S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Human Pathology (2021) 114, 110—119

Human
PATHOLOGY
[ SEVIER www.elsevier.com/locate/humpath

Original contribution

Tissue-based SARS-CoV-2 detection in fatal =
COVID-19 infections: Sustained direct viral-
induced damage is not necessary to drive disease
progression™

Siraj M. El Jamal MD ***, Elisabet Pujadas MD, PhD?,

Irene Ramos PhD®, Clare Bryce MD?, Zachary M. Grimes DO?,

Fatima Amanat MA “, Nadejda M. Tsankova MD, PhD?,

Zarmeen Mussa BS?, Sara Olson BS®, Fadi Salem MD?,

Lisa Miorin PhD Y, Teresa Aydillo PhD ¢, Michael Schotsaert PhD ¢,
Randy A. Albrecht PhD ““, Wen-Chun Liu PhD “*¢, Nada Marjanovic MS ¢,
Nancy Francoeur PhD', Robert Sebra PhD "¢, Stuart C. Sealfon MD",
Adolfo Garcia-Sastre PhD ““"', Mary Fowkes MD?,

Carlos Cordon-Cardo MD, PhD*?, William H. Westra MD**

d Departments of Pathology, Molecular and Cell-Based Medicine, The Icahn School of Medicine at
Mount Sinai Hospital, New York, NY, 10029, USA

® Department of Neurology, The Icahn School of Medicine at Mount Sinai Hospital, New York, NY, 10029
USA

¢ Department of Microbiology, The Icahn School of Medicine at Mount Sinai Hospital,

New York, NY, 10029, USA

4 Global Health and Emerging Pathogens Institute, The Icahn School of Medicine at Mount Sinai
Hospital, New York, NY, 10029, USA

€ Biomedical Translation Research Center, Academia Sinica, Taipei, 11571, Taiwan

" Department of Genetics and Genomic Sciences, The Icahn School of Medicine at Mount Sinai Hospital,
New York, NY, 10029, USA

& Sema4, Stamford, CT, 10029, USA

" Department of Medicine, Division of Infectious Diseases, The Icahn School of Medicine at Mount Sinai
Hospital, New York, NY, 10029, USA

"The Tisch Cancer Institute, The Icahn School of Medicine at Mount Sinai Hospital, New York, NY,
10029, USA

* Competing interests: The AG-S laboratory has received research support from Pfizer, Pharmamar, Blade Therapeutics, Avimex, Dynavax, Kenall
Manufacturing, ImmunityBio, Nanocomposix, Senhwa Biosciences, and 7Hills Pharma. AG-S has consulting agreements for the following companies
involving cash and/or stock: Vivaldi Biosciences, Contrafect, 7Hills Pharma, Avimex, Vaxalto, Accurius, and Esperovax.

* Corresponding author. Department of Pathology, Molecular and Cell-based Medicine, Icahn School of Medicine at Mount Sinai, Annenberg 15th
Floor, Office 15-54 1468 Madison Avenue, USA.

** Corresponding author. Department of Pathology, Icahn School of Medicine at Mount Sinai, 1 Gustave L. Levy Pl, New York, NY 10029, USA.
E-mail addresses: siraj.eljamal@mssm.edu (S.M. El Jamal), William.westra@moutsinai.org (W.H. Westra).

https://doi.org/10.1016/j.humpath.2021.04.012
0046-8177/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).


mailto:siraj.eljamal@mssm.edu
mailto:William.westra@moutsinai.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.humpath.2021.04.012&domain=pdf
https://doi.org/10.1016/j.humpath.2021.04.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.humpath.2021.04.012
https://doi.org/10.1016/j.humpath.2021.04.012
http://www.elsevier.com/locate/humpath

SARS-CoV-2 detection in fatal COVID-19 111

Received 15 March 2021; revised 23 April 2021; accepted 28 April 2021

Available online 4 May 2021

Keywords:

Coronavirus;

COVID-19;

SARS-CoV-2;

Diffuse alveolar damage;

RNA in situ hybridiza-
tion;

Spike protein;

Nucleoprotein

Summary Coronavirus disease 2019 (COVID-19) is an ongoing pandemic caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Although viral infection is known to trigger in-
flammatory processes contributing to tissue injury and organ failure, it is unclear whether direct viral
damage is needed to sustain cellular injury. An understanding of pathogenic mechanisms has been
handicapped by the absence of optimized methods to visualize the presence and distribution of
SARS-CoV-2 in damaged tissues. We first developed a positive control cell line (Vero E6) to validate
SARS-CoV-2 detection assays. We then evaluated multiple organs (lungs, kidneys, heart, liver, brain,
intestines, lymph nodes, and spleen) from fourteen COVID-19 autopsy cases using immunohistochem-
istry (IHC) for the spike and the nucleoprotein proteins, and RNA in situ hybridization (RNA ISH) for
the spike protein mRNA. Tissue detection assays were compared with quantitative polymerase chain
reaction (QPCR)-based detection. SARS-CoV-2 was histologically detected in the Vero E6 positive cell
line control, 1 of 14 (7%) lungs, and none (0%) of the other 59 organs. There was perfect concordance
between the IHC and RNA ISH results. qPCR confirmed high viral load in the SARS-CoV-2 ISH-pos-
itive lung tissue, and absent or low viral load in all ISH-negative tissues. In patients who die of COV-
ID-19-related organ failure, SARS-CoV-2 is largely not detectable using tissue-based assays. Even in
lungs showing widespread injury, SARS-CoV-2 viral RNA or proteins were detected in only a small
minority of cases. This observation supports the concept that viral infection is primarily a trigger
for multiple-organ pathogenic proinflammatory responses. Direct viral tissue damage is a transient phe-
nomenon that is generally not sustained throughout disease progression.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

COVID-19 is an ongoing pandemic caused by the
SARS-CoV-2 virus. To date, almost 73 million cases have
been reported worldwide resulting in more than 1.62
million deaths (coronavirus.jhu.edu; checked in December
2020). Clearly, there is an urgent need to better understand
the pathogenesis of the disease in a way that will inform
preventive and therapeutic strategies. Progress could be
accelerated by detection assays that define the tissue dis-
tribution of the virus in infected patients. Instead, the
capriciousness of tissue-based detection assays has thwar-
ted insight into the role and timing of SARS-CoV-2 in
disease progression. While some studies have consistently
visualized the virus in organs such as the lungs, brain, heart,
and gastrointestinal tract of infected patients [1—11], and
have used these findings as direct evidence of tissue spe-
cific tropism and viral-mediated tissue injury, others have
been unable to detect virus widely in these same tissues,
suggesting alternative mechanisms of organ damage that do
not require persistent active viral infection [12—15].

Access to tissues for investigative purposes has largely
come through the postmortem examinations of fatal cases.
The value of these samples has been restricted by two
factors that have mired tissue-based research. First, post-
mortem samples are highly susceptible to tissue

degradation, limiting the effectiveness of detection assays
that rely on the integrity of viral protein, DNA, and RNA.
Second, there has been a conspicuous absence of a positive
control to guide interpretation of detection assays rendering
detection assays vulnerable to bias and erroneous inter-
pretation. In the absence of positive controls to establish
standards of interpretation, even electron microcopy—the
historic benchmark for confirming cellular viral infec-
tions—has led to erroneous affirmation of SARS-CoV-2
due to misinterpretation of nonspecific ultrastructural
findings [16—19]. For tissue-based platforms, discordant
detection rates across studies may underscores the absence
of well-defined and universally applied standards for probe
validity and test interpretation [10]. These two factors,
taken together, have obscured the ability to understand
fundamental aspects of cell injury and organ dysfunction
such as the distribution of SARS-CoV-2 in human tissues. It
remains unclear, for example, whether the consistent
inability to detect virus using conventional immunohisto-
chemical and in situ hybridization assays in damaged tis-
sues reflects postmortem viral degradation, ineffectiveness
of detection assays, absence of tropism toward a particular
tissue, low viral load, or effective viral clearance.
Conversely, it is not always clear whether the ready iden-
tification of SARS-CoV-2 in various tissues reflects the true
presence of virus, or the misinterpretation of nonspecific
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changes. Resolution of key mechanisms of viral patho-
genesis and, more specifically, the relative importance of
direct viral injury versus subsequent inflammatory damage,
cannot move forward until a positive control is established
to guide the interpretation of detection assays. To more
definitively define the tissue distribution of SARS-CoV-2 in
fatal cases of COVID-19, we 1) developed a positive cell
line control to guide interpretation of various detection
assays for detection of viral protein and RNA, 2) used these
detection assays to look for SARS-CoV-2 RNA or proteins
in tissues from multiple organs, and then 3) compared
histologic detection with a highly sensitive polymerase
chain reaction (PCR)-based detection assay.

2. Cases and methods

2.1. Generation of SARS-CoV-2—infected
Vero E6 cells

A SARS-CoV-2—infected cell line was generated as
previously described in detail [20]. Briefly, 1,000,000 Vero
E6 cells (ATCC CRL-1586) per well were seeded in a 6-
well cell culture plate and maintained in Dulbecco’s
modified Eagle medium (Life Technologies) supplemented
with 10% fetal bovine serum (FBS), 10 ml of Pen-Strep
(Gibco; catalog #15140122) and 10 ml of HEPES buffer
(Gibco, catalog #15630080). After a day, the medium was
removed, and SARS-CoV-2 isolate USA—WA1/2020
(obtained from BEI Resources NR-52281) was added to
the cells at a multiplicity of infection of 0.01. The SARS-
CoV-2 stock was diluted and added to the cells in 1X
MEM that was supplemented with 2% FBS. The virus-
containing cell media was left on the cells and cells were
scraped off and collected in PBS at three intervals: 24 h,
48 h, and 72 h. Cells were fixed with 10% formaldehyde for
24 h before use.

Ten ml of fixed Vero cell culture fluid suspension was
centrifuged at 1600 rpm for 10 min resulting in a well-formed
pellet. The tube was decanted and 5 drops of Histogel was
added to the pellet. This mixture was vortexed for 3 s and
refrigerated for 5 min to harden the pellet. The hardened
pellet was then wrapped in biopsy tissue paper, placed in a
tissue cassette, and fixed in formalin. Transmission
electron microscopy was used to confirm the presence of
SARS-CoV-2 viral particles within the infected cell line.

Uninfected Vero E6 cells were used as a control to
compare day 3 morphology for the presence of cytopathic
effect and as a negative control for the immunohisto-
chemistry (IHC), in situ hybridization (ISH), and immu-
nofluorescence (IF).

2.2. Cases

Fourteen COVID-19 autopsy cases were included: nine
full autopsies and five additional lung-only cases. All

patients had been admitted to the Mount Sinai for pro-
gressing COVID-related signs and symptoms, and a posi-
tive nasopharyngeal swap PCR SARS-CoV-2 test.
Autopsies were preferentially selected on the basis of short
intervals from time of death to autopsy and/or short time
intervals from onset of symptoms to death. To assess tissue-
specific tropism, formalin-fixed and paraffin-embedded
tissue blocks were selected from multiple organs
including the lung (multiple samples from each lung),
heart, liver, kidney, small intestine, brain (frontal lobe),
spleen, and lymph nodes. Paired fresh frozen specimens
were collected at the time of autopsy from seven of the
cases for quantitative PCR (qPCR) analysis. Archived au-
topsy blocks from 2019 (ie, pre-COVID cases) were used as
negative tissue controls.

2.3. Immunohistochemistry

Four pm—thick sections were cut from the FFPE au-
topsy blocks and the SARS-CoV-2—infected cell pellets.
Immunostaining was performed using antibodies against
the SARS-CoV-2 spike protein (ProSci, Poway, CA; cata-
log #3525; polyclonal; 1:10000) and the SARS-CoV-2
nucleoprotein (ProSci, Poway, CA; catalog #35-579;
monoclonal; 1:24000). A rabbit peroxidase conjugated with
3,3’-diaminobenzidine (DAB) as brown chromogen was
used as the secondary antibody. Titration was optimized
using the SARS-CoV-2—infected cell line pellet as the
positive control. The H1 (citrate buffer) and H2 (EDTA
buffer) retrieval methods were used at two different time
points. The staining results were reviewed by two study
pathologists (SEJ and WHW). The patterns of IHC staining
in the SARS-CoV-2—infected Vero cell line was used to
guide interpretation of IHC staining in the autopsy blocks.
CD68 (Leica, Buffalo Grove, IL; 514H12) was used to
highlight macrophage distribution, and CAMS5.2 (Leica,
Buffalo Grove, IL; 5D3) to highlight pneumocytes distri-
bution in SARS-CoV-2—positive cases.

2.4. RNA in-situ hybridization

RNA ISH was performed using the RNAscope® kit
(Advanced Cell Diagnostics, Inc., Hayward, CA) in
accordance with the manufacturer’s instructions. The
RNAscope® has been shown to be highly reliable in
detecting viral RNA. Briefly, 4 pm sections of the autopsy
blocks and the infected Vero cell pellet were pretreated
with heat and protease before hybridization. Sections were
hybridized separately with probes specific for 1) the sense
(catalog# 848561) strand detecting viral genomic RNA for
the spike protein; and 2) the anti-sense strand (catalog#
845701) detecting the complementary RNA generated
during active viral replication. The preamplifier, amplifier,
and horseradish in situ peroxidase—labeled probes were
then hybridized sequentially, followed by color develop-
ment with DAB brown chromogen. UBC ISHRNA probe
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was used as to confirm the RNA integrity in the tissue
blocks (Advanced Cell Diagnostics, Inc., Hayward, CA,
reference RS7760). The staining results were reviewed by
two study pathologists (SEJ and WHW). The patterns of
hybridization signals in the SARS-CoV-2—infected Vero
cell pellet were used to guide recognition of positive hy-
bridization signals in the autopsy blocks.

2.5. Immunofluorescence

Immunofluorescence studies were performed on
formalin-fixed paraffin-embedded tissue blocks and cell
line pellet after 1-h deparaffinization with subsequent
rehydration in decreasing ethanol gradient, and antigen
retrieval in boiling citrate buffer at pH 6 for 30min (Vector
Labs, H-3300). Cells were blocked in 10% NDS/0.5% TX
for 30min, incubated with SARS-CoV-2 nucleoprotein
(ProSci Inc, 35-579, 1:500) and ACE2 (Abcam, ab15348,
1:500) primary antibodies in 1% NDS/0.25% Triton-X
overnight at 4C, and incubated with Cy3 (SARS/NEUN)
and AF-488 (ACE2) secondary antibodies in 1% NDS/
0.25% TX at RT. Nuclear counterstain was with DAPI
(1:1000). Secondary-only and nonspecific IgG isotype
controls (NEUN, which is not expressed by Vero cells)
(MAB377, 1:100) were similarly performed. Cells were
imaged on a Zeiss LSM 780 confocal microscope. Immu-
nofluorescence studies on formalin-fixed and paraffin-
embedded lung tissue were performed identically, with
the exception of incubation in primary SARS-CoV-2
nucleoprotein at 1:100.

2.6. Quantitative polymerase chain reaction

Fresh tissue samples were systematically collected from
multiple organs at the time of autopsy in seven cases. RNA
from fresh tissue was stored in RNAlater and then isolated
using the Direct-zol RNA Miniprep Plus (Zymo) kit. RNA
from frozen tissue was isolated. 1 pg of RNA was retro-
transcribed using the enzyme AffinityScript Multiple
Temperature Reverse Transcriptase (Agilent Technologies),
and PCR reaction was performed using the TagMan™
Universal PCR Master Mix (Thermo Fisher). Previously
reported primers and probes against E and RdRp genes
(IP2) genes [21—23] were used for SARS-CoV-2 detection:

E-SARS-CoV2-F:
ACAGGTACGTTAATAGTTAATAGCGT.
E-SARS-CoV2-R: ATATTGCAGCAGTACGCACACA.
E-SARS-CoV2-P: TET - ACACTAGCCATCCT-
TACTGCGCTTCG - BHQ-1.

IP2-SARS-CoV2-F: ATGAGCTTAGTCCTGTTG.
IP2-SARS-CoV2-R: CTCCCTTTGTTGTGTTGT.
IP2-SARS-CoV2-P: TET -
AGATGTCTTGTGCTGCCGGTA - BHQ-1.

Primers and probes for housekeeping genes GAPDH
(assay ID Hs02758991_gl FAM) and 18S (assay ID
Hs03928990_g1 FAM) were obtained from Thermo Fisher

Scientific. RNA-positive control was obtained from Bio-
defense and Emerging Infections Research Resources Re-
pository (BEI Resources, NR-52358). Reactions were run
in 384 plates in the thermocycler (ABI7900HT; Applied
Biosystems). All samples were run in triplicates. Thermal
Cycler protocol used for amplification was 50 °C for 2 min;
95 °C for 10 min; 40 cycles of 95 C for 15 s and 60° C for
1 min SDSv2.4 (Applied Biosystems) software was used
for analysis.

To minimize the problem of nonspecific amplification,
two independent primers (ie, E gene and IP2) were used
with positive detection requiring the amplification of both
primers within 40 amplification cycles. The limit of
detection of this assay for both primers was determined to
be 1—5 RNA copies/reaction. Virus RNA was considered
“detected” in a specific tissue when RNA amplification was
found with both E and IP2 primer sets at a cycle threshold
[Ct] value lower than 40 amplification cycles. Cases where
viral RNA was detected by only one of the primers sets
were considered inconclusive.

3. Results

SARS-CoV-2 detection in the Vero E6 cells is shown in
Fig. 1. Viral immunostaining of the nucleoprotein (Fig. 1B)
and spike protein (Fig. 1C) was equally intense at 24, 48,
and 72 h preparations. In these suspensions of cultured
cells, the intense staining together with cytoplasmic overlay
of the nucleus made it difficult to confirm cytoplasmic re-
striction of the signals. RNA ISH with the sense strand
RNA probe (S) showed abundant dot-like hybridization
signals in the cytoplasm that coalesced into brown globules
that effaced cellular and nuclear details (Fig. 1D). The
antisense RNA ISH probe (SS), specific for the SARS-CoV-
2 spike protein negative RNA strand, showed dot-like hy-
bridization signals confined to the cytoplasm, a pattern
indicative of active viral replication within the infected
cells (Fig. 1E). Immunofluorescence using the identical
SARS-CoV-2 nucleoprotein primary antibody used for IHC
but at 1:500 concentration showed strong cytoplasmic
staining within most SARS-CoV-2—infected Vero cells at
24 and 48 h of infection (Fig. 1F). Transmission electron
microscopy confirmed the presence of densely packed viral
particles within the infected cells (Fig. IF, insert). The
presence of dot-like signals in infected cells is consistent
with the formation of replication—transcription complexes
during infection by coronaviruses and other positive sense
RNA viruses [24—26].

Uninfected Vero cells showed no recognizable nucleo-
protein immunoreactivity and minimal to no background
staining was detected using secondary only and nonspecific
monoclonal IgG isotype controls. All of the detection as-
says were negative in the uninfected Vero E6 cells used as a
negative control. The general RNA ISH probe confirmed
the presence of intact RNA in the Vero cell lines.
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Fig. 1 SARS-CoV-2 detection in infected Vero cell line. Cell pellet stained with hematoxylin and eosin (A). Immunohistochemical stain
for the SARS-COV-2 nucleoprotein protein (B) and spike (C). RNA in situ hybridization for the sense RNA strand —S (D) and antisense
RNA strand —SS (E) show cytoplasmic singles indicative of infected cells with active viral replication, although the density and confluence
of signals was prone to obscure the nucleus in some cells. Immunofluorescence shows strong cytoplasmic staining within the majority of
SARS-CoV-2—infected Vero cells (red) (F, inset of electron microscopy showing vesicles containing multiple viral particles).

Table 1 Summary of demographic and clinical information. Table 1 (continued)
Case Age Sex Disease Postmortem Past medical Case Age Sex Disease Postmortem Past medical
duration interval history duration interval history
(days)  (hours) (days)  (hours)
1 94 f 11 7 e Hypertension e Obesity
e Chronic 8 57 f 8 4 e Hypertension
kidney disease e Coronary
2 66 m 25 e Hypertension artery disease
3 88 f 17 11 e Hypertension e End-stage
e Dementia renal
4 67 f 3 72 e Hypertension disease
e Asthma 9 68 m 7 8 e Hepatitis C
5 85 f 13 7 o Hypertension o Cirrhosis
e Diabetes e HIV
e Parkinson’s 10 86 f 1 189 e Hypertension
disease e Diabetes
6 68 m 34 6 e Hypertension e Chronic
e Chronic kidney disease
kidney disease e Coronary
e HIV artery disease
e Renal e Heart failure
transplantation 11 60 f 1 24 e Cirrhosis
7 64 m 3 6 e Hypertension 12 67 f 3 72 e Hypertension
e Diabetes e Asthma
o Coronary 13 32 m 6 19 o Asthma
artery disease 14 48 m 5 48 e Asthma

e Heart failure
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The autopsy cases were from eight (57%) females and
six (43%) males (Table 1). Their ages ranged from 32 to 94
years (median, 66.5 years; mean, 67 years). Eleven (79%)
of the autopsies were performed within 24 h of death
(median postmortem interval, 7.5 h). The duration of dis-
ease from the onset symptoms to death ranged from 1 to 34
days (median, 7.5 days; mean, 10 days). All patients had
chronic medical conditions known to increase the risk of
severe COVID-19 illness including chronic hypertension
(n = 10), chronic kidney disease (n = 4), asthma (n = 4),
diabetes (n = 4), cirrhosis (n = 2), dementia (n = 2), and/
or severe obesity.

A summary of the major pathological findings at the
time of autopsy are tabulated in Table 2. The histopatho-
logic findings have been previously reported as part of a
larger Mount Sinai COVID-19 autopsy cohort [27]. Most of
the injury was in the lungs. Diffuse alveolar damage (DAD)
was present in all cases, predominantly in the acute phase,
and judged to be the major factor contributing to patient
death. All cases showed some degree of hypertensive
changes in the heart manifesting as myocyte hypertrophy
and interstitial fibrosis. Two cases showed end-stage
renal disease. Two cases showed liver cirrhosis. Five cases
showed thrombi in the brain with evidence of acute
ischemic injury. Hematophagocytosis was a consistent
finding in the lymph nodes and spleen.

The general RNA ISH probe confirmed the presence
of intact RNA in all of the tested autopsy tissue blocks.
Detection of SARS-CoV-2 in the autopsy sections as a
function of anatomic site and detection method is sum-
marized in Table 2. Despite the constant presence of diffuse
alveolar damage in the active stage in all of the lungs,
SARS-CoV-2 was only detected in one (7%) of 14 cases
(case 7). In this positive case, the SARS-CoV-2 nucleo-
protein and spike proteins were detected using IHC and
immunofluorescence (Fig. 2B, C, and G). In addition,
abundant signals were detected using the RNA ISH probes
against the sense strands (S), but signals were not detected
with probes against the antisense strand (SS) (Fig. 2D). The
virus products were diffusely present throughout all lung
fields, and localized to possibly both the macrophages
present in the alveolar spaces, which could have acquired
these viral products by phagocytosis, and sporadically in
the pneumocytes that lined the alveolar septum and
sloughed in the alveolar spaces, indicative of viral infection
in these cells. The presence of SARS-CoV-2 in this case
was confirmed by immunofluorescence. Immunofluores-
cence demonstrated strong cytoplasmic SARS-CoV-2
nucleoprotein immunoreactivity within the lung paren-
chyma of case 7 (Fig. 2F), similar to the staining pattern
seen within the positive control SARS-CoV-2—infected
Vero cells and showing the same distribution pattern as

Table 2 Summary of major pathologic findings at autopsy.
Case Cause of death Major pathologic findings
Lung Heart Kidneys Liver Brain LN Spleen
1 COVID-19 pneumonia DAD HTN ATN none HTN HP TNA
with AP AP ANS Infarcts
Microthrombi
2 COVID-19 pneumonia DAD HTN none none Acute ischemia none TNA
with AP AP Microthrombi
3 COVID-19 pneumonia DAD HTN none none Acute ischemia HP HP
with AP AP Ischemia
4 COVID-19 pneumonia DAD HTN none none HTN TNA TNA
5 COVID-19 pneumonia DAD HTN none ischemia TNA TNA HP
COVID-19 pneumonia DAD HTN none ischemia Thrombi HP HP
Infarction
7 COVID-19 pneumonia DAD HTN ANS none HTN HP HP
8 COVID-19 pneumonia DAD HTN ESRD none HTN HP HP
9 COVID-19 pneumonia DAD HTN ATN cirrhosis Microthrombi none HP
10 COVID-19 pneumonia DAD HTN ESRD none TNA TNA TNA
Severe AS
11 COVID-19 pneumonia DAD HTN none none Thrombi none none
Infarcts
12 COVID-19 pneumonia DAD HTN none none TNA none TNA
13 COVID-19 pneumonia DAD HTN none none TNA none TNA
complicated by
multiorgan failure
14 COVID-19 pneumonia DAD HTN none none NTA None TNA

Abbreviations: DAD, diffuse alveolar damage; AP, acute pneumonia; HTN, hypertensive changes; TNA, tissue not available; ANS, acute nephrotic
syndrome; HP, hemophagocytosis; ESRD, end-stage renal disease; AS, atherosclerosis.
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Fig. 2 SARS-CoV-2 detection postmortem lung in case 7. The injured lung shows changes of diffuse alveolar damage including
interstitial inflammation and hyaline membrane formation (A, hematoxylin and eosin stain). Virus is present in mostly within the alveolar
spaces as detected by immunohistochemistry for the spike protein (B) and nucleoprotein (C), and in situ hybridization for the sense RNA
strand (D). The viral infected cells show the same intra-alveolar distribution as the CD68 positive mononuclear phagocytic cells (E). The
presence of SARS-CoV-2 was further confirmed by immunofluorescence for the nucleoprotein (F, red labeling).

noted with the IHC and RNA ISH assays. The other organs
in case 7 were negative for SARS-CoV-2. The tissue assays
did not detect SARS-CoV-2 in any the other 59 organ
sections taken in the other 13 patients including the lung
sections from 5 patients selected on the basis of short time
of disease progress. The overall concordance between
IHC and RNA ISH for tissue detection of SARS-CoV-2
was 100%.

Correlation between qPCR testing and the histologic
detection assays is shown in Table 3. Using qPCR, virus
RNA was detected at a low amplification cycle threshold
(Ct 24.07) in the lungs from case 7. In this same patient,
virus RNA was also detected in a hilar lymph node, but at
higher amplification cycle (34.06). For the other seven
cases tested, virus RNA was detected in three lungs (cases
1, 5, and 6), 1 spleen (case 3), and 1 lymph node (case 5)
with Ct values ranging from 31.06 to 36.75 (Table 3). Of
note, only the lungs in case 7 showed positivity for SARS-
CoV-2 by IHC (for spike and NP proteins) and by ISH for S
strand. None of the other tissues in this case or the other
cases in which the virus detected by PCR showed positivity
by IHC or ISH.

4. Discussion
In this study, we have investigated the tissue distribution

of SARS-CoV-2 in fatal cases of COVID-19 using multiple
detection platforms. Following construction of a SARS-

CoV-2—infected Vero cell line to guide interpretation of
assay results, we found that tissue damage in the lungs and
other sites does not always directly correlate with the his-
tologic presence of virus. This disconnect between the
presence of virus and tissue damage points to other
mechanisms of cellular injury not requiring the sustained
presence of SARS-CoV-2.

Although direct viral cytotoxic effects may play some
role in initiating a chain of events culminating in patient
death, our findings suggest that the sustained presence of
SARS-CoV-2 is not necessary to drive disease progression.
Of the 73 organs we tested from 14 patients who died of
COVID-19, we were able to histologically detect the
presence of SARS-CoV-2 protein and RNA in the lungs of
only a single patient. In this single positive case, the
uncoupling of sense and antisense spike protein RNA
expression suggests low levels of RNA replication at the
time of staining. Admittedly, SARS-CoV-2 was identified
by qPCR—albeit at relatively high cycle thresholds, likely
indicative of low viral loads—in the lungs, spleen, and
lymph nodes from four patients where virus products were
not detected using tissue-based assays. This uncoupling of
qPCR-based and tissue-based detection does not invalidate
methods of histologic detection, but only underscores that
virus may be present at levels below histologic detection
thresholds. Low level viral RNA detection by qPCR align
with emerging models of disease progression where SARS-
CoV-2 RNA is shed into the blood [15,28]. In fact, PCR-
based detection could simply reflect virus in transit and
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Table 3

Detection of SARS-CoV-2 using various detection platforms.

Tissue | Lun

Spleen LN

Heart | Kidney|] Liver Gl Brain

RT-PCR

1 ISH

IHC

RT-PCR

2 ISH

IHC

RT-PCR

3 ISH

IHC

RT-PCR

4 ISH

IHC
RT-PCR
5 ISH

IHC

RT-PCR

6 ISH

IHC
RT-PCR
7 ISH

IHC

RT-PCR

8 ISH

IHC

RT-PCR

9 ISH

IHC

RT-PCR| N/A N/A N/A

N/A N/A N/A N/A N/A

10 ISH

IHC

RT-PCR

11 ISH

IHC

RT-PCR

12 ISH

IHC

RT-PCR

13 ISH

IHC

RT-PCR

14 ISH

IHC

Negative
No data

should not be taken as unequivocal evidence of organ-
specific tropism.

The uncoupling of tissue injury SARS-CoV-2 with the
ability to consistently visualize the presence of virus using
histologic detection assays has been intimated in smaller
studies. Schaefer et al. [1] could detect high numbers (ie,

>5 cells per 4 mm?) of infected cells in just two out of
seven post mortem lungs. Massoth et al. [13] were unable
to detect SARS-CoV-2 in any extrapulmonary sites from
seven postmortem cases, and Santoriello et al. [12] were
unable to detect virus in ten postmortem kidneys. Although
Dorward et al. [14] were able to histologically detect
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SARS-CoV-2 in various postmortem organs, virus distri-
bution did not topographically correlate with pathologic
responses. This difficulty in unequivocally identifying virus
in injured tissues mirrors the experience with SARS-CoV-1:
viral detection often eludes detection by IHC and ISH, and
most of the extrapulmonary manifestations have been
attributed to systemic effects of abnormal inflammatory or
immune reactions to the virus [14,29—31]. This phenom-
enon is not unique to the coronavirus family but has also
been reported influenza virus infections [32—34].

Even though sustained viral presence may not be
required to drive disease progression, tissue infection with
cytotoxic injury may be still be required to trigger the
cascade of diffuse endothelial injury, hypercoagulability,
and a hyperinflammatory state culminating in respiratory
demise, multiorgan failure, and death [14,35,36]. Histo-
logic detection of SARS-CoV-2 could help define the
temporal sequence of these events. In the progression of
COVID-19, the temporal role of SARS-CoV-2 as a trig-
gering event in the lung infections appears to be very early
and transitory as some have suggested that SARS-CoV-2
tissue infection occurs at an early acute phase of disease
progression [1,37]. Some have suggested that SARS-CoV-2
tissue infection occurs at an early acute phase of disease
progression [1,37]. With this in mind, we selectively evalu-
ated postmortem lungs from five cases with short intervals
disease intervals (mean 3 days). SARS-CoV-2 was not
detected in any of these cases. In light of these findings, the
temporal role of SARS-CoV-2 as a triggering event in the
lungs lung infections appears to be very early and transitory.

In summary, what was initially conceptualized as a
primarily respiratory viral disease, COVID-19 is now
recognized as a heterogeneous illness with a diverse array
of symptoms and complications that may not necessarily be
linked to direct viral injury. Our findings support the view
that this complex process is likely related to ongoing and
progressive immune dysregulation rather than persistent
viral replication within the lung and other tissues and may
advocate to focus on attenuating the pathological host
response rather than targeting the actual virus in managing
and treating patients with COVID-19.
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