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Abstract
Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 has led to a global public health crisis. In elderly individuals
and those with comorbidities, COVID-19 is associated with high mortality, frequently caused by acute respiratory distress
syndrome. We examine in situ expression of SARS-CoV-2 in airways and lung obtained at autopsy of individuals with
confirmed COVID-19 infection. Seven autopsy cases (male, N= 5; female, N= 2) with reverse transcriptase-polymerase
chain reaction (RT-PCR)-confirmed SARS-CoV-2 infection and a median age of 66 years (range, 50–77 years) were
evaluated using a rabbit polyclonal antibody against SARS Nucleocapsid protein in correlation with clinical parameters. The
median time from symptom onset to death was 9 days (range, 6–31 days), from hospitalization 7 days (range, 1–21 days),
from positive RT-PCR 7 days (range, 0–18 days), and from intensive care unit admission defining onset of respiratory failure
3 days (range, 1–18 days). Chest imaging identified diffuse airspace disease in all patients corresponding to acute and (N= 5)
or organizing (N= 2) diffuse alveolar damage (DAD) on histologic examination. Among five patients with acute-phase DAD
(≤7 days from onset of respiratory failure), SARS-CoV-2 was detected in pulmonary pneumocytes and ciliated airway cells
(N= 5), and in upper airway epithelium (N= 2). In two patients with organizing DAD (>14 days from onset of respiratory
failure), no virus was detected in lungs or airways. No endothelial cell infection was observed. The findings suggest that
SARS-CoV-2 infection of epithelial cells in lungs and airways of patients with COVID-19 who developed respiratory failure
can be detected during the acute phase of lung injury and is absent in the organizing phase.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) (https://www.who.int/csr/don/05-january-2020-

pneumonia-of-unkown-cause-china/en/) [1], the virus
responsible for the Coronavirus disease 2019 (COVID-19),
emerged in Wuhan, China in early December 2019
(https://www.who.int/csr/don/05-january-2020-pneumonia-
of-unkown-cause-china/en/) and achieved pandemic status
3 months later. COVID-19 is associated with a case fatality
rate of 1–10%, with greater mortality in elderly patients and
those with cardiovascular and pulmonary comorbidities
[2–4]. Most patients present with fever and cough; a subset
progress to severe acute respiratory distress syndrome
(ARDS) [2–4].

Lung histopathologic manifestations of COVID-19
described to date are largely nonspecific and include
edema, proteinaceous exudate, diffuse alveolar damage
(DAD) with hyaline membrane formation, reactive pneu-
mocyte hyperplasia, interstitial mononuclear inflammatory
infiltrates dominated by lymphocytes, and multinucleated
giant cells, often without telltale viral cytopathic changes or
characteristic intranuclear or intracytoplasmic viral inclu-
sions [5–11]. Vascular thrombosis, however, appears to be

* Lynette M. Sholl
lmsholl@bwh.harvard.edu

1 Department of Pathology, Brigham and Women’s Hospital,
Harvard Medical School, Boston, MA, USA

2 Division of Infectious Diseases, Brigham and Women’s Hospital,
Boston, MA, USA

3 Department of Population Medicine, Harvard Medical School and
Harvard Pilgrim Healthcare Institute, Boston, MA, USA

4 Department of Radiology, Brigham and Women’s Hospital,
Harvard Medical School, Boston, MA, USA

Supplementary information The online version of this article (https://
doi.org/10.1038/s41379-020-0595-z) contains supplementary material,
which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-020-0595-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-020-0595-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-020-0595-z&domain=pdf
http://orcid.org/0000-0001-9710-5500
http://orcid.org/0000-0001-9710-5500
http://orcid.org/0000-0001-9710-5500
http://orcid.org/0000-0001-9710-5500
http://orcid.org/0000-0001-9710-5500
http://orcid.org/0000-0003-3432-0902
http://orcid.org/0000-0003-3432-0902
http://orcid.org/0000-0003-3432-0902
http://orcid.org/0000-0003-3432-0902
http://orcid.org/0000-0003-3432-0902
http://orcid.org/0000-0002-9532-9735
http://orcid.org/0000-0002-9532-9735
http://orcid.org/0000-0002-9532-9735
http://orcid.org/0000-0002-9532-9735
http://orcid.org/0000-0002-9532-9735
https://www.who.int/csr/don/05-january-2020-pneumonia-of-unkown-cause-china/en/
https://www.who.int/csr/don/05-january-2020-pneumonia-of-unkown-cause-china/en/
https://www.who.int/csr/don/05-january-2020-pneumonia-of-unkown-cause-china/en/
https://www.who.int/csr/don/05-january-2020-pneumonia-of-unkown-cause-china/en/
mailto:lmsholl@bwh.harvard.edu
https://doi.org/10.1038/s41379-020-0595-z
https://doi.org/10.1038/s41379-020-0595-z


more common in COVID-19 lungs [12]. However sys-
tematic descriptions of the gross and histopathologic find-
ings in the lower respiratory tract are still limited.

Molecular and serologic testing methods for COVID-19
diagnosis and seroconversion are the focus of many ongo-
ing studies [13–17]. Based on the distribution of viral RNA
in clinical specimens, SARS-CoV-2 is thought to infect the
nasopharynx and then spread to the lower respiratory tract
[18, 19]; however, the temporal dynamics of viral tropism
in patients infected with SARS-CoV-2 have not been illu-
strated in situ in patient samples.

Anti-SARS immunohistochemical (IHC) testing on
formalin-fixed paraffin-embedded (FFPE) tissue sections
obtained through surgical resection or autopsy can aid in
identifying histologic correlates of SARS-CoV-2 infection
and in establishing a specific tissue diagnosis.

The aim of this study was to examine the gross and
histologic patterns of tissue injury in correlation with viral
protein expression in the conducting airways and lungs at
autopsy in a series of patients with confirmed SARS-CoV-2
infection.

Materials and methods

Patient samples

This study was performed with the approval of the Insti-
tutional Review Board at Brigham and Women’s Hospital.
Cases were retrieved from the Anatomic Pathology files of
Brigham and Women’s Hospital and included seven
patients with laboratory confirmed COVID-19 who under-
went autopsy in April 2020. All patients had tested positive
for SARS-CoV-2 by RT-PCR of nasopharyngeal swabs in a
CLIA-certified laboratory during hospital admission. All
patients had radiologic imaging performed and underwent
unrestricted autopsy with complete anatomic dissection,
except for patient 5 in whom the brain was excluded from
the autopsy permission. Hematoxylin and eosin-stained
histologic sections were reviewed by multiple surgical
pathologists (IMS, RFP, IHS, JLH, and LMS).

Immunohistochemistry (IHC)

IHC was performed on 4-µm-thick FFPE tissue sections
following pressure cooker antigen retrieval (Target Retrie-
val Solution; pH 6.1; Dako, Carpinteria, CA) using a rabbit
polyclonal antibody directed against a peptide derived from
SARS-CoV Nucleocapsid protein [20] (catalog no. NB100-
56576, Novus Biologicals, Centennial, CO; 1:500 dilution)
and the Novolink Polymer Detection System (Leica Bio-
systems, Buffalo Grove, IL) creating a brown reaction
product. For double labeling of SARS with TTF-1 and PU.1

(SPI1), respectively, a red reaction product was used for
SARS (1:200 dilution), together with mouse monoclonal
antibodies directed against TTF-1 (clone 8G7G3/1, catalog
no. M3575, Dako, Carpinteria, CA; 1:200 dilution) and
PU.1 (clone G148-74, catalog no. 554268, BD Biosciences,
San Jose, CA; 1:200 dilution), with the EnVision Plus
detection system (Dako) resulting in a brown reaction
product. For double labeling of SARS with p63, MUC5AC,
and FOXJ1, a red reaction product was used for SARS
(1:200 dilution), together with mouse monoclonal anti-
bodies against p63 (clone 4A4, Biocare Medical, Pacheco,
CA; 1:150 dilution), MUC5AC (clone 45M1, Abcam,
Cambridge, MA; 1:10,000 dilution), and FOXJ1 (clone
CL3989, Sigma, St. Louis, MO; 1:250 dilution), with the
EnVision Plus detection system (Dako) resulting in a brown
reaction product. Appropriate positive (i.e., lung samples
from individuals with COVID-19 obtained at autopsy) and
negative controls (i.e., lung samples from individuals pre-
COVID-19 pandemic) were used throughout. The SARS-
CoV nucleocapsid antibody used in the present study has
been evaluated by The Centers for Disease Control and
Prevention (CDC) and the authors demonstrated no cross-
reactivity with influenza A (H1N1), influenza B, respiratory
syncytial virus, parainfluenza virus type 3, human cor-
onavirus (HCoV) 229E, or MERS-CoV in PCR-confirmed
tissues [21]. It has also been used in non-human primate
studies [22] and overall appears to be highly sensitive and
specific for SARS-CoV-2 during the ongoing pandemic.
Three representative lung sections and one upper airway
section were stained in each patient. The number of positive
cells per 4 mm2 was counted to determine extent of staining.
IHC stains were reviewed by multiple surgical pathologists
(IMS, RFP, JLH, and LMS).

Results

Clinicopathologic findings

Clinicopathologic data in seven patients with COVID-19
(SARS-CoV-2 infection) who underwent autopsy are sum-
marized in Table 1. Altogether, five male and two female
patients with a median age of 66 years (range, 50–77 years)
were evaluated. Presenting symptoms included cough in six
patients, fever in five patients, dyspnea in three patients,
hypoxemic respiratory failure in two patients, as well as
cardiac arrest, diarrhea, hematuria, and altered mental status
and increased lethargy in one case each (Table 1). Smoking
status was known for 6/7 patients and included 3 non-
smokers, 2 former smokers, and a current smoker.

The median time from symptom onset to death was
9 days (range, 6–31 days), from hospitalization to death
7 days (1–21 days), from intensive care unit (ICU)
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admission 3 days (1–18 days), and from positive SARS-
CoV-2 RT-PCR result to death 7 days (0–18 days) (Table 2
and Fig. 1). Of note, patients 2 and 3 had cognitive
impairment and the duration of preadmission symptoms
was unclear. Patient 4 was admitted without symptoms for
scheduled treatment of B-lymphoblastic leukemia and
developed cough and fever 2 days after admission. Patient 7
was admitted, discharged, and readmitted 3 days later.
Relevant comorbidities were present in each of the seven
patients and included autoimmune and inflammatory con-
ditions in two patients, neoplastic conditions in one case,
and cardiopulmonary and/or vascular diseases in six
patients (Table 1).

All seven patients had abnormal findings on radiologic
imaging (Table 2, Figs. 2 and 3), specifically diffuse bilat-
eral airspace disease on chest x-ray in each case, and
ground-glass opacities on computed tomography (CT) in
cases 1 and 5 (Fig. 2). Two patients were treated with
hydroxychloroquine (in patient 1, however, prescribed for
systemic lupus) and one patient received remdesivir
(Table 2).

Gross and histopathologic findings at autopsy

The postmortem interval was 1–2 days in all cases
(Table 2). The cause of death for all seven patients was
SARS-CoV-2 pneumonia resulting in respiratory failure
(Table 2 and Fig. 2); patient 5 had concurrent cardiac failure
from a recent myocardial infarction.

Histologic examination of the lungs demonstrated acute
DAD (Table 3) with prominent hyaline membranes in
patients 1–5. Specifically, acute-phase DAD with scattered
foci of organization was observed in cases 1–4 (Fig. 4).
Acute-phase DAD alone was identified in case 5 (Fig. 2).
Diffuse inflammatory infiltrates consisting of interstitial and
peribronchial lymphocytes and intraalveolar macrophages
were identified in each of the seven patients (Fig. 4).
Hyperplastic alveolar lining cells were most pronounced in
patients 4 and 5 (Table 3 and Supplementary Fig. 1); these
cases showed diffuse TTF-1 positive desquamated pneu-
mocytes and the characteristic cytology of DAD, including
nucleomegaly, chromatin clumping, prominent nucleoli,
and cytoplasmic vacuolation with basophilic stippling and
occasional cytoplasmic hyaline. No definitive viral cyto-
pathic changes were observed. Patients 6 and 7 showed
organizing DAD only with obliteration of alveolar spaces
and extensive scarring, and without evidence of acute-phase
DAD (Fig. 5).

Evidence of coagulopathy (i.e., pulmonary embolism or
in situ thrombi) was identified in patients 1, 2, 3, 5, and 7
(Table 3 and Fig. 6). Patient 1, who had a clinical history of
SLE and rheumatoid arthritis, had changes consistent with
known underlying connective tissue disease-associatedTa
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interstitial lung disease. Patients 3, 4, and 7 exhibited
superimposed bacterial lobar pneumonia, and patient 4 a
preexisting chronic Aspergillus lung abscess. Tracheo-
bronchial sections demonstrated reactive squamous meta-
plasia and postmortem epithelial detachment typical of
autopsy tissue in all patients. Minimal lymphocytic infil-
trates were present within edematous connective tissue of
the airway wall.

Immunohistochemical (IHC) findings at autopsy

SARS IHC on lung sections detected SARS nucleocapsid
protein within intraalveolar cells in patients 1–5 (Table 3,
Figs. 4 and 7), and no staining in any of the lung sections
from patients 6 to 7 (Table 3 and Fig. 5). In addition, in
patients 1–5 weak positivity was detected within edema,
hyaline membranes, and cell debris in alveolar spaces.
Background autolysis was minimal and did not appear to
affect IHC sensitivity. While the intensity of staining was
equally strong in each of the five cases, the distribution of
positive cells varied substantially: in patients 1–3, <5 cells
with positive staining were identified per 4 mm2 with
comparable intensity across the three sections (Fig. 4). In

contrast, patient 4 showed positive staining in 5–50 cells per
4 mm2 (Fig. 4), and patient 5 demonstrated positivity in >50
cells per 4 mm2 (Fig. 7). In patients 4 and 5, positive
staining was observed diffusely throughout the three sec-
tions including areas of reactive pneumocyte hyperplasia
(Supplementary Fig. 1). Double labeling for SARS/TTF-1
and SARS/PU.1 was performed in lung sections of cases 4
and 5 (Fig. 7) and demonstrated that positive staining for
SARS largely co-localized with TTF-1 positivity in pneu-
mocytes. In contrast, the SARS/PU.1 double stain co-
localized the markers in only rare intraalveolar macrophages
of patient 5 (Fig. 7); of note, the intensity of staining in
these cells was much less than that in the pneumocytes.
There was no definitive SARS IHC reactivity in pulmonary
endothelial cells.

SARS IHC on tracheal sections detected SARS nucleo-
capsid protein in a subset of ciliated airway epithelial cells
and focally in the serous cells of submucous glands in
patients 4 and 5 (Fig. 7). No virus was detected in tracheal
sections of the remaining patients. Double labeling with
SARS and specific epithelial cell markers demonstrated that
virus was exclusive to the ciliated cells in the surface epi-
thelium; p63-positive basal cells and MUC5AC-expressing

Fig. 1 Clinical time course in seven patients with COVID-19
(SARS-CoV-2 infection). The schematic illustrates symptom dura-
tion, hospitalization, admission to intensive care unit (ICU), detection
of SARS-CoV-2 by reverse transcriptase-polymerase chain reaction
(RT-PCR), and death followed by autopsy examination. *Patient 4 was
admitted for scheduled B-lymphoblastic leukemia treatment and

developed symptoms 2 days after admission. **Patient 7 was hospi-
talized with symptoms, discharged, and readmitted 3 days later.
Results of SARS immunohistochemistry (IHC) on autopsy trachea and
lung tissue are shown on the right; “+” indicates positive staining in
<5 cells per 4 mm2, “++” indicates positive staining in 5–50 cells per
4 mm2, and “+++” positive staining in >50 cells per 4 mm2.
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secretory cells showed no evidence of infection (Fig. 7).
FOXJ1 highlighted uninfected ciliated cells but was absent

in SARS-expressing cells (Fig. 7). SARS nucleocapsid was
also detected in bronchial and bronchiolar airways within
the lung sections in patient 5, to an extent similar to that
observed in the upper airways (Supplementary Fig. 2). In
case 4, no staining was identified in bronchial and
bronchiolar airways within the lung, but evaluation was
limited by extensive epithelial sloughing.

Discussion

In situ assays, such as tissue IHC, permit for precise cellular
localization of infections in clinical samples. Our study
indicates that SARS-CoV-2 infection is principally loca-
lized to the pneumocytes of the lung and ciliated cells of the
airway [6, 21, 23], with negligible involvement of macro-
phages and no evidence of direct endothelial infection, in
contrast to other reports [12, 20, 21, 24]. SARS-CoV-2
binds to the transmembrane angiotensin-converting enzyme
2 (ACE2) to enter type 2 pneumocytes, macrophages,
pericytes, and cardiomyocytes [25]. Virally infected pneu-
mocytes have been shown to produce interferon gamma and
certain chemokine ligands leading to a macrophage hyper-
activation program, uncontrolled inflammatory response,
and severe lung injury [26]. Although prior studies have
demonstrated SARS-CoV-2 nucleoprotein in tissue-resident
macrophages, e.g., in lymph nodes and kidney, it is unclear
if this reflects productive infection or phagocytosis of
virally infected cellular debris [26]. In support of the latter,
we observed marked difference in the levels of viral protein
in infected lung epithelium and macrophages, suggesting
distinct mechanisms of host cell–virus interactions.

Fig. 2 Results of radiologic imaging and autopsy findings in
patient 5 with COVID-19 (SARS-CoV-2 infection). Chest x-ray
shows extensive interstitial and airspace opacities and cardiomegaly
(a). CT imaging obtained the same day (b) demonstrates bilateral
diffuse ground-glass opacities with subpleural sparing and linear band-
like opacities (b, arrows). Cross section of the left lung at autopsy (c)
reveals patchy consolidation involving the upper and lower lobes
representing SARS-CoV-2 pneumonia (c, arrow). Histologic exam-
ination of the lungs identified acute-phase diffuse alveolar damage (d)
with extensive hyaline membrane formation (d, arrow) desquamation
of pulmonary epithelial cells into the alveolar spaces, and inflamma-
tory infiltrates (d, inset).

Fig. 3 Radiologic imaging in
six patients with COVID-19
(SARS-CoV-2 infection). Chest
x-rays in patients 1 (a), 2 (b), 3
(c), 4 (d), 6 (e), and 7 (f) showed
extensive interstitial and
airspace opacities consistent
with COVID-19.
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In our study, all cases with positive SARS IHC (cases
1–5) showed pneumocyte hyperplasia in lung sections.

This phenomenon is usually most pronounced at the end
of the acute stage of DAD at ~day 7 but may be seen as
early as 3 days and persists into the organizing

Fig. 4 Histologic lung findings at autopsy and SARS immunohis-
tochemical staining in lungs from patients 1–4 with COVID-19
(SARS-CoV-2 infection). Histologic examination of the lungs from
patients 1 (a, b), 2 (c, d), 3 (e, f), and 4 (g, h) identified acute-phase
diffuse alveolar damage (DAD) with extensive hyaline membrane

formation (a, c, e, f, arrows). SARS immunohistochemistry (IHC)
showed <5 cells with strongly positive staining per 4 mm2 in patients 1
(b, arrow, inset), 2 (d, inset), and 3 (f, inset). In patient 4, 5–50 cells
with strongly positive staining were identified per 4 mm2 (h, inset).

Fig. 5 Histologic lung findings at autopsy and SARS immunohis-
tochemical staining in lungs from patients 6 and 7 with COVID-19
(SARS-CoV-2 infection). Histologic examination of the lungs from
patients 6 (a, b), and 7 (c, d) showed organizing diffuse alveolar
damage (DAD) (a, c) without prominent hyaline membrane formation
that would correspond to acute-phase DAD. SARS immunohis-
tochemistry (IHC) was entirely negative in lung sections from patient 6
(b) and 7 (d).

Fig. 6 Histologic evidence of coagulopathy in patients with
COVID-19 (SARS-CoV-2 infection). Histologic examination of the
lungs identified multiple thromboemboli in small to intermediate sized
intrapulmonary arteries and post-capillary venules of patients 2 (a,
arrows), 3 (b, arrow, inset), and 5 (c, arrow, inset) and a large
thromboembolus in patient 7 (d, arrow).
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(proliferative) phase. Taken together with the presence of
extensive hyaline membrane formation, this finding points
to the acute phase of DAD as the temporal window
in which viral protein is most likely to be detected in the
lungs of SARS-CoV-2 infected individuals. In keeping
with this observation, both patients with the highest
load of SARS-CoV-2-infected cells (cases 4 and 5)
showed florid pneumocyte hyperplasia, with viral protein
detectable within this cell population (Supplementary
Fig. 1).

In patients 6 and 7, who had the longest interval between
respiratory failure (as defined by the time of ICU admis-
sion), autopsy pathologic examination demonstrated orga-
nizing DAD, few to no hyaline membranes, and negative
SARS IHC. Overall, the different stages of DAD observed
histologically correspond to the estimated time interval
from onset of respiratory failure to death; however, the
exact timing of severe lung injury may be difficult to
determine in certain cases given reports of silent hypoxemia
in COVID-19 infected patients [27, 28]. The clearing of
virus may also be affected by interventions such as
remdesivir therapy [29].

SARS-CoV-2 was detected in ciliated tracheal epithelial
cells and submucous glands only in the two patients (i.e., 4

and 5) with highest load of infected cells in the lung.
Ciliated cells universally express the transcription factor
FOXJ1 [30], however those cells showing SARS nucleo-
capsid positivity consistently showed absence of FOXJ1
nuclear expression. Downregulation of FOXJ1 expression
in ciliated cells has been reported in airways of patients
infected with Paramyxovirus [31], Respiratory Syncytial
virus [32], and in mouse model of murine Cytomegalovirus
infection [33], suggesting similar mechanisms of virally
mediated downregulation of certain factors essential for
cellular differentiation.

Overall, SARS protein was more readily detected in lung
pneumocytes than airway epithelium, suggesting longer
persistence of SARS-CoV-2 in pneumocytes and/or viral
migration from upper to lower respiratory tract by the time
of death. Within the lung, injury repair and organization
appear to coincide with clearance of virally infected
pneumocytes.

The cohort of patients studied here presented with typical
symptoms of COVID-19 and all had comorbidities identi-
fied as risk factors for a severe clinical course. Three
patients in our study received hydroxychloroquine and
remdesivir [29, 34]; no distinctive histopathologic changes
were observed in the treated patients.

Fig. 7 SARS immunohistochemical staining in lung and airways
from patient 5 with COVID-19 (SARS-CoV-2 infection). SARS
immunohistochemistry (IHC) on lung sections shows diffuse strong
SARS positivity in pneumocytes in >50 cells per 4 mm2 (a, b). TTF-1/
SARS double labeling (c) demonstrates co-localization of TTF-1
(brown reaction product) and SARS (red reaction product) in pneu-
mocytes (c, arrow). PU.1/SARS double labeling demonstrates
expression of PU.1 (brown reaction product) in macrophages, most of
which did not stain for SARS (red reaction product), and SARS mostly
in pneumocytes negative for PU.1 (d). Weak staining for SARS was

identified only in scattered macrophages (d, arrow). SARS IHC on
cross sections of trachea (e) demonstrates positive staining pre-
dominantly in ciliated cells (e, arrows). P63/SARS double labeling
demonstrates nuclear expression of p63 in basal cells (brown reaction
product) (f, arrow) which did not stain for SARS (red reaction pro-
duct). MUC5AC/SARS double labeling shows cytoplasmic expression
of MUC5AC in secretory cells (brown reaction product) (g, arrow)
most of which did not stain for SARS (red reaction product). FOXJ1
highlighted uninfected ciliated cells (h, arrowhead) but was absent in
SARS-expressing cells (h, arrow).
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While our observations indicate an association between
the duration from onset of respiratory failure and SARS-
CoV-2 abundance in the lung, many of the clinical features
of this infection complicate our understanding of this rela-
tionship, including its predilection for infecting individuals
with multiple comorbidities and the phenomenon of silent
hypoxemia. The apparently low burden of viral protein in
three of the five patients with predominantly acute-phase
DAD may reflect a relatively long duration of infection
prior to death, however this is necessarily speculative.
Patient 1 reported 2 weeks of symptoms prior to presenta-
tion and therefore likely had begun clearing the infection
from the lungs by the time of death, whereas for two
patients (cases 2 and 3) with neurologic impairment, the
timing of symptom onset was uncertain. Alternatively,
individual variation in viral abundance may reflect specific
host factors; indeed, patient 4 was profoundly immuno-
compromised, likely explaining the persistence of viral
protein despite relatively longer duration from diagnosis to
death. Finally, patient 5 had an intervening acute myo-
cardial infarction, thus we were able to examine her virally
infected lungs at an early phase of DAD.

In line with previous reports of venous thromboembo-
lism caused by SARS-CoV-2 infection [10, 12], five
patients in our cohort exhibited blood clots in pulmonary
vasculature. Hypercoagulability is a common feature of
DAD in general and reflects a systemic inflammatory
response [35]—it is unclear whether this finding is speci-
fically related to COVID-19 infection. However, emerging
evidence suggests a higher frequency of alveolar capillary
microthrombi in the context of COVID-19 than in respira-
tory failure due to influenza. In a recently reported autopsy
series comparing lung findings in patients with COVID-19
with those from patients with influenza A (H1N1) virus and
uninfected controls [12], the authors describe distinctive
vascular features in lungs from patients with COVID-19,
which included severe endothelial injury associated with the
presence of intracellular virus and disrupted cell mem-
branes, as well as widespread thrombosis with micro-
angiopathy, similar to the observations made in five patients
in our cohort. In comparison with patients with influenza,
alveolar capillary microthrombi were significantly more
prevalent in patients with COVID-19, although ACE2-
positive endothelial cells are observed in similar numbers in
both contexts [12]. While we were not able to identify
SARS-CoV-2 in endothelial cells, we cannot exclude that
more sensitive techniques, such as high-resolution immu-
nofluorescence imaging or electron microscopy, might
identify additional infected cell types; more studies on lar-
ger case series are required to address this question.

We specifically restricted this study to patients with
COVID-19 confirmed by RT-PCR on nasopharyngeal swab
samples. While RT-PCR on respiratory tract specimens is

the most commonly used diagnostic test for SARS-CoV-2
infection, its reliability is challenged by multiple clinical
and technical factors [15]. Indeed, negative RT-PCR results
have been reported in as many as 34.7% of CT-positive
COVID-19 patients [36], highlighting the need for addi-
tional tissue-based diagnostic tests for patients with sus-
pected COVID-19 but negative RT-PCR results. Given the
absence of viral cytopathic changes in this infection, SARS
IHC may be a valuable tool in this pursuit; our findings
demonstrate the greatest value for SARS IHC when testing
lung tissues from patients in the acute phase of DAD. In
addition, our observations suggest that SARS IHC may be a
helpful prospective diagnostic tool in surgical biopsy and
cytology specimens, given appropriate validation. Further
testing is needed to assess possible correlations between
detection of SARS nucleocapsid protein by IHC and viral
RNA by RT-PCR in lung tissue.

In conclusion, we demonstrate that SARS-CoV-2 pre-
dominantly localizes to airway and pulmonary epithelial
cells in patients with COVID-19. The findings indicate
viral migration over time. The findings suggest that
SARS-CoV-2 nucleocapsid protein is detectable in the
lower respiratory tract in the acute phase of DAD (within
a week of onset of respiratory failure) and is absent in the
organizing phase. Additional studies are required to fur-
ther define organ-specific cellular tropism and SARS-
CoV-2 infection dynamics over time.
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