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.



Received: 22 December 2020 | Accepted: 6 July 2021

DOI: 10.1111/jth.15451

BRIEF REPORT

Tissue factor upregulation is associated with SARS-CoV-2 in
the lungs of COVID-19 patients

Sandeep Subrahmanian® |

Alain Borczuk?® | Steven Salvatore? | Kar-Ming Fung® |

Joan T. Merrill* | Jeffrey Laurence®® | Jasimuddin Ahamed3*

Cardiovascular Biology Research
Program, Oklahoma Medical Research
Foundation (OMRF), Oklahoma City,
Oklahoma, USA

’Department of Pathology, Weill Cornell
Medical College, New York, New York,
USA

3Department of Pathology, University
of Oklahoma (HSC), Oklahoma City,
Oklahoma, USA

“Arthritis & Clinical Immunology Research
Program, Oklahoma Medical Research
Foundation (OMR), Oklahoma City,
Oklahoma, USA

Department of Medicine, Weill Cornell
Medical College, New York, New York,
USA

6Department of Physiology, University
of Oklahoma (HSC), Oklahoma City,
Oklahoma, USA

Correspondence

Jasimuddin Ahamed, Cardiovascular
Biology Research Program, Oklahoma
Medical Research Foundation (OMRF),
825 NE 13th Street, Oklahoma City, OK
73104, USA.

Email: ahamedj@omrf.org

Funding information

National Institute of General Medical
Sciences, Grant/Award Number:
GM103639 and GM114731; National
Heart, Lung, and Blood Institute, Grant/
Award Number: HL123605 and HL148123

1 | INTRODUCTION

Abstract

Background: A substantial proportion of patients infected with severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) develop severe/critical coronavirus dis-
ease 2019 (COVID-19) characterized by acute respiratory distress syndrome (ARDS)
with thrombosis.

Objectives: We tested the hypothesis that SARS-CoV-2--induced upregulation of tis-
sue factor (TF) expression may be responsible for thrombus formation in COVID-19.
Methods: We compared autopsy lung tissues from 11 patients with COVID-19--
associated ARDS with samples from 6 patients with ARDS from other causes (non-
COVID-19 ARDS) and 11 normal control lungs.

Results: Dual RNA in situ hybridization for SARS-CoV-2 and TF identified sporadic
clustered SARS-CoV-2 with prominent co-localization of SARS-CoV-2 and TF RNA.
TF expression was 2-fold higher in COVID-19 than in non-COVID-19 ARDS lungs
(P =.017) and correlated with the intensity of SARS-CoV-2 staining (R?=.36, P =.04).
By immunofluorescence, TF protein expression was 2.1-fold higher in COVID-19 ver-
sus non-COVID-19 ARDS lungs (P = .0048) and 11-fold (P < .001) higher than control
lungs. Fibrin thrombi and thrombi positive for platelet factor 4 (PF4) were found in
close proximity to regions expressing TF in COVID-19 ARDS lung, and correlated with
TF expression (fibrin, R? = .52, P < .001; PF4, R? = .59, P < .001).

Conclusions: These data suggest that upregulation of TF expression is associated
with thrombus formation in COVID-19 lungs and could be a key therapeutic target.
Correlation of TF expression with SARS-CoV-2 in lungs of COVID-19 patients also

raises the possibility of direct TF induction by the virus.
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a worldwide pandemic. In severe cases, dysfunction of the lungs

Coronavirus disease 2019 (COVID-19), caused by severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2),! has initiated

and other organs has been linked to systemic microvascular injury
and thrombosis. These lesions occur in the context of a hyper-

coagulable state, with increased plasma fibrinogen and D-dimer
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levels accompanied by persistent activation of the complement
cascade and pro-inflammatory cytokine release.?® Tissue factor
(TF) may have a key role in this pro-thrombotic state.”® TF ex-
pression is usually negligible on the luminal surfaces of healthy,
non-inflamed endothelial cells (EC) and circulating blood cells,”
but can be induced by inflammatory cytokines; trauma; and many
pathogens,” including viruses.!® TF binds to factor VII, initiating
the extrinsic coagulation cascade that generates factor Xa and
thrombin.® Thrombin activates platelets and converts fibrinogen
to fibrin, required for blood clotting.!? It was recently reported
that severe COVID-19 with acute respiratory distress syndrome
(ARDS) is associated with elevated TF activity in circulating ex-
tracellular vesicles.!? This is consistent with the observation that
influenza A infection in mice is associated with induction of TF in
the lung and activation of coagulation, and that TF expression in
lung epithelial cells is essential to this process.*®!* SARS-CoV-2 is
known to directly infect endothelial cells, at least in engineered
human cells.® This is controversial, however, as EC usually ex-
press low levels of the primary SARS-CoV-2 receptor ACE2 and
cofactor TMPRSS2, and primary human EC appear to be resistant
to infection in vitro (Ahmetaj-Shala B, et al. bioRxiv preprint doi.
org/10.1101/2020.11.08.372581).

Several recent reviews have suggested a possible role for TF
in the thrombosis of severe COVID-19.”1% To examine associa-
tions among SARS-CoV-2, TF, and pathologic thrombi in COVID-19,
we examined autopsy lung specimens from patients with critical

COVID-19 compared to ARDS from other causes and normal lungs.

2 | METHODS

2.1 | COVID-19 and control cases

Eleven pulmonary autopsy specimens were obtained from COVID-19
patients, 10 from Weill Cornell Medical Center in New York City
and one previously reported case®® from Oklahoma (Table 1). Six
non--COVID-19 ARDS samples from the Weill Cornell archive tis-
sue bank were also examined. These samples represented the first
consecutive cases collected by the Translational Research Program
in Pathology and Pulmonary Critical Care Biobanks from which ad-
equate numbers of unstained, paraffin-embedded tissue slides were
available. All COVID-19 and non-COVID-19 ARDS patients were
admitted to intensive care. Five of the 11 COVID-19 patients were
intubated for 5 to 29 days and four of the five non-COVID-19 pa-
tients were intubated for 2 to 25 days (Table 1). The non-COVID-19
ARDS cases were linked to aspiration pneumonia in one and bacte-
rial sepsis in four, including one with a concomitant influenza infec-
tion (Table 1).

Five normal lung samples were obtained as controls from indi-
viduals on mechanical ventilation collected before the COVID-19
pandemic and designated as lung donors for allogeneic transplan-
tation. Additional normal pulmonary tissue was derived from lo-
bectomies of six lung cancer patients, obtained from the University
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Essentials

e The process by which severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infection promotes
coronavirus disease 19 (COVID-19)--related thrombosis
is unknown.

o We tested the hypothesis that SARS-CoV-2 induces up-
regulation of tissue factor, comparing lung tissues from
patients with COVID-19 acute respiratory distress syn-
drome (ARDS) with non-COVID-19 ARDS and normal
controls.

e SARS-CoV-2 was associated with upregulation of tissue
factor expression in lungs of COVID-19 patients.

o Tissue factor--mediated extrinsic coagulation pathway
activation may be responsible for thrombi formation in
COVID-19

of Oklahoma Health Sciences Center Pathology tissue repository.
Fixed autopsy tissues were paraffin-embedded and sectioned at 5
to 6 pm and stored at 4°C until studied.

2.2 | RNAin situ hybridization with
RNAscope technology

RNA in situ hybridization was performed with RNAscope technol-
ogy on a Leica BondRX platform using RNAscope LS Multiplex
Fluorescent Reagents (ACD, Cat#322800) following the manu-
facturer’s guidelines. Paraffin-embedded lung tissue blocks
were sectioned on slides and transferred to the Leica platform.
Hybridization was performed by incubating the slides with target
RNAscope probes (Table S1 in supporting information) follow-
ing the manufacturer’s protocol. To detect positive-sense SARS-
CoV-2, the target probe was 2.5 LS Probe V-nCoV2019-S (ACD
Cat#848568). To detect positive-sense TF, the target probe was
2.5 LS Hs-F3-C2 Probe (Cat#407618-C2). Fluorescence images
were obtained with a Zeiss 710 or Nikon Eclipse 80i confocal mi-
croscopes and fluorescence image intensities were quantified by
ImagelJ software.

2.3 | Histology, immunofluorescence staining, and
image quantification

All lung tissues were fixed with formalin and embedded in paraffin.
5u sections were stained with hematoxylin-eosin (H&E) for histol-
ogy. For immunofluorescence and histochemical staining, deparaffi-
nized and rehydrated slides underwent heat-induced (97°C) epitope
retrieval using Tris-ethylenediaminetetraacetic acid buffer, pH 9.0
for 10 min. Slides were incubated overnight at 4°C with blocking
buffer (1% bovine serum albumin + 0.3 M glycine in Tris-NaCl-Tween
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TABLE 1 Demographics and clinical characteristics of patients with COVID-19 ARDS and non-COVID-19 ARDS

Patient code Respiratory infection Age

ARDS-201 Aspiration pneumonia 74

ARDS-3 Bacterial pneumonia 77

ARDS-4 Bacterial pneumonia 39

ARDS-5 Bacterial pneumonia 34

ARDS-203 Bacterial pneumonia, Influenza 47

COVID-10 SARS-CoV-2 56
pneumonia

CoVvID-11 SARS-CoV_2 75
pneumonia

COVID-14 SARS-CoV-2 70
pneumonia

COVID-19 SARS-CoV-2 70
pneumonia

COVID-20 SARS-CoV-2 30
pneumonia

COVID-30 SARS-CoV-2 pneumonia 52

COVID-7 SARS-CoV-2 pneumonia 69

COVID-2 SARS-CoV-2 pneumonia 73

COVID-3 SARS-CoV-2 pneumonia 71

COVID-8 SARS-CoV-2 pneumonia 46

COVID-OK SARS-CoV-2 77

Pneumonia, cardiac arrest

Intubated

Sex Comorbidities (days)
F CAD, DM2, HTN, breast cancer, dementia 25

M CAD, DM1, PE, dementia None
F Sjogren’s syndrome 3

M CAD, gastric cancer 15

F DM2, HTN, hypothyroidism 4

F DM2, HTN, None

sickle cell anemia

M HTN, lung cancer 25

M Arteritis None
M Unknown None
F Diabetes, 12

pulmonary valve atresia

M CAD, HDK, DM2 29

M DM2, AML None
M Pre-diabetes, COPD 5

M Diabetes, HTN None
M DM2, HTN, asthma 7

M HTN, splenectomy None

Abbreviations: AML, acute myelogenous leukemia; ARDS, acute respiratory distress syndrome; CAD, coronary artery disease; COPD, chronic
obstructive pulmonary disease; COVID, coronavirus disease; DM1, type 1 diabetes mellitus; DM2, type 2 diabetes mellitus; HLD, hyperlipidemia;
HTN, hypertension; PE, pulmonary embolism; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

buffer) and then incubated again overnight at 4°C with primary an-
tibodies (Table S1) at 1:250 dilution. Excess primary antibodies were
washed in buffer (Tris-NaCl-Tween, pH 7.5) and samples were in-
cubated with the respective species-matched secondary antibodies
tagged with Alexa Fluor 488 (green channel), Alexa Fluor 594 (red
channel), or Alexa Flour 647 and Cy5 (far red channel) and incubated
at room temperature for 2 h. Sections were washed and mounted in
medium containing DAPI to stain the nuclei. Fluorescence images
were obtained with a Zeiss 710 confocal or Nikon Eclipse 80i fluo-
rescence microscope.

For quantification, individual pseudo-color-stained areas of
the lung tissues at high resolution with 20x magnification were
scanned/tiled using the Zen Blue program of a Zeiss 710 micro-
scope. Because areas of immunostaining were heterogeneous,
scanned/tiled images of whole lung sections were used to quan-
tify staining intensity. Positively stained areas and total areas in
immunofluorescence images were analyzed and quantified using
ImageJ software (NIH) with a background setting threshold. The
percentage of positives was calculated by dividing the immunos-
tained areas by the total area, then multiplying by 100. The spec-
ificity of TF staining was confirmed by comparing adjacent lung
sections from in situ hybridization and immunofluorescence stain-

ing (Figure S1 in supporting information). The analysis was done

in a blinded fashion and each slide was labeled with a code; after

staining, the code was broken.

2.4 | Statistics

All data are expressed as means, with error bars representing stand-
ard deviation (SD). Pearson linear regression is used to test the cor-
relation between TF and SARS-CoV-2 RNA, or fibrin, or platelet
factor 4 (PF4). Absolute numeric values were used in correlation
with a simple linear regression analysis. P-value <.05 is considered
statistically significant. Statistical analyses were performed using
GraphPad Prism software.

3 | RESULTS AND DISCUSSION
3.1 | SARS-CoV-2 RNA level correlates with TF
expression in COVID-19 ARDS lungs

Dual RNA in situ hybridization with SARS-CoV-2 and TF RNA fluo-
rescence probes in six COVID-19 samples and immunofluorescence
staining with an antibody specific for N-protein of the virus in five
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COVID-19 specimens showed viral and TF RNA and protein expres- tissue samples on both luminal and bronchoalveolar sides, in-
sion in COVID-19 lungs. High-resolution confocal immunofluores- cluding areas with many blood vessels that were filled with
cence images of RNAscope and immunostaining slides identified large- and micro-thrombi positive for fibrin or PF4 or both. This
both sporadic and clustered SARS-CoV-2, and about 20% TF expres- was prominent compared to non-COVID-19 ARDS and normal
sion co-localized with the virus clusters (Figures 1A, and S1A,B). control lung tissues (Figures 1D and S2 in supporting informa-
As measured by in situ hybridization using RNAscope imaging, TF tion). Quantification of immunofluorescent intensity of TF pro-

expression was 2-fold higher in COVID-19 than in non-COVID-19 tein expression in the lungs of COVID-19 cases were 2.1-fold
ARDS lungs (0.77% + 0.44% vs. 0.31% + 0.12%, P = .017; Figure 1B). higher than non-COVID-19 ARDS lung tissues (1.21% + 0.36%
TF expression correlated with SARS-CoV-2 in COVID-19 lungs as vs. 0.55% + 0.23%, P = .0048), and 11-fold higher vs. patho-
measured by RNAscope (n = 6) and immunostaining (n = 5; R? = .36, logically normal control lung tissues (0.11% + 0.13%, P < .001;
P =.048; Figure 1C). Figure 1E). Using multi-color immunofluorescence stain-

ing, fibrin-positive areas were more frequent and 1.5-fold

higher in COVID-19 lungs than in non-COVID-19 ARDS lungs

3.2 | TF expression is associated (1.4% + 0.37% vs. 1.06% + 0.34% of total area of images,
with fibrin- and PF4-rich thrombi in P =.047) and 3-fold higher than in normal controls (0.36 + 0.29,
COVID-19 versus non-COVID-19 ARDS P < .001; Figure 2A). PF4-positive areas were also prominent in
lungs and normal controls COVID-19 lung samples versus both non-COVID-19 ARDS and

normal controls (0.85% + 0.42% in COVID-19 and 0.6% + 0.34%
In COVID-19 ARDS samples, multi-color immunofluorescence in non-COVID-19 ARDS [P = .07] and 0.14% + 0.1% in normal
staining demonstrated TF protein expression throughout lung lung [P = .001]; Figure 2A). Both fibrin- and PF4-positive areas
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FIGURE 1 Insitu hybridization detecting severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral RNA and tissue factor (TF)
RNA. A, Dual RNA in situ hybridization of SARS-CoV-2 (green color dots) and TF (red color dots) in coronavirus disease 19 (COVID-19)-acute
respiratory distress syndrome (ARDS) and non--COVID-19 ARDS cases. B, Quantification of TF RNA expression from RNAscope (n = 6)
using ImagelJ program. C, Correlation of TF expression with SARS-CoV-2 expression (combined RNAscope [n = 6] and immunofluorescence
([n = 5]; R?=.66;P < .01). Staining of TF mRNA and immunofluorescence produced similar results, so the combined TF mRNA expression
from five COVID-19 patients and TF staining from six COVID-19 patients were shown. D, Immunofluorescence assessment of lungs

tissues from COVID-19-ARDS cases identifies higher TF expression associated with fibrin- and platelet factor 4 (PF4)-positive thrombi.
Immunostaining for TF (white), fibrin (green), and PF4 (red) of COVID-19-ARDS and non-COVID-19 ARDS as well as pathologically normal
control lung tissues. Inset with white box and bottom panels showing magnified vessels/area with fibrin- and/or platelet-rich thrombi. E,
Quantification of TF expression
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(absolute values in arbitrary units) strongly correlated with ab-
solute TF expression quantification values ([R2 =.52,P <.0001,
for correlation between fibrin and TF] and R?= .59, P <.0001 for
correlation between PF4 and TF; Figure 2B).

Both fibrin- and PF4-positive thrombi were found in close
proximity to TF-expressing areas (Figure 1D and S2). In high-
magnification images of COVID-19 lungs, we also observed a few
cells with nuclei (DAPI-positive) inside thrombi that were positive for
TF, which were leukocytes trapped inside the thrombi (not shown).
Because lung epithelial cells can express high levels of TF, and EC
can express TF under disease conditions, we identified epithelial
cells, stained with E-cadherin, and EC, stained with von Willebrand
factor (VWF). We found TF expression by alveolar epithelial cells in
both control and COVID-19 lungs, and an increase of TF expression
in EC of COVID-19 lungs compared to control lungs (Figures 1D, S2
and S3 in supporting information).

3.3 | Pulmonary histopathology of
COVID-19 and non--COVID-19 ARDS patients,
including characterization of CD61+ platelet thrombi

Histological findings showed characteristics of ARDS in both
COVID-19 and non--COVID-19 ARDS lung specimens. Histological
changes included hyaline deposition and inflammatory cells, dif-
fuse alveolar damage, and multifocal acute bronchopneumonia.
These findings were indistinguishable pathologically between those
with or without COVID-19, and with or without ventilator exposure
(Figure S4 in supporting information). Inmunohistochemistry stain-
ing showed that CD61+ areas, presumably platelet-filled (CD61+
platelet thrombi) blood vessels were higher in COVID-19 versus non-
-COVID-19 ARDS samples (Figure S4).

In summary, significantly higher TF expression in COVID-19 ver-
sus non--COVID-19 ARDS lungs was confirmed by two methods: a
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FIGURE 2 Tissue factor (TF) expression correlates with fibrin and platelet factor 4 (PF4) expression. A, Quantification of fibrin- and
PF4-positive thrombi images from confocal immunofluorescent in coronavirus disease 19 (COVID-19)-acute respiratory distress syndrome
(ARDS; n = 11) and non--COVID-19 ARDS (n = 6) and pathologically normal control (n = 11) lungs tissues using Imaris and ImageJ software.
B, Linear correlations of TF with fibrin (R? = .52; P < .002) and TF with PF4 (R? = .63; P = .001). C, Schematic diagram depicts potential
mechanism by which severe acute respiratory syndrome coronavirus 2 infection in the lungs can increase TF expression, which might cause

thrombi formation, by initiating fibrin formation and platelet activation
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very sensitive in situ hybridization using RNAscope and immunos-
taining of TF protein with a specific antibody using confocal imaging.
The juxtaposition of TF and SARS-CoV-2 expression by both meth-
ods suggests the possibility that de novo gene transcription and pro-
tein synthesis of TF is induced by SARS-CoV-2, although changes
in mRNA stability cannot be excluded. It is plausible that TF has a
key role in the acute lung failure of COVID-19 by triggering extrinsic
coagulation cascade-induced thrombosis (Figure 2C). Higher levels
of fibrin and activated platelets in PF4-positive thrombi correlated
to high TF expression in COVID-19 lungs, indicating that TF may
have initiated an extrinsic coagulation pathway. Both arterial and
venous thrombi, as well as small vessel microangiopathy, have been
observed in COVID-19 lungs,>? consistent with these findings.
COVID-19 ARDS is known to differ clinically from non--
COVID-19, primarily bacteria-driven ARDS, being associated with
a higher fatality rate (70-80% vs. 40% for non--COVID-19 ARDS)
and a greater rate of clinically important thromboses in the lungs
and other organs.2%! Our finding of elevated TF expression in non-
-COVID-19 ARDS lungs versus normal control lung also suggests a
role for TF-mediated thrombosis in ARDS apart from SARS-CoV-2
infection. The difference in severity of thrombosis in COVID-19
ARDS versus non--COVID-19 ARDS may include not only the in-
crease in TF expression documented here, but additional factors,
including complement activation,® or more prolonged exposure to
pro-inflammatory cytokines such as IL6.2%2 Dysregulation of interfer-

23,24

on-l responses also contribute to the pathology.

Previous studies have connected aggregates of platelets and

monocytes that express TF%

with fibrinogen, D-dimer, and neu-
trophil extracellular traps (NETs) as likely contributing to throm-
bus formation by interaction with platelets?®?” in COVID-19. This
suggests that monocytes and neutrophils, key components of the
innate immune response to virus, might contribute to systemic
thrombosis. A recent study showed that SARS-CoV-2 pseudovi-
rus infection in monocyte-derived cells increased TF activity,28
and another study found both TF and PAI-1 activity higher in
COVID-19 patients than sepsis patients.?’ Thus, TF activity and
inhibition of fibrinolytic activity could contribute to COVID-19--
related thrombosis.

A major limitation of our study is that it involved fixed autopsy
samples from a relatively small number of heterogenous cases. This
issue was mitigated by quantifying a large area of lung tissue in both
COVID-19 and non--COVID-19 samples without selection bias for only
the thrombotic areas side by side using the same antibodies, RNA-
probes, and conditions, and the same confocal imaging. Additional
studies are required to identify the mechanism by which SARS-CoV-2
is associated with TF induction, to determine whether this relates to a
systemic cytokine surge and/or local TF expression by virus, and how
it contributes to lung thrombi generation and ARDS pathophysiology.

In conclusion, our data showing increased TF expression in the
lung tissues of COVID-19 cases associated with fibrin- and PF4-
positive activated platelet-rich thrombi indicate that the TF-initiated
coagulation pathway might be involved in the coagulopathy of pro-
gressive COVID-19. Thus, inhibition of the TF-mediated extrinsic

jth L=

pathway, or elements downstream of both the extrinsic or intrinsic
pathway, such as inhibitors of factor Xa or thrombin, might improve
thrombotic control in COVID-19.
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