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.



Annals of Diagnostic Pathology 50 (2021) 151645

Contents lists available at ScienceDirect

Annals of
DIAGNOSTIC
PATHOLOGY

Annals of Diagnostic Pathology

journal homepage: www.elsevier.com/locate/anndiagpath

ELSEVIER

Original Contribution ' :.)

Check for
updates

Severe COVID-19: A multifaceted viral vasculopathy syndrome

Cynthia M. Magro “, Justin Mulvey b Jeffrey Kubiak?, Sheridan Mikhail ¢ David Suster®,
A. Neil Crowson “#, Jeffrey Laurence °, Gerard Nuovo b1

2 Department of Pathology and Laboratory Medicine, Weill Cornell Medicine, NY, NY, USA

b Department of Laboratory Medicine, Memorial Sloan-Kettering Cancer Center, NY, NY, USA

¢ Discovery Life Sciences, Powell, OH, USA

4 Rutgers University Hospital Department of Pathology, Newark, NJ, USA

€ Pathology Laboratory Associates, Oklahoma City, OK, USA

f Ohio State University Comprehensive Cancer Center and Discovery Life Sciences, Columbus, OH, USA
& University of Oklahoma, Oklahoma City, OK, USA

ARTICLE INFO ABSTRACT

Keywords: The objective of this study was to elucidate the pathophysiology that underlies severe COVID-19 by assessing the
COVID-19 histopathology and the in situ detection of infectious SARS-CoV-2 and viral capsid proteins along with the
In ?‘t“ . cellular target(s) and host response from twelve autopsies. There were three key findings: 1) high copy infectious
Spike P“’,te?“, virus was limited mostly to the alveolar macrophages and endothelial cells of the septal capillaries; 2) viral spike
Endothelialitis . . . . . . . .

Complement protein without viral RNA localized to ACE2+ endothelial cells in microvessels that were most abundant in the

subcutaneous fat and brain; 3) although both infectious virus and docked viral spike protein was associated with
complement activation, only the endocytosed pseudovirions induced a marked up-regulation of the key COVID-
19 associated proteins IL6, TNF alpha, IL1 beta, p38, IL8, and caspase 3 in endothelium. Importantly, this
microvasculitis was associated with characteristic findings on hematoxylin and eosin examination that included
endothelial degeneration and resultant basement membrane zone disruption and reduplication. It is concluded
that serious COVID-19 infection has two distinct mechanisms: 1) a microangiopathy of pulmonary capillaries
associated with a high infectious viral load where endothelial cell death releases pseudovirions into the circu-
lation, and 2) the pseudovirions dock on ACE2+ endothelial cells most prevalent in the skin/subcutaneous fat
and brain that activates the complement pathway/coagulation cascade resulting in a systemic procoagulant state
as well as endothelial expression of cytokines that produce the cytokine storm. The data predicts a favorable
response to therapies based on either removal of circulating viral proteins and/or blunting of the endothelial-
induced response.

1. Introduction

The severe acute respiratory distress syndrome-associated corona-
virus-2 (SARS-CoV-2), etiologic agent of Coronavirus disease 2019
(COVID-19), was initially identified in Wuhan, Hubei, China in
December 2010 [1,2] and, by mid August there were over 22.5 million
confirmed cases and over 800,000 deaths [3]. Respiratory failure, the
so-called “cytokine storm”, cardiovascular collapse, and a coagulop-
athy/procoagulant state are associated with fatal disease. Well-
documented risk factors include increased age, preexisting medical
conditions including diabetes and cardiovascular disease [4,5]; obesity

is an independent risk factor for severe COVID-19 disease [6,7].

While the majority of SARS-CoV-2 infections are self-limited, 20% of
patients are symptomatic, often requiring hospitalization, and about 3%
of all documented cases are fatal. In New York City, where this group is
centered, the number of deaths per 1000 person-years greatly increased
from a nearly flat monthly death rate, average of 7.83, in 2017 to 9.44 in
April and May of 2020 [8], a 21% increase in all cause mortality. Serious
manifestations typically begin within 1-2 weeks after the onset of
symptoms, and are heralded by profound difficulty in breathing with
further complications related to a hypercoagulable state [9-11]. Patients
who develop severe COVID-19 have extensive microangiopathy and an
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increased risk of larger vessel thrombosis whereby it has been hypoth-
esized that the complement and coagulation system work synergistically
to produce potentially catastrophic sequelae [9,12-16]. It was recently
demonstrated that diseased and normal skin are an important source for
docked viral protein within ACE2 positive microvasculature especially
in the deeper dermis and subcutaneous fat without any evidence of viral
replication [17] (Magro, CM, submitted for publication). The extent of
viral protein load in patients with severe COVID-19 including those with
a fatal outcome may be linked to a poor interferon response [17]. In this
study severe COVID-19 is presented as a multifaceted viral-triggered
vasculopathy syndrome with the potential to affect multiple organ sys-
tems. The extent and location of viral RNA and capsid proteins
throughout the body is presented after analysis of diverse tissues from
twelve autopsies and correlated with the SARS-CoV2 receptor, ACE2.
The results of these analyses, including the demonstration of high copy
infectious virus only in the lung and the localization of the SARS CoV-2
capsid proteins including the spike protein without viral RNA (i.e.
pseudovirion) within various microvascular beds where ACE2+ endo-
thelia dominate, suggests that severe COVID-19 may have two distinct
mechanisms.

2. Methods
2.1. SARS-CoV-2 infected tissues

The formalin fixed, paraffin embedded tissues studied comprised a
combination of autopsy cases and surgical pathology specimens from
symptomatic patients. A total of 12 autopsies with tissue samples pro-
cured from many organs including lung, heart, liver, spleen, brain,
lymph nodes, kidney and skin/subcutaneous fat, one pre-mortem open
lung biopsy, 13 skin samples, and two below the knee amputations
specimens were studied. This study presents archival pathology material
where any additional studies were covered under IRB protocol 20-
02021524.

2.2. Routine light microscopy

Four-micron sections were cut and stained with hematoxylin and
eosin. The histologic evaluations included evidence of cell necrosis, in-
flammatory infiltrates, thrombi, platelet aggregation, viral inclusions, as
well as microvascular damage as defined by endothelial cell denude-
ment, basement membrane zone reduplication, and microthrombi.

2.3. Immunohistochemistry

Immunohistochemical assessment for the deposition of C5b-9
(membranolytic attack complex (MAC)), C3d, and C4d, caspase 3,
ACE-2, and myxovirus resistance protein A (MXA) using a dia-
minobenzidine chromogen was conducted on the formalin-fixed tissues.
Further, the presence and distribution of a series of cytokines associated
with severe COVID-19, including IL6, TNFa, IL1p, p38, and IL8, were
tested after optimization with appropriate positive and negative controls
as previously described [16]. Brain related molecular changes were
studied by testing for SUR1, TRPM4, PERK, PARP3, NMDARI1, and
caspase 3. Identification of C5b-9, C3d, or C4d within epithelial base-
ment membrane zones, elastic fibers, or the elastic lamina of vessels was
considered nonspecific staining as previously described [9,17]. The
source of the antibodies was: C3d (Cell Marque, Rocklin CA, 403A-78),
C4d (Alpco, Salem NH, BI-RC4d), and C5b-9 (Agilent, Santa Clara CA,
MO077701-5). Each of the other antibodies was from ABCAM (Cam-
bridge, Massachusetts, USA) with the exception of ACE2 (cat # 3215)
(PROSCI, Poway, California, USA) and optimal pretreatment in each
case was 30 min with the Leica EDTA antigen retrieval solution.

Detection of the SARS-CoV-2 spike glycoprotein, membrane and/or
envelope proteins was as previously described [9,16,17]. In brief, the
Leica Bond Max automated platform was used with the primary
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antibodies (PROSCI) at dilutions of 1:500 (membrane, cat # 3527),
1:4500 (spike; cat # 3525) and 1:500 (envelope; cat # 3521) after an-
tigen retrieval for 30 min. The HRP conjugate from Enzo Life Sciences
(Farmingdale, New York, USA) was used in place of the equivalent re-
agent from Leica as this has been shown to substantially reduce back-
ground [16].

2.4. In situ hybridization

Detection of SARS-CoV-2 RNA was done using the ACD RNAscope
(Newark, California, USA) probe (Cat No. 848561-C3) through a pre-
viously published protocol in which only the viral RNA probe is changed
[16]. In brief, pretreatment in the ACD RNA retrieval solution and
protease digestion is followed by overnight hybridization at 37C and
detection using the ACD 2.5 HD DAB detection kit.

2.5. Co-expression analysis

Co-expression analyses were done using the Nuance system whereby
each chromogenic signal is separated, converted to a fluorescence based
signal, then mixed to determine what percentage of cells were express-
ing the two proteins of interest as previously described [16].

3. Results
3.1. Clinical correlates

Of the 26 patients, all but two had severe COVID-19 including 23
with respiratory failure; 12 people died of the disease and had complete
post-mortems: The patients ranged in age from 28 to 95 years and were
represented by 17 males and 9 females. Of the 24 patients with severe or
fatal COVID-19, clinical risk factors included obesity (n = 14), arterial
hypertension (n = 10), diabetes mellitus (n = 8), cardiopulmonary dis-
ease (n = 7), hyperlipidemia (n = 4), sickle cell anemia (n = 2) and deep
vein thrombosis (n = 1). Neurologic signs/symptoms were nonspecific
and included lethargy and confusion. The two patients with moderate
COVID-19 each survived but needed below the knee amputations for
deep vein thrombosis; one person was obese and the other had diabetes
mellitus.

3.2. Autopsy and light microscopic findings

The primary gross abnormality at autopsy was the lungs that were
heavy and diffusely congested. The other gross abnormality was mac-
rothrombi that was evident in three autopsies at times associated with
tissue infarction. The brains were grossly normal.

Histologically, in each of the lung samples the most consistent
pattern of vascular injury was one characterized by septal capillary walls
exhibiting a disrupted and frayed dyshesive appearance (Fig. 1) best
appreciated under oil-immersion (100x objective) magnification. As
seen in Fig. 1, the vessels had a dilated rarefied appearance and were
largely devoid of viable endothelium or pneumocytes and exhibited
focal thrombosis. There was also focal small vessel and larger vessel
thrombosis affecting both the venous and arterial system. In some cases,
organizing pneumonitis with interstitial fibrosis and hyaline membrane
formation could be seen. The one pre-mortem lung sample showed an
end stage pattern of lung injury characterized by pauci-cellular fibrosis
with obliteration of the terminal parenchymal architecture.

Microvascular thrombi were evident in many organs including the
kidney, brain, heart, skin and liver and were seen in capillaries, venules,
and arterioles (Fig. 2). The pattern of vascular thrombosis varied. One
was characterized by bland luminal thrombi or incipient platelet
thrombi without endothelial injury (Fig. 2). This pattern was also seen in
much larger vessels in the two below the knee amputations specimens
where arterial thrombosis involving small and medium sized blood
vessels (Fig. 2). The second pattern of thrombosis was one accompanied
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Fig. 1. Histologic changes in the lung in fatal COVID-19. A common pattern of septal capillary injury was characterized by septal capillary walls exhibiting a
disrupted and frayed dyshesive appearance with or without endothelial cell denudement unaccompanied by significant inflammation best appreciated under oil
examination (panel B). There was also significant vessel thrombosis affecting septal capillaries and both the venous and arterial systems (Panels C, D).

THROMBUS

THROMBUS

Fig. 2. Histologic changes in various organs in fatal COVID-19. Many organs, including the kidney, brain, heart, skin and liver, demonstrated focal microvascular
thrombi in smaller vessels; among the affected vessels were capillaries, venules, arterioles and small arteries (Panel A/B; kidney). Panels C/D depict cardiac tissue
showing loose platelet thrombi without any evidence of endothelial cell injury or vessel wall inflammation. In two below the knee amputations specimens, there was
arterial thrombosis involving small and medium sized blood vessels in the deeper dermis and subcutaneous fat (panel E). The other pattern of thrombosis was one
accompanied by significant endothelial cell injury and resultant basement membrane zone disruption and reduplication most often seen in the brain and skin. The
most striking abnormality was in the context of mummified vessels (i.e. capillaries) devoid of endothelium with associated basement membrane zone reduplication

and perivascular edema (panel F, brain).

by significant endothelial injury and resultant basement membrane zone
disruption and reduplication seen most prominently in the brain and
biopsied skin lesions of thrombotic retiform purpura. Interestingly, this
same pattern of microvascular damage was seen in grossly normal skin
from people who died of COVID-19. Extravascular inflammation apart
from inflammation related to ischemic tissue necrosis was not observed.
Viral inclusions were not evident. Histologic sections of brain showed
rare luminal thrombi comprising large platelets admixed with fibrin in
capillaries and venules. However the most striking abnormality was in

the context of mummified capillaries devoid of endothelium with asso-
ciated basement membrane zone reduplication and perivascular edema
(Fig. 2). Red blood cell extravasation and perivascular hemosiderin
deposition was noted around capillaries and venules, which is very rare
in the normal brain and may be a marker of on-going capillary fragility.
The perivascular edema was exemplified by an expanded space sur-
rounding blood vessels and appeared greater around vessels positive for
SARS CoV-2 protein compared to normal brain. To quantify this, the
perivascular space diameter was measured for 50 microvessels in the
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gray matter of the normal versus COVID-19 brain blinded to the clinical
information. The mean (SEM) values for the perivascular space around
microvessels were: normal brain 98.7 pm (9.8), COVID-19 brain, overall
84.1 pm (8.9), COVID-19 brain, microvessels with spike protein 164.7
pm (12.1). The latter was significantly increased versus the normal brain
and overall COVID-19 brain using the Tukey-Kramer Multiple Com-
parisons Test (p < 0.001).

3.3. Complement studies

Complement studies were conducted on tissue from the lung (n = 6),
heart (n = 4), liver (n = 4), kidney (n = 4), brain (n = 3) and skin (n =
20). There was significant endothelial and subendothelial microvascular
deposition of C3d, C4d and/or C5b-9 in all cases tested and in none of
the controls (Fig. 3). The complement expression was temporal and
heterogeneous for a particular case. Hence while there could be exten-
sive C4d likely reflective of mannan binding lectin activation, C5b-9 or
C3d could be absent. The key was to document substantial deposition of
one component of complement activation such as C3d, C4d, and/or C5b-
9, the latter in a punctate granular pattern highlighting endothelium and
vessel walls. The C5b-9 was deposited in capillary walls, endothelia and
intravascular macrophages; the pattern of immunoreactivity included
an intracellular one within the endothelium and a surface punctate
granular one that outlined the abluminal surface of the vessels. Intra-
vascular platelets also contained C4d and at times other components of
complement. In lung samples showing advanced injury with end stage
fibrosis there was no vascular complement deposition. Both lesional and
nonlesional clinically normal skin exhibited complement deposition
where it was most apparent in the deeper dermis and subcutaneous fat.
In larger occluded arteries of the lower extremity the deposition was
largely confined to the vessel wall but not the endothelia. The extent of
complement deposition was greatest in the lung, skin, brain, kidney, and
heart.

l!’;." ; ? 23 P, ¢ & i
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3.4. SARS-CoV-2 RNA in situ hybridization

The distribution of SARS-CoV-2 RNA was determined by in situ hy-
bridization. Abundant viral RNA was evident in the lung tissues where it
localized to the alveolar macrophages and adjacent septal capillary’s
endothelia (Fig. 4) as evidenced by co-expression with the markers
CD68, CD11b, and CD206 as well as the endothelial marker CD31,
respectively. Rare signal was evident in alveolar pneumocytes although
these cells were often absent from areas with high viral load. Using
signal intensity and known standards [16], viral copy number was
estimated at >500,000 viral genomes/mm? in many fields. Viral RNA
and capsid proteins (spike, envelope, membrane) strongly co-expressed
and co-localized with C3d, C4d, and C5b-9 as well as to the ACE2 re-
ceptor (Fig. 4). Interrogation of the spleen, lymph nodes (Fig. 5), brain
and skin with attached subcutaneous fat did not reveal any cells positive
for SARS-CoV-2 RNA. Viral RNA was evident in the liver, heart, and
kidney but in rare cells that co-expressed the macrophage marker CD68
(Fig. 5); the highest viral RNA load was evident in the liver but this was
many fold lower than in the lung (0-250 genomes/mm?).

3.5. SARS-CoV-2 spike and ACE2 protein immunohistochemistry

Immunohistochemistry for the viral spike protein in the COVID-19
cases and negative controls was analyzed in a blinded fashion. In the
skin serial section analysis for evidence of the spike glycoprotein re-
ceptor ACE2 showed an equivalent distribution to the viral protein.
Among the endothelial cells in the various organs by far the strongest
expression/unit area for the ACE2 receptor was in the microvessels of
the skin (Fig. 6) and the lung where >50% of the microvascular endo-
thelia expressed the viral receptor. There was strong expression of the
ACE2 receptor in the microvasculature of the brain (i.e. capillaries and
venules), albeit focal. Overall ACE-2 expression in the microvascula-
ture’s endothelia, as represented by both number of positive staining
vessels and the intensity of staining, from highest to lowest follows: skin,
lung, brain, liver, placenta, kidney and heart with no signal evident in
the spleen, lymph node, prostate, ovary, bone marrow and esophagus.

LIVER

Fig. 3. Complement cascade activation in COVID-19. There was significant endothelial and subendothelial microvascular deposition of C3d, C4d and/or C5b-9 in all
severe/fatal COVID-19 cases tested. Representative images of pulmonary and extrapulmonary complement staining is provided (Panel A = C4d heart, Panel B = C4d

brain, Panel C = C4d lung and Panel D = C5b-9 liver).
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Fig. 4. Detection of SARS-CoV-2 RNA and capsid proteins in the lungs of people who died of COVID-19. The lung in fatal COVID-19 shows marked heterogeneity.
Panel A shows a histologically unremarkable area of lung. In the serial section, viral RNA was evident in rare cells (circles) that had the morphology of macrophages
(panel B) and did co-express with CD68 (data not shown). In adjacent areas the septal capillaries were markedly expanded (panel C). This was associated with a very
high viral load where the viral genomes localized to the macrophages (circles) and septal capillaries (arrows). Although the viral RNA in the septal capillaries often
showed a thin, linear pattern, at times the zone containing viral RNA was much expanded and associated with degenerated virus (panel E, rectangle). The areas of
high viral load and septal capillary injury were associated with strong expression of TLR7 (panel F; signal red) and caspase 3 (panel G, signal red); however, IL6 was
much less evident (panel H, signal red). Co-expression of C4d and the envelope protein of SARS-CoV2 in the areas of septal damage were analyzed by the Nuance
system. The C4d is seen as fluorescent green (panel I), the envelope protein as fluorescent red (panel J) and the merged image shows the cells in the septal capillaries
that contain both proteins as fluorescent yellow (panel K). Panel L shows co-expression of ACE2 (green) and spike protein (red); note that the spike protein strongly
co-localizes with ACE2 on the endothelial (yellow). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 5. Detection of SARS-CoV-2 RNA and capsid proteins in organs other than the lung and skin. SARS-CoV-2 RNA was analyzed in the liver (panel A), heart (panel
B), kidney (panel C) and spleen (not shown) in cases where a very high viral load was present in the lung (panels D and E). Note that either no or very rare (no more
than 3+ cells/400x field) viral positive cells were present in these other organs (circles); the infected cells had the morphology of macrophages These same organs
were interrogated for the ACE2 receptor on endothelial cells and either none were evident (panel F, spleen) or less than 10% of the endothelial cells expressed the
viral receptor in these organs. Viral capsid protein was not evident in the spleen microvessels (panel G) and rarely present in the microvessels of other organs (kidney
panel H, circle) where they did track with IL6 and caspase 3, data not shown.
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Fig. 6. Detection of SARS-CoV-2 RNA and capsid proteins in the skin and subcutaneous fat. Serial section analyses demonstrated that the same microvessels of the
skin in people who died of COVID-19 showed endothelial localization of the viral membrane protein (panel A), activated caspase 3 (panel B), p38 (panel C, signal
red), TNF a (panel D) and the viral spike protein (panel E, signal red). However, viral RNA was not detected by in situ hybridization (panel F); consistent with this
finding was the lack of TLF7 expression (panel G); compare to TLR7 expression in lung in areas with infectious virus (Fig. 1, panel F). Neither viral capsid proteins
(panel H) nor caspase 3/IL6/TNF alpha (not shown) were evident in the skin microvessels in people with mild SARS-CoV-2 infection. Panel I (signal red) shows the
strong expression of ACE2 in the microvessels of the subcutaneous fat in people who died of COVID-19. Co-expression experiments showed strong co-localization of
C4b and the viral spike protein in the endothelial cells of these microvessels (panel J), of the complement cascade activator MASP2 and viral spike protein (panel K)
and of the viral envelope protein and TNF o (panel L) as well as the endothelial cell marker CD31 (data not shown). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

There was significant viral protein localization in the microvascu-
lature of the skin especially the deeper dermis and subcutaneous fat
procured from both thrombosed lesional skin and clinically normal
deltoid skin. Multiple foci of viral protein localization within the
microvasculature of the brain was also identified although less dense
than that noted in the skin. Co-localization experiments documented in
both the skin and brain that the endothelial cells with viral spike protein
also strongly expressed ACE-2 and that the spike protein co-localized
with both the envelope and membrane proteins, suggesting that the
capsid proteins circulated as a unit.

The viral spike protein was not identified in the spleen (Fig. 5) or in
any of the negative controls. Rare viral proteins were evident in the
endothelia as determined by CD31 co-expression in the heart and kidney
from fatal COVID-19 cases but these organs were predominantly nega-
tive and reflected the minimal ACE-2 receptor expression. The spike
protein was evident in small groups of cells in the liver that were either
macrophages or endothelial cells as demonstrated by co-expression with
CD68 or CD31, respectively (data not shown). In the heart tissue, the
ACE2 receptor and spike protein were more prevalent in the micro-
vessels of the fat surrounding the heart than in the heart muscle proper
(data not shown).

3.6. Cellular reaction to SARS-CoV-2 RNA and SARS CoV-2 proteins:
viral defense systems and cytokines

The data indicates that circulating SARS-CoV-2 spike protein but not
intact infectious virus, dock into various microvascular beds throughout
the body that express the ACE-2 receptor being most apparent in the
skin, brain and liver. To determine other sequelae of this pseudovirion

docking, cases and controls were analyzed for TLR3, TLR7, interferon
gamma, PDL1, activated caspase 3 and a series of cytokines that have
been associated with severe COVID-19: IL6, TNF a, IL1 f, IL8, and p38.
TLR3, TLR7 and interferon gamma were increased in the lung in the
areas of viral proliferation but not in the liver, brain, or subcutaneous fat
(Figs. 4 and 6). Caspase 3 and PDL1 were each increased in the lung in
the endothelia that contained infectious virus as well as in the endo-
thelia of the microvessels of other organs, primarily the skin, where the
viral spike protein alone was detected. Each of the cytokines (IL6, TNF o,
IL1 B, IL8, and p38) were significantly increased in the endothelia of
select extrapulmonary microvascular beds where they each strongly co-
localized with the viral spike protein and ACE-2 receptors including the
skin (Fig. 6) and brain (Fig. 7). However, these cytokines either were not
detected, or weakly expressed, in the lung in the areas of active viral
replication (Fig. 4).

3.7. Cellular reaction to microvascular SARS CoV-2 proteins in the brain

Neurological symptoms are common in severe COVID-19 and, thus,
the microenvironment in the area of the disease microvessels was
explored. Microglia, astrocytes, neurons, and oligodendroglial cells
were identified with TMEM, GFAP, pyruvate dehydrogenase, NeuN, and
$100, respectively [16]. The endothelial cells, as identified with CD31,
that contained the viral capsid proteins strongly expressed SURI,
TRPMA4, activated caspase 3, and PARP3 (data not shown); none of these
proteins were noted in the viral protein negative endothelial cells nor in
the surrounding cells, including neurons. SUR1 and TRPM4 are in-
dicators of disruption in the blood brain barrier and caspase 3/PARP3
expression may signify cell death in the CNS [16]. The glutamate
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Fig. 7. Molecular correlates of COVID-19 in the brain. Panels A and B show representative histologic changes in the microvessels in the gray matter of the brain from
people who died of COVID-19. Note the microthrombus (panel A) and the degenerated microvessel in which the endothelial nuclei are not evident (panel B). Panels
C/D show that ACE2 receptor is expressed robustly in the endothelia of microvessels but not of the larger arterioles. Serial section analysis shows that the endothelial
cells of the microvessels also the viral spike protein (panel E), IL6 (panel F) and TNF « (panel G). Note that the latter co-localizes with Cd4 (panels G-I) as does IL6 and
the spike protein (panel J), C4d and the spike protein (panel K) and the viral membrane protein with caspase 3 (panel L); all co-localization is evident as fluorescent
yellow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

dependent NMDAR1 was expressed in neurons within 100 pm of the
microvessels that contained the viral proteins and not in other neurons
(data not shown). Taken together, the data suggests that the CNS dam-
age is primarily a microvasculitis with no evidence of neuronal death,
but rather of neuronal dysfunction including excitotoxicity as suggested
by the increased NMDARI1 expression.

4. Discussion

The primary findings of this study are threefold. 1) Histologic. Be-
sides the microangiopathy in the septal capillaries of the lung as previ-
ously described [9], there is systemic vascular disease marked either by
thrombi in large vessels or endothelial cell damage/necrosis, basement
membrane duplication, perivascular edema, and microthrombi in
microvessels; the latter are most prominent in the skin, brain, and liver.
2) Viral. SARS-CoV-2 RNA/protein (infectious virus) in high copy
number is evident only in the septal capillaries/macrophages in the lung
whereas pseudovirions (spike, envelope, membrane proteins without
viral RNA) are evident systemically where they are endocytosed by
ACE2+ endothelia, which dominate in the skin, brain, and liver. 3) Host
response. Complement activation is evident with both the infectious
virus and pseudovirions. However, cytokine up regulation including IL6,
IL8, IL1 B, TNF a, and p38 as well as caspase 3 expression is evident only
with the pseudovirions where they strongly co-express with the viral
capsid proteins. In the brain, the microvasculitis is mainly confined to
the endothelial cells with minimal evidence of neuronal or other cell
death. A graphic summary of these mechanisms is provided in Fig. 8.

In an earlier study we showed that a critical aspect of the patho-
physiology of severe COVID-19 is one of complement mediated vascular
injury in the lung [9]. In the 5 cases presented in the original study, the
lung and skin of all patients had evidence of vascular injury character-
ized by endothelial necrosis and thrombosis associated with microvas-
cular deposition of complement including C4d, MASP2, and C5b-9
indicative of mannan binding lectin (MBL) pathway activation [9]. By

demonstrating that endothelial based SARS CoV-2 viral capsid proteins
co-expressed with these complement proteins, it was assumed that in-
fectious virus was inducing the MBL pathway. This prior study did not
specifically address whether or not the viral protein present was
reflective of active viral replication or merely docked nonreplicative
viral proteins (i.e. pseudovirions).

Given the millions of cases worldwide, the clinical correlates of se-
vere COVID-19 are well documented. These include an independent
association with obesity, strong correlation with preexisting conditions
including diabetes, a hypercoagulable state, so-called cytokine storm
and neurologic signs/symptoms that often become manifest 1-2 weeks
after pneumonia [4-8]. The current study by correlating the light
microscopic, viral, and host response, including cytokine expression and
complement analysis of significantly ill COVID-19 patients, has provided
data that may help to understand the foundation for these clinical cor-
relates. The extremely high copy viral load in the lung induces a
microangiopathy that destroys the infected endothelial cell and, thus,
could release large numbers of pseudovirions into the circulation. The
spike protein in these pseudovirions will dock on ACE2+ endothelia.
The largest reservoir for the latter is the subcutaneous fat, which will be
much increased in the obese. The endocytosed viral proteins induce a
strong complement cascade activation and marked cytokine response
including IL6, IL8, IL1 B, p38, and TNF a. These cellular responses would
cause many systemic medical problems, especially in those with pre-
existing medical conditions. The observation that the microvascular
bed in the liver and brain also contains many ACE2+ endothelial cells
that, as demonstrated here, shows much evidence of viral-induced
damage, could clearly be related to the hepatic and neurological
sequela, respectively.

The complement deposition in the capillaries revealed by C4d and
C5b-9 suggested a direct causal association between endotheliotropic
viral infection and complement activation. In brief C4d is a byproduct of
MBL activation that likely occurs due to MBL engagement with spike
glycoprotein [18,19]. Interestingly, substantial deposits of C4d and C5b-
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Fig. 8. Graphic representation of the two distinct mechanisms of severe COVID-19.

9 within the dermal and subcutaneous vasculature were observed in the
autopsy cases in grossly normal skin. This reinforces the potential use of
deltoid skin biopsies in symptomatic COVID-19 as a means to identify
patients in whom substantial viral capsid protein docking has occurred
and, thus, may benefit from blood thinning or anti-cytokine therapy.
Prior studies utilizing RT-PCR based methodologies require tissue
destruction, which prevents cellular microanatomic localization of the
virus. These studies have found active replicating virus in the blood,
brain, spleen, placenta, liver, large and small intestine, skeletal muscle,
and lymph nodes [20-22]. To our knowledge, replicating virus has not
been detected in skin samples [23-25]. What has been reported as viral
inclusions have been found in the kidney endothelium, and apoptotic
blebbing with microvesicles has been seen in the endothelium of other
organ systems as well; active replication was not proven [26,27]. Virus-
like particles have also been seen in the endothelium in the brain with
concomitant detection of viral RNA from minced FFPE tissue, though
localization to the endothelium could not document [20]. Given the
widespread expression of ACE-2 receptors across many tissue types, it is
possible that the aforementioned studies detected viral replication in
non-vascular tissue [28]; this study did document rare macrophages in
the heart/liver/kidney that contained infectious virus that could

produce a positive result with RTPCR. It is postulated that the absence of
viral RNA from the endothelium in these tissues represents a true lack of
actively replicating virus. It has been shown that SARS-CoV-2 spike
protein expression on non-replicating pseudovirions is sufficient for
ACE-2 receptor mediated endocytosis [29], and indeed, prior studies
from SARS-CoV have proven that the MBL pathway may be activated by
both actively replicating virus as well as by pseudovirions [30].

The rarity of finding viral RNA using an ultrasensitive in situ method
but detecting viral capsid proteins in the ACE-2 receptor-expressing
endothelia of the skin and brain and, less so, in the liver, heart and
kidney was unexpected. Data that supported the conclusion that the
absence of viral RNA in the endothelia of these organs was not a false
negative result included: 1) viral RNA detected in the heart, liver, and
kidney in a few cells with the phenotype of macrophages but not in
endothelia; 2) the in situ hybridization method used has a detection
threshold of 1 viral genome/cell; 3) detection of viral capsid proteins in
the context of infectious virions is invariably associated with high viral
copy number, as we have demonstrated in the lung of people who died of
COVID-19 [9] and 4) the methodology used in this paper did detect
infectious SARS-CoV2 in the skin of people with perniosis [17]. Data that
supports the conclusion that viral capsid proteins alone evident in the
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microvascular endothelia was not a false positive result included: 1)
strong co-localization with the ACE-2 receptor; 2) strong co-localization
with many cytokines associated with severe COVID-19; 3) strong co-
localization with complement cascade proteins; 4) co-localization with
caspase 3 that, like the other proteins, would not be present in endo-
thelia without a direct stimulus; and 5) lack of expression of the TLRs
that respond to viral RNA and not the proteins.

A critical result in this study was the strong co-expression of ACE2
with both infectious virus and pseudovirions. The ACE-2 is a zinc met-
alloprotease involved in homeostatic balance of the renin-angiotensin-
aldosterone axis. ACE2 deactivates of angiotensin I and angiotensin II,
ultimately producing Angiotensin [1-7], a seven-member peptide that
opposes the actions of angiotensin I and II through receptor MasR
Circulating Angiotensin [1-7] along with apelins, a second product of
ACE-2, affects tissues including the endothelium throughout the body
[28,31-37]. An important finding in this study that may explain in part
some of the clinical manifestations of COVID-19 is that not all organs
express ACE-2 in the microvascular bed with many organs showing no
detectable staining in endothelia. ACE-2 receptor expression is highest
in the microvasculature of the subcutaneous fat and brain though still
evident, albeit in lower amounts in the liver, kidney, and heart.

The extent of pseudovirion localization within the microvasculature
of the brain with its attendant sequelae being one of complement acti-
vation and endothelial cell could account for the encephalitis pattern
seen clinically and radiographically in patient with COVID-19 [38]. The
findings are reminiscent of the microvascular changes seen in Susac’s
syndrome where vessels of similar caliber demonstrate complement
mediated microvascular injury resulting in encephalitis [39]. In one case
report, a CSF analysis found elevated levels of IL-6, IL-8, IL-17A, IP-10,
and a unique MCP-10 signature in Covid-19 encephalitis [40,41].

The exact mechanism by which the docked protein leads to this
multicytokine expression pattern in endothelium is unclear but could be
related to mannan-binding lectin activation best exemplified by
enhanced IL-6 expression in endothelium that has been documented
with mannan-binding lectin pathway activation [42]. Mannose-binding
lectin (MBL) is a glycoprotein that belongs to the family of collect sub-
family of the C type lectin. This pathway not only activates the com-
plement pathway but also induces the production of many pro-
inflammatory cytokines [43]. The MBL pathway was found to be crit-
ical in the viral response in patients during the 2004 SARS-CoV
outbreak, wherein deficiency of MBL was associated with SARS, point-
ing to a front-line role for MBL in the betacoronavirus response [18].
However, MBL activity has also been associated with deleterious in-
flammatory responses in the case of Influenza HIN1, wherein high
serum MBL activity was associated with increased mortality [44]. In one
mouse model, binding of SARS-CoV-2 to MASP-2 led to complement
over-activation and lung injury, and blockage of this interaction reduced
disease severity [45].

A constant theme in severe COVID-19 is a procoagulant state leading
to multiorgan thrombosis that is mechanistically different than the
complement mediated microvascular endothelial cell injury that also
occurs. The basis for the procoagulant milieu is multifactorial. Within
the lung there is near-complete destruction of ACE2 positive endothe-
lium through direct infection of the endothelium by SARS CoV-2 [46-
53]. In reducing the converting potential of ACE2, the virus disrupts
homeostasis, and shifts toward the effects of angiotensin II [52]. ACE2
destruction brings about enhanced endothelial NADPH2 oxidase activ-
ity, increasing necrotic cell death and decreased endothelial nitric oxi-
dase activity promoting vasoconstriction [53,54]. Vasoconstriction in a
setting of cellular necrosis and endothelial disruption will increase
thrombin generation, which acts as an independent C3 and C5 con-
vertase, among other complement-activating changes [14]. Hypoxia
induced during endothelial cell damage further compounds a hyperco-
agulable state through hypoxia inducible factor, down regulation of
protein S, and activity of other pro-thrombotic pathways [53,55-57]1.
The high levels of IL6, as well TNF «, p38, IL8 and IL1 § contribute
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further to the thrombotic diathesis by virtue of its positive effects on
inducing platelet aggregation [47]. Indeed, exposure to serum from
severe Covid-19 patients can induce control platelet aggregation,
pointing to a critical role in circulating factors in platelet aggregation
and thrombosis [58].

Removing circulating pseudovirions may help protect against severe
COVID-19. Lectin Affinity Plasmapheresis for the filtration of enveloped
viral particles has been used to treat Ebola, and MERS [59,60]. This
practice utilizes the natural affinity of viral glycoproteins (such as the
SARS-CoV-2 spike protein) to lectin to hemo-adsorb the virus and filter
the blood extra corporeally. In the setting of MERS there was reduced
infectivity and reduced concentrations of circulating viral particles over
time with apheresis. Both MERS-CoV (pseudovirus) and MARV soluble
glycoproteins were effectively eliminated by lectin affinity plasmaphe-
resis [60].

With the extensive complement activation and widespread endo-
thelial destruction, inhibition of complement pathways may also
represent a favorable therapeutic target [61,62]. Compassionate use of
the C3 inhibitor AMY-101, as well as the anti-CD5 monoclonal antibody
eculizumab have shown anecdotal success [63-65]. Mannan binding
lectin has also been proposed as a therapeutic target given its gate-
keeping role in complement activity and endothelial damage. A number
of trials are now underway with inhibitors to complement and mannan
binding lectin as novel therapeutic targets [66].

In conclusion, COVID-19 represents a viral infection with limited
sites of infectious virions but deadly sequelae due to the effective
manner in which pseudovirions in the context of released viral proteins
activate synergistic microvascular pathways of tissue destruction
throughout the body. Through the understanding of the pathophysi-
ology of severe COVID-19, therapeutic trials utilizing Lectin Affinity
plasmapheresis could add to the armamentarium of therapeutic options
to treat this global pandemic.
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