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Cardiac megakaryocytes in SARS-CoV-2-positive autopsies

Thromboembolic phenomena are an important compli-
cation of infection by severe acute respiratory coron-
avirus 2 (SARS-CoV-2). Increasing focus on the
management of the thrombotic complications of
Coronavirus Disease 2019 (COVID-19) has led to fur-
ther investigation into the role of platelets, and their
precursor cell, the megakaryocyte, during the disease
course. Previously published postmortem evaluations
of patients who succumbed to COVID-19 have
reported the presence of megakaryocytes in the cardiac
microvasculature. Our series evaluated a cohort of
autopsies performed on SARS-CoV-2-positive patients
in 2020 (n=36) and prepandemic autopsies per-
formed in early 2020 (n = 12) and selected to repre-
sent comorbidities common in cases of severe COVID-
19, in addition to infectious and noninfectious pul-
monary disease and thromboembolic phenomena.

Cases were assessed for the presence of cardiac
megakaryocytes and correlated with the presence of
pulmonary emboli and laboratory platelet parameters
and inflammatory markers. Cardiac megakaryocytes
were detected in 64% (23/36) of COVID-19 autopsies,
and 40% (5/12) prepandemic autopsies, with averages
of 1.77 and 0.84 megakaryocytes per cm?, respec-
tively. Within the COVID-19 cohort, autopsies with
detected megakaryocytes had significantly higher pla-
telet counts compared with cases throughout; other
platelet parameters were not statistically significant
between groups. Although studies have supported a
role of platelets and megakaryocytes in the response to
viral infections, including SARS-CoV-2, our findings
suggest cardiac megakaryocytes may be representative
of a nonspecific inflammatory response and are fre-
quent in, but not exclusive to, COVID-19 autopsies.
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Introduction

As of this writing, 530 million cases of Coronavirus
Disease 2019 (COVID-19), caused by the novel severe
acute respiratory coronavirus 2 (SARS-CoV-2), have
been documented worldwide since its initial detection.’
The symptomatology of COVID-19 is heterogeneous
and complex, ranging from mild, asymptomatic

Address for correspondence: Elisabeth Battinelli, Division of Hema-
tology Department of Medicine Brigham and Women'’s Hospital
Harvard Medical School, Boston, Massachusetts, USA.

e-mail: embattinelli@bwh.harvard.edu

Shared authorship.

© 2022 John Wiley & Sons Ltd.

infection to respiratory failure leading to multiorgan
failure and death. Currently, over 970,000 deaths due
to COVID-19 have been reported in the United States
alone. COVID-19 has an estimated case fatality rate of
1-10%, and increased risk of mortality has been asso-
ciated with older age, as well as cardiovascular and
pulmonary comorbidities.? *

Similar to other members of the coronavirus family
known to spread in humans, SARS-CoV (SARS) and
Middle East respiratory syndrome (MERS-CoV), SARS-
CoV-2 primarily effects the respiratory system.
Patients may present with mild symptoms such as
fever and cough, with progression to acute respira-
tory distress syndrome (ARDS), coagulopathy,
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multiorgan failure and death in severe cases.” > Severe
COVID-19 is associated with a robust inflammatory
response with immune dysfunction, including cytokine
release syndrome (CRS), which contributes to pul-
monary pathology and development of ARDS.*” The
immune response to SARS-CoV-2 is dynamic, and dif-
fers between patients with mild and severe infections.”
Laboratory findings in severe COVID-19 include eleva-
tions in inflammatory cytokines, including tumor
necrosis factor-o (TNF-at), and interleukins (IL), includ-
ing IL-1, IL-6, IL-8, IL-18, and other inflammatory
markers including C-reactive protein (CRP), D-dimer,
and fibrinogen.’ Elevations in inflammatory cytokines
and D-dimer have been associated with critical illness
and mortality.”® Other laboratory findings in severe
COVID-19 include prolonged prothrombin and acti-
vated partial thromboplastin time, lymphopenia, and
variably, thrombocytopenia.’**

Although initial reports emphasized the respiratory
dysfunction associated with severe COVID-19 infection,
thromboembolic phenomena were quickly recognized
as a common and significant complication of COVID-
19. Thrombosis has been reported in 30-40% of
patients hospitalized with COVID-19, and pulmonary
embolism is the most common reported complica-
tion."*'" Macroscopic thrombosis and microthrombi
are reported in ~20% and 50% of autopsies, respec-
tively.'>'* Histologic examination of lungs from
patients who died from COVID-19 frequently demon-
strate thrombotic phenomena, including venous
thromboemboli as well as capillary microthrombi, at
an increased prevalence compared to other respiratory
viruses such as influenza and SARS-CoV.'*'> Notably,
procoagulation abnormalities have also been described
in SARS and MERS.'°

Increasing focus on the management of the throm-
botic complications of COVID-19 has led to investiga-
tions into of the role of platelets, and their precursor
cell, the megakaryocyte, during the disease course. In
addition to their well-described contribution to throm-
bosis, platelets also play diverse roles in innate and
adaptive immunity and act as inflammatory effectors
in processes such as atherosclerosis.'” '? Platelet
count, size, and immaturity are associated with critical
illness and all-cause mortality in COVID-19.%° Platelet
activation occurs in inflammatory states, including
viral infection, and contributes to the development of
ARDS.?'?* Enhanced platelet activation has been pre-
viously studied in other respiratory viral infections.
Platelets have been demonstrated to internalize other
viral particles, including human immunodeficiency
virus (HIV), hepatitis C virus, and dengue with resultant
platelet activation and demonstrable degranulation

with release of complement (C3).2>%>2° COVID-19 is
associated with alteration of platelet number, size and
function, include hyperactivity and increased aggrega-
tion, and increased thromboxane generation.'®2%2”
Alterations in platelet activation have been described
in patients with severe infection, and increased activa-
tion has been associated with poorer patient outcomes,
including thrombosis or death.!®2%:28

Megakaryocytes, the precursor cell of platelets, are
normally present in human bone marrow and lungs
and shed platelets into circulation. Pulmonary
megakaryocytes are hypothesized to play a role in plate-
let homeostasis, although their contribution to overall
platelet production is unclear.???° Increased pul-
monary megakaryocytes have been previously reported
in conditions such as diffuse alveolar damage, sepsis,
and shock.’®>® Platelets produced by pulmonary
megakaryocytes are active contributors to alveolar
damage and repair responses in Diffuse alveolar damage
(DAD).?"?? There are numerous reports of increased
pulmonary megakaryocytes in COVID-19.%>**!

Curiously, in addition to the lung, megakaryocytes
have also been identified postmortem in cardiac tissue
of COVID-19 patients.'? Typical acute cardiac find-
ings in COVID-19 autopsies attributable myocardial
infarction and early ischemic injury, mural fibrin
thrombi, and mild epicardial inflammation.'? Com-
monly, manifestations of chronic cardiac disease are
identified, including myocardial hypertrophy, coro-
nary atherosclerosis, and focal myocardial fibrosis.**
Despite interest in cardiac findings in COVID-19 based
on early reports of myocarditis, which have not been
supported by subsequent autopsy series, review of the
autopsy literature does not reveal widespread report-
ing of this subtle finding in COVID-19 cases.**> Rap-
kiewicz et al. reported the presence of megakaryocytes
in the cardiac microvasculature in seven of seven
cases, and Tombolini et al. reported in two of two
cases.'>** However, there have been no large series
investigating whether this is exclusive to covid infec-
tion or seen in other inflammatory processes.

In our series, we examined cardiac tissue obtained
from 36 consecutive autopsies of COVID-19 patients
performed at our institution to identify the presence
of megakaryocytes in microvasculature. Additionally,
we examined cardiac tissue from 12 control, non-
COVID cases performed prior to the start of the
COVID-19 pandemic. These cases were selected fol-
lowing retrospective review of finalized autopsy
reports to represent nonspecific histopathologic find-
ings overlapping with features of COVID-19, includ-
ing diffuse alveolar damage or thromboemboli and
comorbidities frequently associated with severe
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COVID-19, including atherosclerotic and ischemic
heart disease or immunosuppression (see summary
tables for clinical information).

Materials and Methods
PATIENT SAMPLES

This study was performed with the approval of the
Institutional Review Board at Brigham and Women's
Hospital. Cases were retrieved from the Anatomic
Pathology files of Brigham and Women’s Hospital
and included 36 patients with laboratory-confirmed
COVID-19 who underwent autopsy between April-
June 2020, and 12 patients who underwent autopsy
pre-COVID-19 pandemic between January—April
2020. Prepandemic control cases were selected to
include causes of death overlapping with features of
severe COVID-19 (including thromboemboli or pul-
monary embolus [n = 4], diffuse alveolar damage
[n = 2], bronchopneumonia [n = 2]), or based on pre-
existing conditions (atherosclerotic coronary artery
disease and/or ischemic heart disease [n = 3], intersti-
tial lung disease [n = 2], metastatic carcinoma
[n=1]). Of the COVID-19 patients, 32 (88.89%)
patients had tested positive for SARS-CoV-2 by RT-
PCR of nasopharyngeal swabs in a CLIA-certified lab-
oratory during hospital admission, and the remainder
were positive by serology (IgG).

The electronic medical record was searched in all
cases for medical comorbidities, admission status (ICU
or non-ICU), SARS-CoV-2 detection methodology,
antiplatelet medications, and use of extracorporeal
membrane oxygenation. Available premortem labora-
tory values, including the latest documented result
within 1 week of the patient’s death, were evaluated,
including platelet counts, mean platelet volume
(MPV), prothrombin time (PT), partial thromboplastin
time (PTT), C-reactive protein (CRP), D-dimer, fibrino-
gen, and IL-6 were assessed.

All patients underwent unrestricted autopsy with
complete anatomic dissection, except for patients 14,
44, and 45 in whom the brain was excluded from
the autopsy permission. The presence of gross pul-
monary emboli and microthrombi at autopsy were
reported. Hematoxylin and eosin-stained histologic
sections were reviewed by multiple surgical patholo-
gists (K.L.G., R.F.P., O.P.).

HISTOLOGY AND IMMUNOHISTOCHEMISTRY (IHC)

Hematoxylin and eosin-stained histologic sections for
COVID-19 autopsies were reviewed by surgical
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pathologists (R.F.P., K.LG.). Histologic descriptions for
control autopsies were recorded from finalized
autopsy reports. IHC was performed on a single repre-
sentative block from each case, consisting of left and/
or right ventricle, using a modified protocol described
by Klairmont et al.*> Staining for CD42b was per-
formed on a BOND III Immunostainer (Leica Biosys-
tems, Buffalo Grove, IL, USA). Pretreatment (heat-
induced epitope retrieval) at low pH (ER1; Leica
Biosystems) was performed for 30 min, followed by
incubation with antihuman CD42b rabbit mono-
clonal antibody (clone SP219; ABCAM, Waltham,
MA, USA), diluted 1:1000 for 1 h. Detection was per-
formed using DAB Refine Polymer Detection Kit
(Leica Biosystems). Slides were then briefly immersed
in dilute copper sulfate solution, counterstained,
dehydrated through solvents, and coverslipped. THC
stains were reviewed for the presence of megakary-
ocytes by three surgical pathologists (K.L.G., R.F.P.,
0.P.). Reviewing pathologists were not blinded to the
COVID-19 status of the decedent. Megakaryocytes
were enumerated in each slide. To account for differ-
ences in sampling, tissue present on each slide was
individually measured to express the number of
megakaryocytes present per cm?.

STATISTICAL ANALYSES

Laboratory results were compared between COVID-
19-positive and COVID-19-negative cohorts, cases
with and without detectable cardiac megakaryocytes
between cohorts and within the same autopsy
cohorts. The raw number of megakaryocytes detected
and number of megakaryocytes per cm? was com-
pared between COVID-19-positive and egative autop-
sies. Statistical analysis performed with GraphPad
Prism software (San Diego, CA, USA) included
unpaired two-tailed T-test and Fischer’s test.

Results
CLINICOPATHOLOGIC DATA

Clinicopathologic data in 36 patients with COVID-19
and 12 patients without COVID-19 are summarized
in Table 1. In the COVID-19-positive cohort, 14
female and 21 male decedents with an average age of
68.1 years (range, 43-96 years), were assessed. In
the control prepandemic group, three females and
nine males, with an average age of 68.2 years
(range, 54-77 years), were assessed. Documented
antiplatelet therapies included aspirin (6/12 control
[50.00%], 4/36 COVID-19 [11.11%]) and clopidogrel
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use in one COVID-19 patient (1/36, 2.78%). Antico-
agulation, including active outpatient and inpatient
medications, was documented in seven control (7/12,
58.33%) and 24 COVID-19 (24/36, 66.67%) cases
(Table 1). Twenty-five (25/36, 69%) of COVID-19
patients were admitted to the ICU and one underwent
Extracorporeal membrane oxygenation (ECMO), com-
pared with nine (9/12, 75%) of the prepandemic
patients. No prepandemic patients underwent ECMO.
The average interval between SARS-CoV-2 detection
and death was 13.6 days (range, 0—44 days).

LABORATORY DATA

Premortem laboratory results for control and COVID-
19 patients are summarized in Table 2. Average val-
ues are provided when adequate data are available,
with exclusion of laboratory results outside of the
assay’s quantifiable range (reported as multiple of
upper limit of normal). In the COVID-19-positive
cohort, average laboratory values were as follows:
platelet count = 237.1 K/ul (range, 37-642), MPV =
10.99 fl  (range, 9.2-13.2), CRP = 109.0 mg/l
(range, 6.1 - >300), fibrinogen = 514.1 mg/dl
(range, < 60-758), IL-6 = 152.8 pg/ml (range, 8.1 —
>400), PT= 20.8 sec (range, 12.6-64.4),
PTT = 44.7 sec (range, 13.5 — >150).

In the prepandemic cohort, average laboratory val-
ues were as follows: platelet count = 250.5 K/uL
(range, 77-520), MPV = 11.29 fl (range, 9.9-11.8),
CRP = 60.2 mg/l  (range, 8.3-144.1), fibrino-
gen = 464.2 mg/dl (range, 203-602), PT = 23.5 sec
(range, 13.0-37.5), PTT = 67.8 sec (range, 29.8—
138.3). D-dimer levels, expressed as multiples of the
upper limit of normal, averaged 6.19 in the COVID-
19 cohort (range, 1.5-10) and 7.00 in the prepan-
demic cohort (range, 4-8). An IL-6 measurement
was only documented in one prepandemic case, with
a value of 69.6 pg/ml.

Platelet parameters, including platelet count,
MPV, CRP, fibrinogen, IL-6, d-dimer, PT, PTT values
were reflective of inflammatory states and compara-
ble between SARS-CoV-2 and prepandemic cohorts,
with no statistically significant differences as
described above. Troponin values approached statis-
tical significance, and were higher in the prepan-
demic cohort, with an average of 829.5 ng/l in the
prepandemic cohort compared to 44.7 ng/l in the
COVID-19-positive cases (P = 0.0054; difference
between means and SEM = 784.8 + 258.2). This
result is likely reflective of intentional selection of
cases with cardiac comorbidities for the non-COVID
cohort.

© 2022 John Wiley & Sons Ltd., Histopathology
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AUTOPSY FINDINGS

The postmortem interval was 1-2 days in all cases.
Causes of death are summarized in Table 1. Pul-
monary thromboemboli were documented in 67% of
COVID-19 cases (24/36 cases) compared with 50% of
preCOVID control cases (6/12 cases), P = 0.3250.
There was no correlation between antiplatelet ther-
apy and the presence of thromboemboli (correlation
coefficient = —0.04957). There was no relationship
between platelet count and antiplatelet therapy in
either cohort (in the COVID+ cohort, P = 0.8916; in
prepandemic autopsies, P = 0.8875).

Gross and histologic cardiac findings frequently
included manifestations of chronic disease (Table 3).
Most frequent gross findings included cardiomegaly
and/or ventricular hypertrophy and dilation in 55%
of COVID-19 cases (20/36) and 50% of prepandemic
cases (6/12), CAD in 55% of COVID-19 cases (20/
36), and 42% of prepandemic cases (5/12). Histologic
findings included at least moderate myocyte hypertro-
phy documented in 5% of COVID-19 cases (2/36)
and 42% of prepandemic cases (5/12). Acute
ischemic changes, including myocardial infarction
and microinfarction, were identified in 22% of
COVID-19 cases (8/36) and 42% of prepandemic
cases (5/12). Myocarditis was reported in one COVID-
19 patient.

CARDIAC MEGAKARYOCYTES

Megakaryocytes were detected by CD42b IHC in the
cardiac microvasculature of 23 (64%) of cases in our
COVID-19 autopsy series (see Figure 1A, Table 3).
An average of 5.8 megakaryocytes were detected per
section, or 1.77 megakaryocytes per cm?. The aver-
age age of COVID-19 cases with megakaryocytes was
67.2 years, compared with 69.6 years in the remain-
ing cases. The interval between SARS-CoV-2 detec-
tion and death was unknown in three cases. The
interval was not statistically different between groups,
with an average interval of 12.9 days in the patients
with megakaryocytes and 15 days in the remaining
cases (P = 0.644). Of the COVID-19-positive patients
who had megakaryocytes identified in the cardiac
microvasculature, 17 patients (17/23, 74%) were
admitted to the ICU and none underwent ECMO.
Nineteen patients (19/ 23, 82.61%) had COVID-19
pneumonia listed as the primary cause of death, with
diffuse alveolar damage in three cases and superim-
posed bacterial pneumonia in one case. The causes of
death in the remaining cases included malignancy
(n = 2), multisystem organ failure (n = 2), and
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atherosclerosis. Pulmonary emboli were reported in
13 (13/23, 56%), compared with five (5/19, 38%) of
cases without megakaryocytes.

Megakaryocytes were identified in five (5/12, 40%)
of prepandemic autopsies (Figure 1B). An average of
2.6 megakaryocytes were detected per section, or
0.84 megakaryocytes per cm”. The average age of
prepandemic cases with megakaryocytes was
70.6 years, compared with 66.6 in the remaining
cases. All five patients were admitted to the ICU, and
causes of death included bronchopneumonia (n = 2,
with atherosclerotic coronary artery disease con-
tributing in one case), diffuse alveolar damage (n = 2,
with usual interstitial pneumonia contributing in one
case), and multisystem organ failure due to throm-
boembolism in one case. Pulmonary emboli were
reported in three cases (3/5, 60%), compared with
three (3/7, 43%) cases without megakaryocytes.

COVID-19 autopsies with detected megakaryocytes,
average laboratory values were as follows: platelet
count = 284.3 K/ul (range, 120-642), MPV = 11.07 fl

g Figure 1. Cardiac

o megakaryocytes were identified

in both COVID-19-positive and

- prepandemic autopsies.

Megakaryocytes are

A challenging to identify on H&E

alone, in part due to their

unusual morphology that

differs significantly from bone

marrow megakaryocytes. The

morphologic features, such as

lobulated nuclei, condensed

chromatin and scant

cytoplasm, and presence

between cardiomyocytes can

] help megakaryocyte

/ identification. Morphology was
similar in COVID-19-positive
(A,C) and prepandemic cases
(B, D). Immunohistochemistry
for CD42b allows for
enumeration of
megakaryocytes in COVID-19-
positive (E) and prepandemic
decedents (F).

(range, 9.2-13.2), CRP = 103.8 mg/l (range, 6.3 —
>300), fibrinogen = 551.0 mg/dl (range, < 60-748),
IL-6 = 168.1 pg/ml (range, 8.1-400), PT = 21.14 sec
(range, 12.6-64.4), PTT = 43.50 sec (range, 25.5 —
>150). D-dimer levels, expressed as multiples of upper
limit of normal, averaged 5.99 (range, 1.5-10). In
prepandemic autopsies with detected megakaryocytes,
average laboratory values were as follows: platelet
count = 255.3 K/ul (range, 86-390), MPV = 10.90 fl
(range, 10.3-11.5), CRP = 62.45 mg/l (range, 53.6—
71.3), PT = 24.50 sec (range, 17.3-36.2). PTT was
only documented in one case, resulting at 45.9 sec.
D-dimer levels, expressed as multiples of upper limit
of normal, averaged 8.00 (range, 4-8). Fibrinogen
and II-6 were only documented once, resulting at
602 mg/dl and 69.6 pg/ml, respectively.

We compared laboratory values in cases with and
without cardiac megakaryocytes, and between
COVID-19 and prepandemic autopsies with detectable
megakaryocytes (Table 4). Platelet counts were signif-
icantly higher in COVID-19-positive cases, with

© 2022 John Wiley & Sons Ltd., Histopathology



Platelet Count

800 =
600 ¢ *
= ) o
>3 ] [}
< & L *
3 400 =
o
©
°
©
T 200 -
0_
O @
COE L P L
S e & o S
N F P F S
NS N 8
N N\
Group

Figure 2. Comparison of platelet counts between all COVID-19 and
prepandemic autopsies.

megakaryocytes present compared to those without
megakaryocytes, with an average of 284 K/ul in
cases with megakaryocytes present, and 143 K/ul in
cases without (P = 0.0157; difference between means
and SEM = —141.5 + 55.03). All other platelet
parameters showed no statistically significant differ-
ences between groups (Figure 2). In COVID-19 autop-
sies, the average number of megakaryocytes per
section and per cm”® was 5.78 (range, = 1-22) or
1.77 per cm? (range, = 0.40—3.85). In prepandemic
autopsies, an average of 2.6 megakaryocytes were
identified per section (range, = 1-5) or 0.84 per cm?
(range, = 0.30-1.96). However, there was no statisti-
cally significant difference in megakaryocyte quantifi-
cation between COVID-19-positive and prepandemic
autopsies with detectable megakaryocytes. There was
no relationship between antiplatelet therapy and
number of cardiac megakaryocytes (P = 0.4234),

Discussion

Postmortem examinations remain a powerful tool to
understand pathologic manifestations of disease.
Undoubtably, they have been invaluable in our
understanding of COVID-19. Although there has been
much interest in the effects of COVID-19 on cardiac
tissue, there are limited reports of cardiac megakary-
ocytes in the literature. We report the presence of

© 2022 John Wiley & Sons Ltd., Histopathology
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megakaryocytes within the microvasculature of 23
(23/36, 64%) of COVID-19 autopsies in our institu-
tion, and in five prepandemic cases without COVID-
19 (5/12, 40% of selected cases). This finding is fre-
quent, but not ubiquitous in COVID-19 autopsies.
The presence of megakaryocytes in the heart of non-
COVID patients suggests this may be a nonspecific
inflammatory response, rather than a response to
viral infection. Given the focus on platelets and
thrombosis in COVID-19 manifestations, it is impor-
tant to consider that the presence of megakaryocytes
in the heart is not exclusive to COVID-19 pathology
and that this finding should not be overinterpreted as
a finding characteristic of SARS-CoV-2 infection.

The finding of megakaryocytes within the cardiac
microvasculature is not a novel finding, although
there are few contemporary studies describing this
phenomenon. As part of investigative efforts to deter-
mine the origin of megakaryocytes, Brill and Halpern
examined multiple organs in a series of autopsies
which represented neoplastic, infectious, inflamma-
tory, and cardiovascular etiologies.*® In 45 cases
with available cardiac tissue, megakaryocytes were
detected in 13% of cases. The largest study to date,
published by Smith and Butcher in 1952, reviewed
180 total autopsy cases and compared the incidence
of megakaryocytes in the heart and other tissues
between in-hospital deaths and “sudden deaths” such
as accidental injuries.*” By assessment of routine his-
tologic sections, the authors reported the presence of
megakaryocytes in the heart, lung, liver, spleen, kid-
ney, adrenal and pituitary glands, brain, lymph
nodes, pancreas as well as the marrow. Cardiac
megakaryocytes were described in 16% of “sudden
death” cases, compared with 45% of hospital deaths.

The morphology of cardiac megakaryocytes differs
from that of their marrow-based counterparts, render-
ing them difficult to detect on routine histologic sec-
tions (Figure 1). Megakaryocytes in peripheral
capillaries are smaller in size, with less cytoplasm,
and frequently have hypolobated, round nuclei that
may be distorted by the shape of vascular channels.
Therefore, it can be challenging to distinguish true
megakaryocytes from degenerating cardiac myocyte
nuclei. The unique morphology of cardiac megakary-
ocytes, and sparse distribution among the tissue, sug-
gests that this finding may be underreported in
routine assessment. The megakaryocyte-specific
immunohistochemical detection method provides a
useful means for accurate identification.

Due to our study size, it is difficult to correlate the
presence of cardiac megakaryocytes and thrombotic
events. Among the COVID-19 autopsy patients,
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platelet counts were indeed significantly higher in
cases with megakaryocytes present compared to those
without megakaryocytes, with an average platelet
count of 284.3 K/pl in cases with megakaryocytes
present and 142.8 K/ul in cases without megakary-
ocytes (P =0.0157; difference between means
and SEM = —141.5 + 55.03). However, it is unclear
what contribution cardiac megakaryocytes make, if
any, to overall platelet production. Cardiac megakary-
ocytes in this group may be reflective of increased
megakaryopoiesis in the marrow and therefore
thrombopoiesis, rather than a causal relation. Previ-
ously published postmortem evaluation of bone mar-
row in COVID-19 autopsies showed increased
megakaryocytes in 15% of examined cases.*® It has
been postulated that elevations in IL-6 in severe
COVID-19 may stimulate megakaryopoiesis and plate-
let production in marrow and pulmonary megakary-
ocytes.*” There were no significant differences in
clotting parameters (PT, PTT); a greater proportion of
cases with megakaryocytes in the heart had pul-
monary emboli either diagnosed clinically or detected
at autopsy. In cases with megakaryocytes present, 13
COVID-19 cases (13/23, 56%) and three control
cases (3/5, 60%) had pulmonary emboli present,
compared with five (5/16, 38%) of the remaining
COVID-19 cases and three (3/7, 47%) of the remain-
ing control cases (P = 0.3618).

The role of platelets in disease has been more widely
studied than that of their precursor cell. Platelets
receive their mRNA repertoire from megakaryocytes via
highly regulating pathways during thrombopoiesis.””>"
Despite lacking a nucleus, platelets have active spliceo-
some machinery and can process mRNA, which may
play a role in platelet activation.’? Evidence of alter-
ations in the platelet transcriptome and proteome have
been described in diverse diseases, such as myocardial
infarction, sepsis, malignancy, autoimmune disease
such as lupus, and aging.”® In the absence of disease,
platelet gene expression has been demonstrated to be
stable in individuals over time.>* In vitro studies have
demonstrated similar transcriptional and translational
studies in response to sepsis in mice comparable to
those in patient-derived platelets and demonstrate
higher amounts of olIIf directly correlating with sur-
vival.>®> High levels of procoagulant platelets have been
implicated in noninfectious inflammatory conditions as
well, such as arterial thrombotic disease.’® Platelets are
known to contribute to the development of atheroscle-
rosis through induction of SOCS3 in plague macrophages,
with resultant inflammatory cytokine production (116,
II1b, and TNF-o) and impaired phagocytic capacity,
thus contributing to sustained plaque formation.'”
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There is some evidence that megakaryocytes may also
play a role in the development or response to a nonin-
fectious inflammatory condition, as increased numbers
of circulating megakaryocytes have been detected in
patients following acute myocardial infarction.’” As
megakaryocytes have a longer lifespan than the 9-
11 day circulation period of their progeny, much is left
to be discovered regarding their potential role in devel-
opment of and response to disease states, as well as
how these transcriptomic and proteomic changes are
conveyed to platelets.

The role of platelets and megakaryocytes in SARS-
CoV-2 infection is under active investigation and of
interest, as characterization of the immune response to
SARS-CoV-2 may aid in stratification of patients and
improve management.”® Whether the altered platelet
function observed in COVID-19 is a result of viral
interactions or systemic inflammation is unclear, both
processes have potential to contribute to the observed
platelet phenotype in severe COVID-19. Both platelets
and megakaryocytes are thought to be active in innate
immunity, and antiviral activity has been previously
demonstrated during viral infections. Internalization of
influenza by platelets has been previously described
through a phagocytosis-like process with subsequent
digestion.'®>? SARS-CoV-2 virions has been identified
in circulating platelets, and studies of platelet RNA
expression demonstrate alterations in pathways associ-
ated with Mitogen-activated protein kinase activation,
ubiquitination, antigen presentation, mitochondrial
dysfunction, and upregulation of antiviral proteins
such as Interferon-induced transmembrane protein 3
(IFITM3).1¢:242728 Interestingly, uptake of SARS-CoV-
2 results in increased expression of pathways responsi-
ble for programmed cell death, suggestive of a probable
role in viral clearance.”* Taken together, these findings
suggest platelets are active, not passive, factors in the
acute response to infection by SARS-CoV-2.°°

The potential role of megakaryocytes in the response
to infection by SARS-CoV-2 is not well understood. In
response to influenza and dengue virus, megakary-
ocytes overexpress IFITM3 and may play a regulatory
role in response to infection.®’ There is conflicting evi-
dence regarding the ability of SARS-CoV-2 to directly
enter megakaryocytes. Retrospective analysis of pub-
lished deep-sequencing and microarray data have not
demonstrated Angiotensin-converting enzyme 2 (ACE2)
expression on megakaryocytes.®? Although megakary-
ocytes are not known to express the ACE2 receptor,
recent studies have demonstrated expression of ACE2
in platelet in vitro.°> Transcriptomic studies have
shown expression of CD147 on primary megakary-
ocytes and proposed this receptor as a means of

entry.?” Barrett et al. recently reported visualization of
SARS-COV-2 virions in megakaryocytes within the
bone marrow and replicating SARS-CoV-2 detected in
the pulmonary megakaryocyte from a deceased
COVID-19 patient; however, this finding has not been
identified by other authors.>**’

Much of our understanding of megakaryocyte func-
tion is based on study of the bone marrow; however,
there is a growing body of evidence to suggest func-
tional and phenotypic differences in other tissue loca-
tions, namely, a more robust immunoinflammatory
function. The lung is the best described of these
extramedullary sites. Flow cytometric and transcrip-
tomic studies in murine models show a greater pro-
portion of lung megakaryocytes express markers of
terminal maturation, suggestive of priming for effi-
cient platelet production.®® Interestingly, lung
megakaryocytes express greater levels of immune
molecules compared to those residing in the marrow,
with inducible immunophenotypic changes reminis-
cent of antigen-presenting cells. Lung megakaryocytes
show elevated expression of markers including MHC
II, CD80, CD40, ICAM-1, LFA-1, and CCR7 compared
to their marrow counterparts.®*®> Further studies are
needed to elucidate a specific role for megakaryocytes
and platelets in COVID-19, and more generally in
immunoregulatory roles, and how this role differs in
the setting of tissues outside of the bone marrow.

Limitations of our study include sample size and
patient selection, as patients who undergo autopsy at
our institution may not be representative of the over-
all population. Moreover, control cases were retro-
spectively selected from institutional records by the
authors. Documentation is limited in some cases, and
laboratory and prescription data were not universally
available for reporting.

In summary, the presence of megakaryocytes in
the heart is not unique to COVID-19, as these/our
findings demonstrate the presence of megakaryocytes
in the hearts of patients that died from noninfectious
causes and other viral infections. Our findings suggest
the presence of megakaryocytes in the cardiac
microvasculature may be a nonspecific response to
systemic inflammatory stimuli or pulmonary dysfunc-
tion, rather than a specific or coordinated response to
infection. Notably, the presence of increased pul-
monary and cardiac megakaryocytes has not been
correlated with overall platelet production, nor has
their abundance at autopsy been related to clinical
thrombosis. The pathologic role of megakaryocytes
found in cases of patients who died from SARS-CoV-2
infection is unclear. Randomized controlled trials of
the use of aspirin or P2Y12 inhibitors have found no

© 2022 John Wiley & Sons Ltd., Histopathology



benefit when used with heparin anticoagulation in
both moderately ill and critically ill patients to date
(RECOVERY, ACTIV-4A, REMAP-CAP),°® %% suggest-
ing that these megakaryocytes and the platelets they
produce may play little role in the development of the
thromboinflammation and microvascular thrombosis
that characterizes severe COVID-19.
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