with tocilizumab for more than 3 weeks (23-39 days) prior
to death without nonbiologic immunosuppression, and two
were randomized to tocilizumab or placebo without non-
biologic immunosuppression.

There were non-significant trends toward increased fre-
quency of treatment with nonbiologic immunosuppression
in the V"M™ group compared with the other two groups, and
there were non-significant trends toward higher frequency
of IL-6 blockade with tocilizumab in the V*M™ group
compared with the other two groups (Fig. 5). Myocarditis
was more frequent in patients known to have received IL-6
blockade without nonbiologic immunosuppression than in
patients who received nonbiologic immunosuppression (2/3
vs 0/14, P=0.02). Myocarditis was not present in one
patient who received tocilizumab and dexamethasone
starting 7 days prior to death or in three patients who were
randomized to IL-6 blockade or placebo (tocilizumab n = 2,
sarilumab n=1) 7-10 days prior to death, one of whom

also received hydrocortisone. Overall, cardiac infection by
SARS-CoV-2 was less prevalent in patients treated with
nonbiologic immunosuppression, compared to those with-
out (7/14 vs 21/24; P =0.02).

Anticoagulation

Of 38 in-patient deaths, 33 patients received antic-
oagulation: heparin (prophylactic only n = 13, infusion n =
13), enoxaparin (n =19, 30-100 mg daily), warfarin (n =
2), apixaban (n =1). Of the five patients who had micro-
thrombi, four were in-patient deaths of whom two received
anticoagulation with heparin infusions. There was a non-
significant trend toward the association of cardiac micro-
thrombi with the absence of anticoagulation among the in-
patient deaths (2/5 vs 2/33, P =0.08).

Serum biomarker, electrocardiographic, and
echocardiographic assessments

Of 36 patients with high-sensitivity troponin T measure-
ments, 35 (97%) had elevated values (>14 ng/L), which did
not significantly differ among the three groups (Supple-
mentary Table S2). Of 30 patients with NT-pro-BNP mea-
surements, 20 (67%) had elevated values, with no
significant differences among the three groups. Cardiac
rhythm assessment by ECG and/or rhythm strip were

SPRINGER NATURE
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Fig. 1 Histology of the three pathologically defined patient groups.
Depicted are histologic images of slides stained with H&E (A-C),
immunohistochemistry for the macrophages marker CD68 (D-F),
immunohistochemistry for the T-lymphocyte marker CD3 (G-I), and
in situ hybridization for SARS-CoV-2 (J-L) for cases with myo-
carditis along with SARS-CoV-2" cells in the myocardium (VTM™, A,
D, G, J), negative for myocarditis but with SARS-CoV-2" cells in the

available for 37 of 38 in-patient deaths. Three patients had a
prior history of atrial fibrillation. In the remaining 34
patients, new atrial fibrillation or premature atrial com-
plexes occurred more frequently in patients with cardiac
SARS-CoV-2 infection than those without (11/24 vs 0/10;
P=0.01). Additional new electrocardiographic changes
included QTc prolongation (n = 8), nonspecific ST segment

SPRINGER NATURE

myocardium (V*M, B, E, H, K), and negative for both myocarditis
and myocardial SARS-CoV-2" cells (V'M", C, F, I, L). There is
inflammation with myocardial injury (arrow) in the VIM™ case (A)
compared with inflammation (arrow) without injury in the V*M™ case
(B). Arrows indicate CD68" macrophages (D-F), CD3" lymphocytes
(G-I), and SARS-CoV-2" cells (J, K). Scale bars represent 40 pum (A—
I) and 80 um (J-L).

and/or T wave abnormalities (n=7), atrioventricular or
bundle branch blocks (n = 3), and intraventricular conduc-
tion defects (n=3). Patients with cardiac SARS-CoV-2
infection were significantly more likely to show electro-
cardiographic changes (23/27 vs 4/10; P =0.01).

Limited point of care or full echocardiography was per-
formed in 16 patients (median 8 [range 0.5-27] days prior
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Fig. 2 Transcriptomic assessment of SARS-CoV-2 RNA levels and
ACE2 mRNA levels. A heatmap of RNA levels (A) shows trends
toward increased SARS-CoV-2-positive-strand RNA transcripts in the
SARS-CoV-2-ISH* cases (P = 0.04-0.29). The color guide shows the
corresponding Z-scores for the RNA levels. One V"M~ case had
relatively strong expression of the eight positive-strand sequences but
not the antisense sequence (SARS-CoV-2_orflab_REV) likely due to
non-replicating virions in the blood. In the SARS-CoV-2-ISH* cases,
there was significantly more SARS-CoV-2 antisense RNA, indicating
viral replication in the heart (B), as well as downregulation of the
SARS-CoV-2 receptor ACE2 (C). Bars indicate mean + SE.

to death) and was more frequently obtained in patients
subsequently found to have pathologic myocarditis (4/4 vs
12/34, P =0.02). All four myocarditis patients had normal
left ventricular function on the echocardiography (per-
formed within 1 week of death for three patients). Reduced
left ventricular ejection fraction (ranging from 20 to 50%)
was noted in VM patients but not in V"M~ patients (3/7 vs
0/5, P=0.20). Left ventricular wall abnormalities were
noted in patients with or without cardiac SARS-CoV-2
infection (4/11 vs 1/5; P =1.00).

Clinical features correlating with myocardial
inflammation

Analysis of the associations of clinical and laboratory fea-
tures with the degree of myocardial inflammation, irre-
spective of pathologically defined patient groups, is shown
in Fig. 6 and Supplementary Tables S3 and S4. There were
no significant associations of the inflammatory cell densities
with baseline patient characteristics or composite cardiac
risk factor scores. The densities of myocardial CD68*
macrophages, CD3%1 lymphocytes, CD4" helper lympho-
cytes, and CD8" cytotoxic lymphocytes each positively
correlated with the duration of symptoms, and each nega-
tively correlated with the red blood cell concentrations. All

Fig. 3 Myocarditis with eosinophils and giant cells in a patient who
died from COVID-19. Depicted are H&E-stained sections. At low
power (A), there is diffuse infiltration of the myocardium by inflam-
mation (arrows). At higher magnification (B), both eosinophils (arrow
heads) and giant cells (arrow) are identified in the inflammatory
infiltrate). Scale bars represent 200 um (A) and 40 um (B).

four inflammatory cell types showed non-significant posi-
tive correlative trends with level of serum IL-6, when
measured (n = 16).

Compared with those treated only with IL-6 blockade
(n=3), 14 patients treated with nonbiologic immunosup-
pression had significantly lower densities of myocardial
CD68" macrophages, CD3" T-lymphocytes, and CD4"
helper T-lymphocytes (Fig. 6). The patients treated with
nonbiologic immunosuppression had fewer myocardial
CD4" helper T-lymphocytes than the 19 patients without
immunomodulatory therapy. Patients treated with only IL-6
blockade had increased levels of myocardial CD68" macro-
phages compared with patients with no immunosuppression.

Discussion

This study identified an important association between
cardiac SARS-CoV-2 infection and increased densities of
myocardial macrophages and lymphocytes. Our observa-

tions on SARS-CoV-2 are reminiscent of a prior study on

SPRINGER NATURE
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Fig. 4 Associations between myocardial inflammatory cell den-
sities and the presence of myocarditis and cardiac infection by
SARS-CoV-2. Depicted are dot plots comparing the densities of
CD68*" macrophages (A), CD3" T-lymphocytes (B), CD4" helper T-
lymphocytes (C), and CD8™ cytotoxic T-lymphocytes (D) between the
three pathologically defined patient groups (V*M*, V*M™, and V-M")
as well as the patients with and without cardiac infection by SARS-
CoV-2 overall. For each cell marker the three groups were first
compared using Kruskal-Wallis [P =0.006 (A), P=0.005 (B),
P=0.008 (C), P=0.17 (D)] and then the individual groups were
compared using Wilcoxon test.

SARS, in which the presence of SARS-CoV in myocardial
tissue was associated with increased myocardial macro-
phages [25]. In patients with SARS-CoV-2 cardiac infec-
tion, infected cells were rare (median 1 cell/cm?). As
electron microscopy analyses typically utilize small pieces
of myocardium (~1 mm?), it would be expected to take
100 such analyses to identify one virus-infected cell in the
myocardium in these patients.

A small fraction of the patients with cardiac SARS-CoV-
2 infection met criteria for myocarditis. In three of the four
myocarditis patients, the myocarditis was classified as
lymphocytic myocarditis. In the remaining patient, the
myocarditis was granulomatous with giant cells and eosi-
nophils, with the degree of injury exceeding that typically
found in hypersensitivity reactions. While the granuloma-
tous characteristics of the myocarditis may be secondary to
the IL-6 blockade this patient had received, this may
represent an unusual manifestation of SARS-CoV-2 cardiac
infection, given that other causes of myocarditis such as
immune checkpoint inhibition can result in both lympho-
cytic myocarditis and granulomatous myocarditis with
eosinophils and giant cells [26].
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The extent of myocarditis was relatively mild in three
patients, being limited to multiple small discrete foci, but
was more extensive in the fourth patient. Functionally, the
four patients with myocarditis showed preserved left ven-
tricular ejection fraction on echocardiography obtained
4-21 days prior to death, and in none of these patients was
the myocarditis considered the cause of death. However, all
of the myocarditis patients required RRT, which may
indicate hemodynamic instability in this group of patients.
SARS-CoV-2 cardiac infection was associated with
increased cardiac rthythm changes, particularly atrial fibril-
lation and premature atrial complexes. Atrial fibrillation has
been identified as a predictor of poor outcome in patients
with COVID-19 [30, 31]. Notably, the two patients with
cardiac-related immediate causes of death (acute heart
failure and refractory ventricular tachycardia) and the three
patients with reduced left ventricular ejection fraction all
harbored SARS-CoV-2" cells in their myocardium.

Unexpected secondary observations from this study
included the associations between apparent SARS-CoV-2"
myocytes and the presence of myocarditis, and between
apparent SARS-CoV-2" endothelial cells and the presence of
cardiac microthrombi. SARS-CoV-2 has been shown to be
able to infect human cardiac myocytes in vitro [27], and such
cardiac myocyte infection could result in the pathology of
myocarditis. However, only rare apparent SARS-CoV-27"
myocytes were identified in this study, suggesting cardiac
myocytes may be relatively resistant to infection by this
virus. Cardiac myocyte infection by SARS-CoV-2 in vitro is
associated with decreased ACE2 mRNA levels [27], as was
observed with the patients with cardiac SARS-CoV-2
infection here. The association of cardiac microthrombi
with apparent SARS-CoV-2" endothelial cells may provide
potential mechanistic insights into why some patients with
COVID-19 develop thrombi despite anticoagulation [28, 29].
Despite these intriguing associations, definitive identification
of the cardiac cell types infected by SARS-CoV-2, and the
alterations in ACE2 expression accompanying the infection
of these specific cells will require additional studies.

Comorbidities are present in many patients with COVID-
19 with critical illness. However, cardiac inflammation was
associated with neither the underlying medical conditions
nor the composite risk factor scores. Irrespective of the
presence of myocarditis or cardiac SARS-CoV-2 infection,
myocardial inflammation in these patients correlated posi-
tively and strongly with the duration of symptoms and
hospitalization and negatively with the red blood cell count,
suggesting that myocardial inflammatory infiltrates may
result in many patients with a long COVID-19 illness prior
to death. There were non-significant trends between myo-
cardial inflammatory cells and serum IL-6 levels, suggesting
systemically elevated cytokines could be promoting myo-
cardial inflammation.
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An interesting observation in this study was that treat-
ment with nonbiologic immunosuppression, predominantly
glucocorticoids, was associated with a lower prevalence of
myocarditis and less myocardial inflammation compared
with treatment with IL-6 blockade. Nonbiologic immuno-
suppression was also associated with a lower rate of cardiac
infection by SARS-CoV-2 compared with patients not
immunosuppression.

receiving nonbiologic

In this

retrospective study, it cannot be excluded that patients who
appeared more “inflamed”
ferentially treated with IL-6 blockade rather than gluco-
corticoids. Nonetheless, our observations are in agreement
with outcomes from clinical trials. In recent randomized
clinical trials of patients hospitalized for COVID-19, there
was no benefit in terms of disease progression with tocili-
zumab treatment compared with standard care [18-20]. In

by biomarkers were pre-
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Fig. 6 Relationships between clinical and laboratory features and
myocardial inflammatory cell densities. The densities of myocardial
CD68" macrophages, CD3" T-lymphocytes, and CD8" cytotoxic T-
lymphocytes were all correlated with the duration of hospitalization,
and there was a non-significant correlative association between the
density of CD4" helper T-lymphocytes and the duration of symptoms
(A). All four inflammatory cell types showed non-significant correla-
tive associations with the serum IL-6 levels (B). All four inflammatory

contrast, recent clinical trials have shown treatment with
dexamethasone or hydrocortisone to improve outcomes in
critically ill patients with COVID-19 [14—17]. Our obser-
vations suggest that part of the efficacy of glucocorticoids in
the setting of COVID-19 could be related to reduced cardiac
infection by the virus along with reduced myocardial
inflammation and myocarditis.
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cell types were inversely correlated with the serum red blood cell
levels (C). The myocardial inflammatory cell densities were also
compared between the patients receiving nonbiologic immunosup-
pression (see Supplementary Table S2), IL-6 blockade without non-
biologic immunosuppression or no immunosuppression (D). Data were
analyzed using linear regression (A, B, C) or ANOVA with post-test
by Bonferroni (D).

In patients with fatal COVID-19 disease, approximately
60-70% have viremia, with detectable SARS-CoV-2 in the
plasma by PCR [3, 4], consistent with our observation that
73% of the patients had detectable SARS-CoV-2 in the
myocardium at autopsy. In addition to the heart, previous
studies utilizing RT-PCR on fresh tissue have shown similar
levels of SARS-CoV-2 RNA in other organs throughout the
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body [9, 11, 13]. Thus, other organs such as the liver and
kidney may also contain a low level of SARS-CoV-2-
infected cells as was identified in the hearts of some of the
patients in this study.

In studies on both critically ill and relatively healthy
patients with COVID-19, viremia has been associated with
increased disease severity, markers of cytokine storm, and
mortality [3, 4, 32, 33]. Nevertheless, few analyses speci-
fically compared viremic and non-viremic patients dying
from COVID-19. In one analysis of critically ill patients
with COVID-19, no difference in the serum IL-6 levels was
noted between patients with or without viremia [4], con-
sistent with our observation on the lack of differences in
serum IL-6 levels in the VM~ and V"M™ groups. In addi-
tion, several laboratory values herein suggested that the
V™M™ group may experience less cytokine storm than the
V™M™ group, including better liver and renal function and
lower levels of D-dimer and LDH. Previous studies on
SARS-CoV in human and animal models suggested that
viral titers diminished with severe disease progression, and
that immune dysregulation may not always be closely
linked with viremia [34, 35]. The VTM™ group here may be
showing more viremia but less cytokine storm than the V~
M group.

This single-center study benefits from its systematic
approach to detailed histopathologic assessment and use of
ISH and NanoString transcriptomic profiling to detect
SARS-CoV-2. In our assessment of cardiac SARS-CoV-2
infection, the use of ISH in conjunction with NanoString
minimized the effects of peripheral blood contamination
due to circulating virions, which may affect other SARS-
CoV-2 molecular detection methods. However, there are
several limitations to this study.

Our study focused only on patients with fatal COVID-19
who underwent autopsy, and these cases represent only a
minor fraction of the 183 patients hospitalized with
COVID-19 at our institution who died during this time
period. In a recent study of the race and ethnicity of the
patients dying from COVID-19 during the spring of 2020 in
our hospital, 69% of fatalities were Caucasian patients [36],
while Caucasians comprise 56% of the autopsies in our
series. However, this prior study only included deaths
within 14 days of presentation, and many of the patients in
our study had durations of hospitalization that exceeded
14 days. Also, only a small number of the patients in our
study received antiviral therapy (Supplementary Table S2).
Thus, the results in this study may not be readily extendible
to all patients dying with COVID-19. Likewise, patients
who die from COVID-19 tend to be older with more
comorbidities than those who survive COVID-19 [37].In a
study of our hospital’s SARS-CoV-2 testing facility, the
median age of all patients testing positive for SARS-CoV-2

during the spring of 2020 was 47 with 50% being men [38],
compared with a median age of 67 and 66% men in our
autopsy series. Thus, our observations may not be gen-
eralizable to all patients with SARS-CoV-2 infection.

This study is also retrospective in nature; the clinical data
focused on cardiac function, including biomarker assess-
ment and echocardiography, were limited due to infection
control concerns and were driven by clinical assessments in
patients whose courses were mostly determined by pul-
monary disease and multisystem critical illness. While the
viral detection methodologies employed in this study are
relatively new, with limited assessment in varying clinical
settings, it is unlikely that other common coronaviruses will
cause false positive results. The NanoString SARS-CoV-2
target sequences in Supplementary Table S1 were each
compared to the other four most common coronaviruses
(229E, HKUI1, NL63, and OC43) using BLAST, and no
significant similarities were found (not shown).

In conclusion, for patients with fatal COVID-19, infec-
tion of the heart by SARS-CoV-2 is common but is often
limited with only rare infected cells. When present, myo-
carditis is often a relatively late event in the terminal disease
course and associated with need for RRT. Cardiac infection
by SARS-CoV-2 is associated with more electrocardio-
graphic changes. Nonbiologic immunosuppression is asso-
ciated with lower incidences of both myocarditis and
cardiac infection by SARS-CoV-2.
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