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Abstract

Background: Infection by SARS-CoV-2 produces significant pulmonary pathology in-
cluding endothelial damage with resultant thrombotic events. While pathologic fea-
tures were described, there are limited data on the relationship of these changes to
the inflammatory response and the production of thromboses.

Objective: To investigate pathology of COVID-19-related immunothrombosis.
Patients/Methods: Tissue samples from lung, kidney, brain and heart that were col-
lected from 45 patients who died of COVID-19. Histopathological examination was
performed after H&E and Picro-Mallory staining in combination with (immuno)fluo-
rescence to visualize neutrophil extracellular traps. Ultrastructural alterations in lungs
were studied with scanning and transmission electron microscopy.

Results: Inflammatory changes and thrombosis were substantially more pronounced
in the lung than in the kidney, heart, and brain. The most common pathologic find-
ing was diffuse alveolar damage. In addition, most lung samples showed thrombi
in vessels. The cause of death in single cases was massive pulmonary embolism.
Ultrastructural examination revealed neutrophils attached to endothelium, perhaps
as a step towards transendothelial migration. In addition, platelets were identified in
the midst of fibrin as individual procoagulant balloon-like cells. Ultrastructural exami-
nation demonstrated numerous virion-like particles.

Conclusions: Studying (ultra)structural features of the autopsy lung samples from pa-
tients with COVID-19 has provided evidence for a pathogenic link between inflamma-
tion and thrombosis. The major features in the lungs of COVID-19 patients comprised
primary inflammatory thrombosis associated with diffuse alveolar damage. The lungs
had pronounced circulatory changes with inflammation-dependent intravascular
blood clotting, whereas heart, brain, and kidneys had predominantly degenerative

changes that were distinct from the lung pathology.
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1 | INTRODUCTION

The disease caused by the SARS-CoV-2 virus and referred to as
COVID-19 has been spread worldwide with an overall mortality rate
between 1-2.3%.1% In the majority of cases, COVID-19 has pre-
vailing respiratory clinical manifestations, ranging from mild upper
airway symptoms to severe lower airway disorders, including the
development of acute respiratory distress syndrome that frequently
leads to respiratory failure.” At the same time, COVID-19 has ex-
trapulmonary manifestations, such as cardiac insufficiency and renal
failure.6™®

In addition to the relatively well-studied regional and systemic in-
flammation, important pathogenic mechanisms in COVID-19 are re-
lated to hemostatic disorders, underlying a prothrombotic state and
life-threatening thrombotic complications.f”'10 It has been commonly
accepted that inflammation and hypercoagulability associated with
endothelial dysfunction can lead to pulmonary microthrombosis.**
Accumulation of neutrophils and the presence of megakaryocytes
that may be native to the pulmonary tissue and produce platelets,
create proinflammatory and prothrombotic conditions necessary for
formation of COVID-19-associated regional intra- and extravascular
clots made of platelets and fibrin.1%13 Although the disease sever-
ity and unfavorable outcomes are determined mainly by the acute
respiratory distress syndrome, extrapulmonary organ injury and
multi-organ failure has also been marked as an important predictor
of mortality.** In particular, patients with severe COVID-19 have a
higher risk of kidney failure and cardiac insufficiency, both of which
correlate with poor outcomes.®™®

A combination of systemic inflammation and immunothrombosis
has been considered one of the leading causes of death in COVID-19.
However, the interplay between the inflammatory response to the
SARS-CoV-2 infection and coagulopathies remain largely unclear.
These complex and interrelated pathogenic reactions must include
cells and mediators of innate and adaptive immunity, vessel walls
and other epithelial barriers, activated platelets and clotting factors
- all aimed at fighting against the viral pathogen and preventing it
from invading into the blood.*

Despite the vital importance, the pathogenic mechanisms of
tissue damage and structural alterations in COVID-19 are not com-
pletely understood. This study is aimed at elucidating light and ultra-
structural morphological features at autopsy in patients who died
of COVID-19. In this work, we studied the lung and other organs
from 45 autopsies and put a special emphasis on the microthrom-
bosis and inflammation in the lungs as the major determinant of
the clinical course and outcomes of COVID-19. As a methodolog-
ical advancement, we described and analyzed samples of lung tis-
sue using multiple complementary morphological techniques, which
clearly demonstrated a combination of leukocytes, multiple micro-
thrombi and diffuse alveolar damage. In particular, we were able to
show neutrophil extracellular traps using (immuno)fluorescent light
microscopy and ultrastructural alterations in lungs using scanning
and transmission electron microscopy. Microscopic images obtained
at various resolution scales enabled us to glean new and important
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ESSENTIALS

e The disease caused by the SARS-CoV-2 virus has been
spread worldwide with a high mortality rate.

e The structural features of inflammation and thrombosis
in various organs were analyzed with the emphasis on
the lung-specific immunothrombosis.

e The pathological basis of the acute respiratory distress
syndrome and a major cause of death in COVID-19 is the
inflammatory thrombosis (immunothrombosis) in lungs.

e Heart, brain, and kidneys had predominantly degenera-
tive changes and less pronounced thrombotic and in-
flammatory alterations that were distinct from the lung

pathology.

information about the lung-specific inflammatory thrombosis and
circulatory disorders that provides the structural basis for patho-

logic tissue alterations in COVID-19.

2 | MATERIALS AND METHODS

2.1 | Autopsy material

Complete autopsies were performed on 45 deceased patients with
PCR-confirmed SARS-CoV-2 infection. All autopsies were performed
at the Department of Pathology of the Clinical Hospital of the
Republic of Tatarstan (Kazan, Russian Federation). The study was ap-
proved by the Ethics Committee of the Kazan (Volga region) Federal
University (Resolution # 27 as of December 28, 2020). In addition,
one macroscopic pulmonary thromobembolus from a research au-
topsy performed on a patient who died of SARS-CoV-2 infection
was obtained from the Department of Pathology and Laboratory
Medicine at the Hospital of the University of Pennsylvania. Clinical
records of all the patients were reviewed. Tissue samples of lung,
kidney, brain and heart were procured and processed for morpho-

logical examination.

2.2 | Histology

For histopathological examination, the tissue samples were fixed
in 10% neutral buffered formalin, washed in water, cut into smaller
pieces, then treated with in ascending concentrations of isopropanol
and xylene using a tissue processor (STP420ES, Thermo Scientific),
and embedded in paraffin. Four-micrometer-thick sections were
stained with histological stains (H&E and Picro-Mallory histochemi-
cal kits). Twelve lung samples were used to visualize neutrophil ex-
tracellular traps (NETs), where NET-specific citrullinated histones H3
(Cit-H3) were stained using primary rabbit anti-human histone H3
antibodies (Abcam; cat. ab5103; 1:200). The samples were washed
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in 0.1 M phosphate-buffered saline and incubated with secondary
antibodies: donkey anti-rabbit IgG labeled with Alexa Fluor 488
(Invitrogen; A21206) for immunofluorescence staining. DAPI was
used for fluorescent staining of DNA to visualize both neutrophils
and NETSs. Light microscopy was performed using a Zeiss Axiolmager
Z2 microscope.

2.3 | Scanning electron microscopy

Twelve freshly incised samples of the lung tissue or the freshly ex-
tracted pulmonary thromboembolus were rinsed with saline and
fixed in an excess volume of 2% glutaraldehyde in isotonic 50 mM
cacodylate buffer containing 150 mM NaCl, pH 7.4. Following fixa-
tion, the samples were cut into smaller pieces; then each of them
was cut open so that the parenchymal part and the vessels could be
visualized. The fixed tissues were washed in the same cacodylate
buffer, then dehydrated in ascending concentrations of ethanol (30-
100 v/v%), dried using hexamethyldisilazane, and sputter-coated
with gold-palladium (Polaron €5100). High-resolution micrographs
were obtained from randomly chosen areas of each sample to elimi-
nate selection bias and imaged using an FEI Quanta 250FEG scan-
ning electron microscope (FEI, Hillsboro, OR).

2.4 | Transmission electron microscopy

Four lung samples with significant inflammatory changes were ini-
tially fixed with 2.5% glutaraldehyde solution in saline (2 h) and then
postfixed with 1% osmium tetroxide in 0.1 M phosphate-buffered
saline, pH 7.4, for 2 h. The samples were dehydrated in ascending
ethanol concentrations, acetone, propylene oxide, and embedded
into Epon 812. After polymerization of the resin during 3 days at
increasing temperatures from 37°C to 60°C, ultrathin sections were
cut using an Ultramicrotome-Ill (LKB, Sweden) and stained using the
standard procedure with saturated aqueous uranyl acetate and lead
citrate. The specimens were examined using a Hitachi HT7700 elec-

tron microscope (Hitachi HTC, Japan).

3 | RESULTS

3.1 | Clinical information

The overall demographic and clinical characteristics of the patients
involved in this study are presented in Table 1. All of the deceased
patients had clinical symptoms of cardiac failure-induced pulmonary
edema and subsequent fatal respiratory failure or cardiac arrest;
however, the clinical causes of death varied among patients. In ac-
cordance with the guidelines issued by the Ministry of Public Health
of the Russian Federation,'® all the patients enrolled in this study
received standard treatment, including immunosuppressive medica-

tions and low molecular weight heparin.

TABLE 1 Characteristics of the deceased patients with
COVID-19 enrolled in this study

Patients
Clinical and demographic data (n =45)
Average age, years 72 +12
Sex (female) 27 (60%)
Complications and comorbidities
Hypertension 43 (96%)
Renal failure 38 (84%)
Ischemic heart disease 25 (56%)
Obesity 19 (42%)
Bacterial pneumonia 12 (27%)
Pulmonary macrothrombosis 7 (16%)
Diabetes mellitus 7 (16%)
Pulmonary embolism 4(9%)
Clinical causes of death
Respiratory failure, pneumonia 36 (80%)
Sudden cardiac death 5(11%)
Cardiorespiratory failure, pulmonary embolism 4(9%)

3.2 | Pathologic alterations in the lungs
3.2.1 | Macroscopic alterations, histology and
immunohistochemistry

In all patients, postmortem examination revealed that the lungs were
heavy (>700 g) compared to normal lung weights (350-450 g) and
congested. The lung surface often had a distinct patchy structure
with dense dark reddish hypervascular areas alternating with pale
softer zones. The lungs were characterized by the outflow of a large
amount of pink foaming fluid upon incision, which corresponded to
abundant intra-alveolar microscopic tissue edema.

Histologically, in the vast majority of the samples (87%), mul-
tiple microthrombi in capillaries (Figure 1A) and larger primary
thrombi in arterioles (Figure 1B) were present. These thrombi were
considered to be primary in nature as there was no evidence for
venous occlusion of the lower limbs and pelvic floor at autopsy
and no premortem clinical records indicating deep vein thrombo-
sis. In only 9% of cases, the cause of death was a massive pulmo-
nary embolism that included a large embolus in the trunk as well
as emboli in small branches of the pulmonary artery (Table 1). In
these patients, formation of these multiple large and small pulmo-
nary emboli was associated with the clinically diagnosed deep vein
thrombosis and/or thrombosis of the right chamber of the heart.
In these thromboemboli that were 10-13 mm in diameter, fibrin
was accumulated at the periphery and the adjacent lung tissue was
infiltrated with leukocytes, mainly mononuclear cells. The internal
structure of pulmonary emboli showed alternation of fibrin and
erythrocyte layers, with a significant predominance of erythro-
cytes. It is noteworthy that fibrin in pulmonary emboli was a few
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FIGURE 1 Representative histological images showing characteristic structural alterations in the autopsy lung tissue samples from
patients who died of COVID-19. (A) Multiple microthrombi (M) consisting mainly of erythrocytes; focal pneumofibrosis and perivascular
fibrosis (P); and leukocyte infiltration (L). Picro-Mallory stain, magnification bar =100 pm. (B) Thrombi (T) attached to the vessel walls and
containing predominantly fibrin and leukocytes. H&E, magnification bar =200 pm. (C) Internal structure of a pulmonary thrombotic embolus
with alternation of the blue (old) fibrin (F) and erythrocyte (Er) layers. Picro-Mallory stain, magnification bar =100 pm. (D) Alveoli with
microthrombi (M), diapedesis of single erythrocytes (Er), and hyaline membranes (H). H&E, magnification bar =50 um. (E) Infiltration of lung
tissue with neutrophils (L), focal edema (E) and hemorrhage (H). H&E, magnification bar =100 pm. (F) Blood vessels containing microthrombi
stained for histones CitH3 (green) and DNA (blue) to visualize neutrophils and NETs. The surrounding extravascular cells are DAPI-positive
(blue) due to the presence of DNA. Fluorescence, magnification bar =100 um

days or more old, as indicated by the blue color with the Picro-
Mallory stain (Figure 1C), suggesting that clots formed at least 24 h
before they were removed and fixed.'”

In addition to microthrombosis, the most common histological
findings in the lungs were inflammatory cells (in 80% of samples),
distinct hyaline membranes (73%), capillary congestion and blood
stasis detected as vasodilation combined with increased content of
blood elements in the microvasculature (60%), hemorrhage (82%)
and interstitial edema (100%). Numerous samples of lungs showed
diffuse alveolar damage (Figure 1D). Some lungs had no significant
diffuse alveolar damage, but rather extensive neutrophilic infiltra-
tion resembling bacterial bronchopneumonia (27%) (Figure 1E). As
a valid sign of inflammation, accumulation of neutrophils and neu-
trophil extracellular traps (NETs) associated with thrombosis were
clearly detected in the vascular lumens (Figure 1F), using (immuno)
fluorescence of NET-specific citrullinated histones H3 and DNA.
Notably, the NETs were associated with intravital clinical manifesta-
tions of severe inflammation, including tachycardia, tachypnea, and
high fever.

In addition to the alterations related to the acute COVID-19,
long-term or chronic pulmonary pathological changes were fre-
quently observed, such as destruction of alveolar septae (100%) and
focal lymphocytic infiltration of the bronchi (11%), likely associated
with pre-existing conditions and comorbidities.

3.2.2 | Ultrastructural alterations

Scanning and transmission electron microscopy revealed detailed
structural alterations in the COVID-19 lungs at a much higher level
of spatial resolution. Presumable fibrin masses recognized as amor-
phous proteinaceous depositions on septal membranes were the
most abundant structure on the surface of the alveolar septa, which
may correspond to the histologically revealed hyaline membranes,
the main microscopic feature of diffuse alveolar damage (Figure 2A).
These extremely dense agglomerates of fibrin, dead cells, and sur-
factant'® were characterized by close adherence to the septa and
lack of porosity. There were also other morphologic types of fibrin,
yet present in a much smaller amount. Structurally, they were less
dense and sparser than those described above and had a fibrillar (fib-
ers and bundles) or spongy structure; they were freely located in the
lumens of the alveoli, not attached or tightly adherent to the alveolar
septa (Figure 2B).

The blood vessels were dilated and contained blood cells, mainly
erythrocytes (Figure 2C). The endothelial cells of the inner vascular
wall were often flattened. In 83% of samples, blood cells were found
in a similar quantity both inside the vessels and in the lumen of alve-
oli; however, within the vessels, erythrocytes were tightly packed,
which is a sign of microthrombosis. It is noteworthy that compressed
and deformed erythrocytes often adhered tightly to the inner wall
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FIGURE 2 Representative electron microscopy images showing characteristic structural alterations in the lung tissue samples from
patients who died of COVID-19. (A) A scanning electron micrograph of compacted non-porous depositions of fibrin, dead cells and
surfactant (dotted ovals) attached to the alveolar septa. Magnification bar =25 um. (B) A scanning electron microscopy image of a spongy
fibrous fibrin-like structure (dotted oval) in the lumen of alveoli, not attached or tightly adherent to the alveolar septa. Magnification bar
=5 pm. (C) A scanning electron micrograph showing the lumen of a dilated blood vessel (within the dotted circle) containing sparse and
compacted blood cells, mainly erythrocytes (Er). Magnification bar =50 pm. (D) Transmission electron microscopy of capillary lumens

with irregularly shaped (compressed) erythrocytes (Er) and leukocytes (L) inside. Destroyed vessel walls as well as the surrounding cells
and tissues are shown (dotted oval). Collagen fibers and edematous tissue are seen behind the basement membrane. Magnification bar

=5 pum. (E) Scanning electron microscopy showing individual balloon-like platelets (within the dotted oval) among fibrin fibers. Magnification
bar =5 pm. (F) Echinocytes (within the dotted ovals) in the extravascular space. Magnification bar =15 pm

FIGURE 3 Representative high-resolution transmission electron microscopy images of coronavirus-like particles in the lung tissue of a
patient who died of COVID-19. (A) Small (lined oval) and large (below) membrane-bound vacuoles containing particles within the cytoplasm
of a type Il pneumocyte. (B) A cluster of extracellular virion-like particles (lined oval) in the alveolar space. (C) An extracellular particle with
distinctive spike-like projections (shown by arrows). Magnification bars =200 nm
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FIGURE 4 Representative scanning
electron microscopy images of a
pulmonary blood clot from a patient
who died of COVID-19. (A) Compacted
polyhedrocytes and a small amount

of free barbed fibrin fiber ends (E).
Magnification bar =5 pm. (B) Fibrin
bundles (dotted ovals) and fibers in the
clot. Magnification bar =10 pm. (C) The
peripheral part of the clot containing

a large amount of fibrin. Magnification
bar =10 pm. (D) Fibrin bundles coated
with sparse spherical microparticles.
Magnification bar =1 pm

of blood vessels, and the cellular part of a microthrombus was often
separated from its proteinaceous portion (fibrin).

In 83% of the lung samples examined, leukocytes were found
both within and outside the blood vessels. In the scanning electron
microscopy images, they could be identified as the largest blood cells
with a rough surface. Using high-resolution transmission electron
microscopy, the type of white blood cells could be specified. In some
samples, neutrophilic leukocytes were attached to the endothelium,
indicating ongoing active exudation. A relatively small fraction of
leukocytes was represented by mononuclear cells, both lympho-
cytes and monocytes, but the vast majority of leukocytes were neu-
trophils, which corresponded to the histological findings previously
demonstrated in Figure 1E.

All erythrocytes within microthrombi could be segregated into
several morphological types: (i) uncompressed pure biconcave
cells, (ii) partially or fully compressed cells as a result of mechanical
clot compaction (namely, intermediate mainly biconcave, mainly
polyhedral and polyhedral) (Figure 2D) and (iii) echinocytes that
comprise metabolically altered erythrocytes formed over time as
a result of hypoxia. Platelets inside thrombi sometimes could be
identified as individual balloon-like cells (Figure 2E), resulting from
osmotic inflation; however, no individual discoid-like platelets,
platelet aggregates or megakaryocytes could be found. Outside
thrombi and in the extravascular space, echinocytes were ob-
served frequently (Figure 2F), while they were uncommon within
the microthrombi.

Signs of alveolar cell destruction were clearly visible and com-
mon. Some alveocytes displayed signs of necrosis, such that the
cytoplasm disintegrated into lumps (plasmorexis) and the nucleus
disappeared (karyolysis). There were multiple tears of the inter-
alveolar septa manifesting as exposure and damage of fibrous
structures (collagen) and desquamation of alveocytes into the
lumen of the alveoli. Most of the lung tissue demonstrated signs
of atelectasis.

323 |

Visualization of virion-like particles

In 33% of the lung samples analyzed with scanning electron
microscopy, many spherical particles 100 + 50 nm in diameter,
likely representing the SARS-CoV-2 virions, were found on the
surface of various structural elements, including alveocytes and
blood cells. High-resolution transmission electron microscopy of
alung sample from a deceased patient with PCR-confirmed SARS-
CoV-2 infection revealed multiple virion-like microparticles with
distinctive prominent surface projections. The diameters of the
virion-like particles varied from 30 nm to 67 nm with an average
diameter of 49.8 + 10.0 nm (n = 60). The particles could be visual-
ized inside the intracellular vacuoles of type Il alveolar epithelial
cells (Figure 3A), but they were often found in the extracellular
space, either as sparse structures or large clusters (Figure 3B).
Most of the virion-like particles had distinct boundaries and a
dense internal matrix. Figure 3C shows a single virion-like particle
with clearly seen protrusions on the surface; the size of the par-
ticle body was 60 nm, while with the spike-like frame it reached
100 nm (Figure 3C).

3.2.4 | Structure and composition of a large
pulmonary blood clot

The overall structure and composition of a large pulmonary
blood clot were analyzed using 48 scanning electron micro-
graphs obtained from randomly selected areas. Erythrocytes
comprised the major volume fraction of the clot and prevailed
over fibrin. Empty spaces or intercellular pores occupied an in-
significant portion of the clot volume, indicating that this clot
was quite compact and hardly permeable. Erythrocytes were the
prevailing type of blood cells in the clot. Deformed erythrocytes,
originating from platelet-driven contraction and compression of
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the clot, included polyhedrocytes (median volume fraction 82%,
IQR 55; 90), intermediate mainly polyhedral cells (15%, IQR 6.8;
28), and slightly deformed erythrocytes with mainly biconcave
shape (3.5%, IQR 0; 13.8) (Figure 4A). In addition, single bicon-
cave erythrocytes, spherocytes, and echinocytes could be iden-
tified. It should be noted that the shape of the cells, the density
of their packing and arrangement were approximately the same
throughout the clot and did not depend on whether they were
in the center or at the periphery of the clot. The prevalence of
compressed deformed erythrocytes indicates marked intravital
contraction of the clot.

Fibrin was the second most abundant structural element in
the clot. Three main morphological types of fibrin structures
were revealed, namely individual fibers, bundle fibers, and fi-
brin remnants (debris) with barbed free ends that likely origi-
nated from proteolytic cleavage. Fibrin bundles and long fibers
prevailed significantly over truncated fibers with free ends
(Figure 4B). Fibrin was present through the clot, while fibers
with free ends were located mainly at the clot periphery and
extended outside (Figure 4C), suggesting external proteolysis.
Remarkably, some fibrin fibers were coated with small spheri-
cal microparticles approximately 50-100 nm in size (Figure 4D),
which could comprise virions or cellular ectosomes indistin-
guishable by size.*’

3.3 | Pathological alterations in the cardiac tissue

Morphological signs of thrombotic and circulatory disorders in the
cardiac vessels were less common compared to the lungs and had
distinct histological features. Macrothrombi were observed in only
13% of the samples and microthrombi were found in 24% of the car-
diac samples analyzed. In one patient, a thrombus was found in the
cavity of the right atrial appendage, which was the source of pul-
monary embolism (Figure 5A). The prevailing pathological features
in the heart samples were manifestations of chronic pre-existing
conditions, including high-grade coronary artery sclerosis (89% sam-
ples), myocardial scarring (20%), and venous plethora (49%), indicat-
ing ischemic heart disease and/or ischemic cardiomyopathy. Acute
focal degeneration of cardiomyocytes, a manifestation of systemic
circulatory disorders not related to occlusion of coronary arteries,
was observed in the vast majority of samples (84%) (Figure 5B). No
histological signs of inflammation were revealed in the cardiac tissue.

3.4 | Pathological alterations in the brain tissue

Histologically, microthrombosis of cerebral vessels was observed
in about 47% of the samples analyzed. In all the samples, without
exception, the brain tissue had signs of significant pericellular and

FIGURE 5 Representative histological images, showing characteristic structural alterations of the autopsy samples of heart (A, B), brain
(C) and kidney (D) from patients who died of COVID-19. (A) A heart cavity with a thrombus composed mainly of fibrin (F) and neutrophilic
leukocytes (L). H&E, magnification bar =100 pm. (B) Microthrombi (M) in a vascular lumen; extensive sclerosis of the coronary arteries and
cardiosclerosis (S), degeneration of cardiomyocytes. H&E, magnification bar =50 pm. (C) A microscopic thrombus (M) composed mainly of
erythrocytes; pericellular and perivascular edema of brain tissue (E). H&E, magnification bar =100 um. (D) Acute tubular necrosis appearing
as the absence of nuclei in the cells of tubules (N); parenchymatous focal degeneration of tubular epithelium (D); glomerulosclerosis (S); and
fibrin deposits (F) in a Bowman's capsule. Picro-Mallory stain, magnification bar =100 pm
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perivascular edema (Figure 5C). There were no other significant and

consistent changes revealed in the brain tissue.

3.5 | Pathological alterations in kidneys

In all the samples analyzed, there were histological signs of acute
tubular injury, mainly in the proximal tubules. This injury included
tubular necrosis (in 82% of samples) and/or degeneration (100%)
that manifested as the vacuolar degeneration and detachment of
epithelial cells with barely discernible tubular basement membrane
(Figure 5D). The dilation of the tubular lumen with cellular debris
as well as the loss of brush border was revealed consistently. Distal
tubules and collecting ducts had occasional edematous expansion of
the interstitium with no signs of inflammation.

Hyalinosis of arterioles and arteriosclerosis of the medium-size
arteries in glomeruli were revealed in 53% of the samples and likely
corresponded to chronic nephropathy, typical for diabetes or arte-
rial hypertension. Signs of ischemia with accumulation of fibrin in
the Bowman's space and shrinkage of capillary loops were present in

22% of the kidney samples.

4 | DISCUSSION

To reveal COVID-19-related pathological changes, we examined au-
topsy samples of lung, heart, kidney and brain tissues from patients
who died of COVID-19, with the emphasis on the lungs as the main
target of SARS-CoV-2 infection. Despite the extensive literature on
postmortem pathological data in COVID-19, the pathophysiology of
this disease is still not fully understood, and new autopsy findings
provide a fundamental structural basis to gain insights into the path-
ogenic mechanisms that lead to lethal outcomes, as has been dem-
onstrated for other infectious diseases.?®?! Although most studies
have focused on the pronounced pulmonary alterations, a few pa-
pers have demonstrated alterations of other organ systems in fatal
COVID-19 infections.??2% There is strong evidence that SARS-CoV-2
causes systemic endothelial dysfunction,?* which is responsible for
the multi-organ dysfunction and failure.?® Here, we compared the
structural features of various organs with the focus on thrombosis
and inflammation in the lungs. It was shown in earlier studies that
the most important feature of COVID-19 is regional microthrom-
bosis of the lung vessels, alongside the relatively high prevalence
of deep vein thrombosis and subsequent pulmonary embolism.?>2¢
Our findings generally confirm these observations, but on an exten-
sive cohort of patients and with addition of important structural de-
tails on the pathology of inflammation and thrombosis in the lungs in
patients who died of COVID-19. The results obtained strongly sup-
port the important role of inflammatory cells in the development of
lung-specific immunothrombosis. To advance the methodology of
postmortem morphological analysis, in our study histopathological
examination in combination with (immuno)fluorescence was com-

plemented with scanning and transmission electron microscopy to
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gain high-resolution structural information about the pathologic
structural pulmonary and extrapulmonary alterations in COVID-19.
All this allowed us, in contrast to many previous investigations, to
obtain an extremely detailed and comprehensive morphological de-
scription of ultrastructural tissue lesions, as well as to visualize NETs
and virion-like particles.

Inflammation and thrombosis were substantially more pro-
nounced in the lungs than in kidneys, heart, and brain, in which we
observed only degenerative and minor circulatory changes (Table 2),
which is consistent with other studies.?” The most common mor-
phological signs of tissue damage in the lungs comprised alveolar
destruction (often manifested as diffuse alveolar damage) with pul-
monary edema, which corresponds to clinically observed respiratory
failure (Figures 1D and 2A). Strictly speaking, these pathological al-
terations could be not fully related to the inflammatory lung injury.
Given the older age of the deceased patients and the presence of
comorbidities (hypertension, obesity, type Il diabetes) (Table 1), the
edema itself could be caused and aggravated by a combination of
pulmonary and extrapulmonary causes. The acute pneumonitis, pul-
monary thrombotic embolism, and regional thrombosis of the lung
microvasulature were often combined with ischemic heart disease,
cardiomegaly, and sepsis that could exaggerate the respiratory prob-
lems. Irrespective of the underlying pathogenic mechanisms, respi-
ratory failure was the ultimate cause of death in all of the patients
analyzed.

There is a controversy in the literature as to whether the COVID-
19-related micro- and macrothrombi in lungs are formed primarily in
situ or they comprise secondary thrombotic emboli originating from
an extrapulmonary thrombus.!! In the vast majority of the samples
analyzed here, the thrombotic obstruction of lung vessels associated
with acute inflammation was observed in the absence of detected
deep vein thrombosis, which is an argument for primary micro-
thrombosis in the lungs, rather than pulmonary embolism.?® Other
authors have also found that pulmonary microthrombi in COVID-19
are due to the local hypercoagulability and are not originating from
thrombi of the lower extremities.?’2® However, in a few cases we
observed a typical secondary pulmonary embolus in a COVID-19
patient (Tables 1 and 2, Figure 1C). Given a high risk of deep venous
thrombosis in COVID-19,3'-32 pulmonary thrombotic embolism is
highly likely and can further exaggerate the respiratory dysfunction.
As for the large pulmonary clot presented in Figure 4, based on the
absence of clinical and autopsy data for deep vein thrombosis and
strong contraction, which is not typical for thrombotic emboli,3*
this is a primary thrombus rather than an embolus. Therefore, in
COVID-19 the primary pulmonary thrombosis and thrombotic em-
bolism in the lung artery and/or its branches seem probable, but
with a prevalence of the primary immunothrombosis.

Diffuse alveolar damage with the formation of impermeable hya-
line membranes combined with inflammation is primarily responsible
for the gas exchange disorders in COVID-19 and comprises the hall-
mark of acute respiratory distress syndrome.ig’35 The morphological
pattern of COVID-19-related pneumonitis becomes apparent pre-
dominantly as an inflammatory vascular injury with significant fibrin
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Incidence
Morphological features (Total n = 45)
Lung
Destruction of alveolar septa 45 (100%)
Edema 45 (100%)
Microthrombi 39 (87%)
Hemorrhage 37 (82%)
Leukocytes 36 (80%)
Fibrin deposits in alveoli (“hyaline 33 (73%)
membranes”)
Stasis of blood 27 (60%)
Thrombi in arterioles 7 (16%)
Microparticles (SEM, n = 12; TEM n = 4) 4 (33%)
Thrombotic emboli 4(9%)
Neutrophil extracellular traps (NETs) (IHC, 1(8%)
n=12)
Heart
Coronary artery sclerosis 40 (89%)
Degeneration of cardiomyocytes 38 (84%)
Venous plethora 22 (49%)
Microthrombi 11 (24%)
Myocardial scarring 9 (20%)
Thrombus in a vessel 6 (13%)
Thrombus in the heart cavity 3(7%)
Brain
Edema 42 (93%)
Microthrombi 21 (47%)
Kidney
Degeneration of tubular epithelium 45 (100%)
Acute tubular necrosis 37 (82%)
Sclerosis of glomeruli 24 (53%)
Fibrin deposits in glomeruli 10 (22%)

deposition (on septal walls and within alveolar lumens) as well as al-
veolar infiltration with neutrophils (Figure 1E). The multiple fibrillar
and spongy structures could comprise a mixture of fibrin and NETs
because discrimination between fibrin and NETs by scanning elec-
tron microscopy is hardly feasible.¢

Because neutrophils are the most abundant cells in the lungs of
COVID-19 patients, they are the source of NETs formed at the sites
of inflammation (Figure 1F). NETs have been shown to promote fi-
brin deposition, platelet activation, disturb the local blood flow, and
reduce the susceptibility of thrombi and microthrombi to fibrino-
lysis and to therapeutic thrombolysis.>”8 This processes leads to
inflammation-dependent intravascular blood clotting or immuno-
thrombosis®?4? that exacerbates tissue injury by triggering and pro-
moting vessel occlusion and hypoxia.** NETs and microthrombi form
a positive feedback loop and together can worsen the respiratory
insufficiency in COVID-19 due to profound disturbance of the lung
microcirculation. These alterations may include extravasation of

TABLE 2 Structural alterations and
their frequency in the autopsy tissue
samples from patients who died of
COVID-19

Causative relation
to COVID-19

Definitely
Highly likely
Definitely
Definitely
Definitely
Definitely

Highly likely
Definitely
Definitely
Highly likely
Definitely

Unlikely
Likely

Likely
Highly likely
Unlikely
Highly likely
Likely

Likely
Highly likely

Likely
Highly likely
Unlikely
Likely

neutrophils with subsequent inflammatory damage of the surround-
ing lung tissue (Figures 1A,D,E and 2A,D). Endothelial activation and
accumulation of von Willebrand factor at the site of microthrombo-
sis also contribute to impaired blood circulation and gas exchange
in the lungs.*? This is in line with the ability of NETs to cause cellu-
lar death of the lung epithelium,*® thereby aggravating the disease.
The aggregate of data suggests that modification of NET formation
and their composition could represent a potential therapeutic ap-
proach in COVID-19 and perhaps other inflammatory and infectious
diseases.**

The morphology of the virion-like particles revealed with scan-
ning and transmission electron microscopy (Figure 3) is generally
consistent with the ultrastructure of SARS-CoV-2 virions observed
in tissues of COVID-19 patients,*~# including the cells of the respi-
ratory tract.*® However, without specific identification, we prefer
calling them “coronavirus-like” structures, as suggested by oth-
ers.”* Importantly, the observed virion-like particles were revealed
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inside vacuoles in the cytoplasm of type Il pneumocytes as well as in
the extracellular space, perhaps formed as a result of inflammatory
cellular destruction.

All of the structural pathological features described underlie not
only the lung injury and respiratory failure, but also the disease pro-
gression in the form of multi-organ injury, including degeneration of

47,50

extra-pulmonary tissues and a high risk of micro- and macrovas-

cular thrombotic complications in COVID-19.>

5 | CONCLUSIONS

To get insights into the pathology of COVID-19, the structural fea-
tures of inflammation and thrombosis in various organs were ana-
lyzed with the emphasis on the lung-specific immunothrombosis.
Based on histological examination, immunohistochemistry, and
electron microscopy of the autopsy tissues of patients with clinically
proven fatal cases of COVID-19, the most important and characteris-
tic pathological features comprise the profound lung damage that in-
cludes diffuse inflammatory (micro)thrombosis, widespread alveolar
damage, and pronounced inflammation manifested as immune cell
infiltration and formation of NETs. Heart, brain, and kidneys had rel-
atively minor morphological signs of injury and circulatory disorders
that indicated their involvement in the pathogenesis of COVID-19
but to a lesser extent. The pathological findings matched clinical
manifestations of the disease and provided a structural basis for the
severe course and fatal outcomes of COVID-19. To summarize, the
pathological basis of the acute respiratory distress syndrome and a
major cause of death in COVID-19 is the inflammatory thrombosis
(immunothrombosis) in lungs in combination with less pronounced
thrombotic, inflammatory, and other pathological alterations in

heart, brain, and kidneys.
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