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Background Current coronavirus disease 2019 (COVID-19) pandemic reveals thrombotic,
vascular, and endothelial dysfunctions at peak disease. However, the duration, degree of
damage, and appropriate long-term use of antithrombotic strategies are unclear. Most COVID
data are yielded from random clinical observations or autopsy of postmortem samples, while
precise blood cellular data in survivors are insufficient.

Methods We analyzed erythrocytes, circulating endothelial cells, and echinocytes by
electron microscopy and flow cytometry in patients with confirmed COVID-19 (n=31)
and matched healthy controls (n=32) on admission and at hospital discharge.
Results All patients experienced mild disease, none required pulmonary support, and
all survived. Admission number of circulating endothelial cells was significantly (40-
100 times) higher in COVID-19 patients. Cells were massively damaged by multiple
fenestrae in membranes with diameter comparable to the size of supercapsid in SARS-
CoV-2 (severe acute respiratory syndrome coronavirus 2) virus. COVID-19 also pro-
voked formation of stacked aggregated erythrocytes capable of clogging microvascu-
lar bed and of diminishing oxygen supply. In some patients, such abnormalities
persisted at hospital discharge revealing remaining intracellular penetration of
SARS-CoV-2 where it may be replicated and returned to circulation.

Conclusion These observational and descriptive data suggest that persistent viral cell
injury may cause blood vessel damage; their increased permeability resulted in tissue
edema, inflammation, platelet activation, and augmented thrombosis. There is a
residual blood cell damage following the acute phase in some COVID-19 survivors.
Controlled outcome-driven trials are urgently needed for exploring optimal use of long-
term antithrombotics and vascular protection strategies even after mild COVID-19.
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Introduction

At the end of 2019, a novel coronavirus infection COVID-19
(coronavirus disease 2019) broke out in China’s central
province of Hubei. The pandemic was heralded by World
Health Organization on March 11, 2020. A single-stranded
RNA virus, SARS-CoV-2 (severe acute respiratory syndrome
coronavirus 2), which causes this disease evokes a severe
pneumonia that is characterized by a high-grade fever and
bad dry cough in 15 to 20% cases. Such COVID-19 pneumonia
frequently causes acute respiratory distress syndrome1
and/or multiorgan failure® associated with high mortality
risk. However, pneumonia is not a unique disease provoked
by COVID-19. Accumulated clinical data and some autopsy
evidence suggest that this infection also affects the cardio-
vascular system, inducing acute myocardial infarctions,
myocarditis, pericarditis, and severe arrhythmias.> Lately,
COVID-19 has been under investigation for causing distur-
bances in cell-endothelial crosstalk.*> The systemic damage
is spread far beyond the heart, impacting the kidneys,® liver,”
pancreas,8 and severe neurological disturbances,®'° clearly
suggesting multiorgan impairment.

Over time the clinical experience and autopsy data clearly
established that the critical cases of COVID-19 are character-
ized by pronounced coagulopathy, hypoxia, and endothelial
dysfunction.’'? In fact, COVID-19 is currently described not
only as a pulmonary disease, but also as coagulopathy and
vasculitis, or more specifically, as endothelial damage.""-13
However, the validity of such assumption was evidenced
exclusively by random (not randomized) clinical observa-
tions, conventional blood tests, and sporadic autopsy data.
We utilized scanning electron microscopy in combination
with flow cytometry to assess interactions between circulat-
ing blood cells (erythrocytes, circulating endothelial cells
[CECs], and echinocytes) in hospitalized COVID-19 patients
at hospital admission and discharge.

Methods

Patients

All study participants provided the informed consent, which
was performed in strict adherence to ethical directives and
regulations of World Medical Association Declaration of
Helsinki (2013) and according to the Directive No. 266
(June 19, 2003) of Ministry of Health of the Russian Federa-
tion “On Establishing the Rules of Clinical Practice in the
Russian Federation.” All research protocols were approved by
Central Clinical Hospital of Presidential Administration Eth-
ical Committee. Thirty-one patients with polymerase chain
reaction-confirmed COVID-19 diagnosis were admitted to
the hospital from May 25 to July 22, 2020 and included in a
single-center prospective observational study. Thirty-two
COVID-19-negative samples from matched demographic
personnel constituted the control group. During the hospital
stay all patients survived, and no patient was referred to the
intensive care unit (ICU) or required pulmonary ventilation.
All patients were discharged from the hospital on average of
approximately 2 weeks frame (range 10-16 days). Two

specimens (admission and discharge) of venous blood
were collected for subsequent electron microscopy and
flow cytometry testing.

Electron Microscopy

Blood was drawn from the cubital vein into the VACUETTE
tubes (Greiner bio-one, Austria) containing sodium citrate
(3.2%). Immediately after this, sample fixation was performed
with glutaraldehyde (0.1%, 4.5 mL, Sigma). After sedimentation
of some RBCs for 20 minutes at room temperature, 20 L was
collected from the upper layer and placed into 2.5% glutaral-
dehyde for complete fixation prior to performing scanning
electron microscopy. Polycarbonate isopore membrane filters
of 0.22 to 0.45 um diameter were utilized as the matrices for
RBC. Then a quarter of the filter was cut out to count the total
number of CECs. To control precision of CEC scoring, the cells
were recounted by flow cytometry. Specifically, CECs were
scored with the method of sequential gaiting, which we
modified to count not only intact, but also the damaged
endothelial cells (ECs). The cells were examined with a scan-
ning electron microscope (Inspect F50; FEI Company, Eind-
hoven, The Netherlands) and X-Max EDS-Detector (Oxford
Instruments, Abingdon, United Kingdom). Since the scatter
in this score of desquamated EC was rather large due to the
small volume of the specimens, we assessed the accuracy of
the electron microscopy data with flow cytometry.

Flow Cytometry

Blood was collected in 3.8% sodium citrate at a
blood/anticoagulant ratio of 9:1. Samples of whole blood (50
1L) were incubated with antibodies CD45-FITC as a pan-leuko-
cyte marker, CD42b-APC (GPIb) as a platelet marker, and CD31-
PE (all Becton Dickinson, BD Biosciences, San Jose, California,
United States) as an EC marker at concentrations recommended
by the manufacturer for 30 minutes at room temperature in the
dark. Erythrocytes were lysed by adding to the samples 900 piL of
cooled (4°C) distilled water. After pipetting for 20 seconds,
isotonicity of the cell suspension was restored by adding
300 pL of NaCl saline (0.6 M), and the volume was adjusted
up to 2 mL with phosphate-buffered saline (PBS) (150 mM NaCl,
10 mM sodium phosphate, pH 7.4). Then the cells were sedi-
mented by centrifuging at 300 g for 5 minutes at room temper-
ature and resuspended for assay in a final volume of 300 pL in
paraformaldehyde solution (1%) mixed with 2% bovine serum
albumin/PBS. Immediately prior to analysis, the specimen was
supplemented with 50 pL suspension of 10-um reference
particles (Flow-Count Fluorospheres, Beckman Coulter, Brea,
California, United States). The concentration of the particles in
this suspension was used to scale the cell scores. CECs were
scored using a FACS Canto II flow cytometer and BD CELLQuest
(both Becton Dickinson, BD Biosciences) software. The CEC score
was determined with a sequential gating method and defined as
(D45 CD31*CD42b . Analysis was performed until 1,000
events were counted in the gate of reference particles and the
results are presented in =~Fig. 4. Due to the presence of limited
number of CD31 antigens on the platelet membrane, CECs were
determined as a fraction with negative platelet marker CD42b
(dot plot CD42b-APC/CD31-PE, gate Q4-1) and analyzed as
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Fig. 1 Circulating endothelial cells in COVID-19 patients. Circulating
endothelial cell with typical fenestrated membrane (A) and the same
cell at a greater magnification (B) exhibiting an orifice in the mem-
brane corresponding to the size of supercapsid of SARS-CoV-2.
Circulated endothelial cells of two clinically similar patients are shown
in panels C, D and in E, F. Pictures are made on admission (C, E) and
discharge (D, G). Control cells are shown in (H). Magnification of all
pictures at x10,000.

CD45-CD31*CD42b~ fraction (C2, C3). Since COVID-19 pro-
vokes a pronounced endothelial dysfunction and platelet aggre-
gation, this sequential gating was employed to active adhered
platelets and their aggregates in the gate of mononuclear cells.
Finally, CD45-negative fraction Q4 was selected in gate P2
on CD45-FITC/CD31-PE dot plot to further score as
CD45-CD31%7CD42b™ fraction in gate Q2-1 (C2, C3). The platelet
fraction was detected in all patients (C3) but not reported here.

Statistics

Continuous variables were described as mean ( # standard
error) and categorical variables as percentages. Categorical
variables were compared by the Chi-square test. All variables
before and after the end of therapy were compared applying
the nonparametric Mann-Whitney test. All tests were two-
tailed and p <0.05 was considered statistically significant.

Mild COVID-19 and Vascular Injury Melkumyants et al.

Statistical analyses were performed using IBM SPSS Statistics
for Windows, Version 24.0. (Chicago, Illinois, United States)

Results

The admission variables of demographics and comorbidities
in the COVID-19 patients and healthy controls are summa-
rized in =Table 1. The arms match well with regard to age,
gender, weight, and smoking. However, the COVID-19
patients were not only slightly older, but exhibited more
hypertension, coronary artery disease, and cancer. The dif-
ferences in admission and discharge laboratory indices com-
pared with controls are summarized in =Table 2. Notably,
SpO, was always high, but both C-reactive protein (CRP) and
D-dimer were markedly elevated on admission. At discharge,
CRP and D-dimer were normal.

Circulating Endothelial Cells

The electron images of CEC found in the blood of COVID-19
patients before and after the treatment are exhibited
in =Fig. 1. The exhibited patient was admitted on day 9 after
appearance of COVID-19 symptoms with severely damaged
CEC (C). At discharge after a 10-day stay in the hospital, this
patient demonstrated only solitary lesions in the membrane
(D). Another patient was admitted the next day after COVID-
19 symptoms’ manifestation with no lesions in the CEC
membrane (E). Surprisingly, at discharge after a 19-day
hospital stay, this patient had damaged CEC (F). The insert
in panel (G) demonstrates phagocytosis of CEC by neutro-
phils. The next image (H) shows a typical picture of blood
cells in individuals of the control group without COVID-19,
when CECs were absent. Noteworthy, there are numerous
holes in the CEC membrane (~Fig. 1A, C, F). Importantly,
these holes were present not only on admission to the
hospital but also at discharge (~Fig. 1D, F).

During COVID-19 there was a remarkable increase of CEC
numbers. In our study, the electron microscopy detected 0 to
8 CECs in 5-pL blood specimens drawn from the patients on
admission, which corresponded to total CEC score of
400 +40 cells/mL.

The scores of CEC were 4.7 +1.9 and 380+ 20 cell/mL,
correspondingly (p < 0.0001) in matched controls. Both scor-
ing methods revealed essential lesions to endothelium of
COVID-19 patients indicating a risk of vascular denudation.
Indeed, the CEC scores obtained with both methods differed
insignificantly (404.6 +33.8 vs. 376.43 +31.3; p>0.1).

CEC scoring data obtained on admission and discharge
from the hospital clearly differentiated the patients into two
groups. In some patients (n=24, group 1), the CEC score
decreased by more than two times after the therapy from
370+20 to 145+ 12 cells/mL (p < 0.001). However, in some
patients (n =7, group 2) the CEC score significantly increased
from 310 & 20 to 390 + 20 cell/mL (p < 0.05). While the larger
(n=24)portion of patients exhibited a significant (p < 0.001)
reduction of CEC concentrations, however, a smaller subset
(n=7) demonstrated also a significant (p <0.05) but in-
crease in CEC numbers at discharge. In contrast, per cent of
echinocytes was uniformly and significantly (p < 0.05) lower
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Table 1 Demographics and clinical characteristics in COVID-19 patients and controls

Variable Controls COVID-19 patients p-Value for factor homogeneity
(n=32) (n=31) across samples

Gender male/female, n (%) 17 (53%)[15 (47%) 19 (61%)[12 (39%) 0.51

Age (y) 54.2 (25-74) 59.3 (27-83) 0.63

BMI (kg/m?) 25.1(21.8-31.4) 29.4 (19.2-42.0) 0.57

Obesity 5 (15.9%) 6 (19.2%) 0.70

Smoking 4 (12.5%) 1(3.2%) 0.17
Hypertension 4 (12.5%) 14 (45.2%) 0.02

Diabetes - 2 (6.5%) 0.14

Coronary artery disease - 4 (12.9%) 0.04

Heart failure - 2 (6.5%) 0.14

Cancer - 7 (22.6%) <0.01

Chronic kidney disease - 1(3.2%) 0.31

COPD - 2 (6.5%) 0.14

Abbreviation: COPD, chronic obstructive pulmonary disease.

Table 2 Basic biochemical and physiological parameters prior to and after the therapy of COVID-19 patients

Variable Controls (n=32) COVID-19 patients (n=31)
Admission Discharge p-Value

Heart rate (min~") 743421 85.2+2.7 76.2+1.9 <0.01
Respiratory rate (min~') 16.5+0.8 17.8+0.9 17.0+0.7 0.42
Temperature (C) 36.24+0.3 37.64+0.3 36.54+0.4 <0.01
SpO; (%) 97.0+1.0 94.4+0.8 96.2+0.5 0.71
Hemoglobin (g/L) 127.8+45 135.2+3.9 128.4+2.7 0.28
Leukocytes (10°/L) 4.7+0.6 6.1+1.9 6.1+1.6 0.09
Platelets (10°/L) 192.0+7,5 189.5+9.6 236.14+10.8 <0.01
Lymphocytes (%) 28.4+2)9 23.6+3.1 30.7+3.7 0.05
Neutrophils (%) 54.44+1.9 66.4+4.7 57.6+5.2 0.17
ESR (mm/h) 12.0+3.1 28.2+1.9 23.5+1.7 0.02
CRP (mg/L) 42+06 21.1+4.2 2.2+1.1 <0.01
Creatinine (mg/dL) 82.5+43 91.9+2.9 90.0+2.6 0.08
pH 7.41+0.03 7.34+0.02 7.38+0.02 0.27
Lactate (mmol/L) 1.8+0.3 2.7+0.5 3.1+£04 0.32
D-dimer (ng/L) 328.0+15.2 472.14+14.3 231.3+10.7 <0.01
Fibrinogen (g/L) 2.94+0.3 4.7+0.7 3.8+0.4 0.04
Ferritin (ug/L) 85.4+8.9 247.44+18.2 363.1+22.3 <0.01

Abbreviations: CRP, Greactive protein; ESR, erythrocyte sedimentation rate; SpO,, peripheral blood oxygen saturation.

after hospitalization. No correlation has been established
between the conventional inflammation biomarkers and CEC
numbers at discharge.

Erythrocytes

Changes in RBC observed in patients with COVID-19 were
most commonly manifested by the formation of long lengthy
stacked aggregated cells (erythrocyte sludge) and by the

transformation of shape of part of RBC from normal bicon-
cave discocytes to echinocytes.

~Fig. 2 shows stacked RBC (blood sludge) formation,
which was typical for all examined patients. The number
of cells in RBC rouleaux in patients examined on admission to
the hospital ranged from 3 to 12 cells. On discharge, the RBC
stacks consisted of maximum 3 cells in 24 patients, while it
ranged from 4 to 5 in other 7 patients. It is noteworthy that
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Fig. 2 Stacked red blood cells (RBCs) on admission and discharge
from the hospital. (A) Stacked red blood cells with 7 erythrocytes in
the blood specimen obtained on admission and (B) stacked cells with
3 erythrocytes in the blood specimen of the same patient at dis-
charge. Red blood cells here have the discocyte form. Magnification:
x10,000. (C) Typical picture of blood cells in controls, stacked RBCs
are absent. Magnification: x5,000.

Fig. 3 Red blood cells transformed into echinocytes. (A) Stacked red
blood cells with 7 echinocytes in the blood specimen obtained on
admission and (B) stacked red blood cells with 3 echinocytes in the
blood specimen of the same patient at discharge. Magnification:
%x10,000. (C) Typical picture of blood cells in individuals from the
control group, echinocytes are absent. Magnification: x5,000.

the “long” RBC rouleaux remained only in patients (n=17 or
56%) with blood pH ranging from 7.28 to 7.34, which was
below the level of 7.35. In contrast, the “short” RBC rouleaux
remained in patients (n =14 or 44%) with blood pH ranging
from 7.36 to 7.54. The RBC score was 4.41+0.4 x 10° in
COVID -19 patients and 4.28 +0.56 x 10° in controls. These
differences were not significant (p >0.1). The number and
length of sludges also did not correlate with such an inflam-
matory biomarker as CRP.

Mild COVID-19 and Vascular Injury Melkumyants et al.

Echinocytes

Most patients (n=25 or 81%) demonstrated a pronounced
transformation of some erythrocytes into echinocytes both
on admission and discharge from the hospital. On admission,
the share of echinocytes was 18 +4% total RBC score. At
discharge, this share significantly decreased to 1242%
(p <0.05) albeit remaining rather high (~Fig. 3, right panel).

Discussion

There are few important advances raised by the index study.
First, the definite proof of impaired vascular endothelium-
cell crosstalk in COVID-19 patients has been documented not
postmortem nor by routine clinical examination, but directly
by electron microscopy confirmed by cell flow cytometry in
survived mild-to-moderately sick hospitalized patients. In-
deed, most COVID-19 electron microscopy studies were
conducted in autopsy samples'-? rather than by directly
examining life cells. Second, the alarming signal that
COVID-19 still impacts blood cell structure after hospital
discharge may be critical to explain delayed complications
such as thrombosis, sudden deaths, etc. Third, such substan-
tial cell disturbances existed even in mild COVID-19. In fact,
none of our patients died, or required life support. Most likely
terminal patients on lung ventilation will exhibit even more
damage, but the degree of dysfunction in the mild cohort
utilized in our study is truly unexpected and alarming.

The hypothesis that blood cell dysfunction may be a
cornerstone in the progression of SARS-CoV-2 virus infection
and further vascular damage is reasonable, since COVID-19
predecessor (SARS-CoV virus) binds in the lung to the
angiotensin-converting enzyme 2 (ACE-2) 1‘ecept0r.14'15 By
perforating the alveolar-capillary membrane, the virus
enters the vascular bed and then, moving with the flow of
blood, can reach other organs, on the vascular endothelium
of which the ACE-2 receptor is sufficiently represented. The
diameter of these orifices (100-200nm) roughly corre-
sponded to that of SARS-CoV2 supercapsid.'® This fact sug-
gests that the holes may be produced by a virus penetrated
into the endotheliocyte, repeatedly replicated in it, damaging
the cell and then leaving it. Importantly, ACE-2 receptors are
present on the lung alveolar epithelial cells, and in epithelial
cells of small intestine; vascular EC and smooth muscle cells
of all organs; basal cutaneous epidermis; and nasal and oral
mucous coats.'” The last association probably explains clas-
sical loss of smell and taste following COVID-19 infection.

Some earlier hypotheses suggested that the “viral stage”
of the disease targets lungs almost exclusively, while the
nature of COVID-19 general vascular multiorgan component
is secondary. The index data challenge such hypothesis since
virtually all CECs exhibited numerous fenestrae on the
membrane (=Fig. 2) with the diameter matching those of
SARS-CoV-2 supercapsids.'®'8

An elevated CEC score during viral infections and espe-
cially in septic shock s already described.'® In fact, this index
rose pronouncedly from 1 to 15 cells/mL in healthy persons
to an average of 40 to 50 cells/mL in hospitalized COVID-19
patients. In this regard, two important facts should be noted.

Thrombosis and Haemostasis  Vol. 122 No. 1/2022 © 2021. Thieme. All rights reserved.

127

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



128 Mild COVID-19 and Vascular Injury Melkumyants et al.

. Ml n
= Al " A2
L =
i 114
Bn Bn
[ ‘!‘1 ] r!
E y
- +
. T T 3 ™ . MEIRALLL: M R e L a8
" .L i 1 1
o ¥ W !‘JE(-L ) W o v s i W
= Bl “~ B2
] =
=
§ g
L W o a4 | @ Q2
- K
|, 1 'ra - = "_I""Y-I}:— 'R ll|l'l||!.' T LA I'I:‘ T TT ”Tél T
W ¥ CD31-PE v W
w Cl + C2 ] C3
e - +]
g
éﬂ”‘! Ty L2 #’ . F
Qi-3 Q21 Qi1 @1 e [ -
e 41 b e L - F oL
1 - T|'PFIFI|:2 v -1-1-|-|-|-|-“. » |'r|1lrr:|;"1 “|: q,)a T 4 T |'r_ ||I" T Iu;' I-|’l
CD31-PE -
+] C2a » @ N [ cza
I)’
el P ,_.;w |
o Sl E
i - —7 |
B S &
1 _.
LY g
e — .
=] % |
o+ ™ T, T o 2 ey Y n " N .
@ L IEEL'-G M 1L L, ?S'_-ﬁ w "w
= C2b n @\l + C3b » @
rd ..J" 3
s A -] h,
- o
1 >N/l # )
i ’ y = n ey ; p
| \ ~
i — + | S
- M p .ilg_‘ 1 A - - i i1 ;‘5(.; N "

Fig. 4 Flow cytometry of circulating endothelial cells: sequential gating and analysis of cell fractions. A7: whole blood; A2: probes after
erythrocyte lysis; B1, C1: negative controls; B2, C2: healthy donors; B3, C3: patients with COVID-19. In SSC/FSC gate scattering: platelets (P1),
mononuclear cells (P2), reference particles (P3). Circulating endothelial cells are scored in gate P2 with a CD45-FITC/CD31-PE dot plot as CD45-
negative fraction Q4. Since there is limited number of CD31 antigens on the platelet membrane, circulating endothelial cells are measured as a
fraction with negative platelet marker CD42b (dot plot CD42b-APC/CD31-PE, gate Q4-1) and analyzed as CD45-CD317CD42b™ fraction (C2, C3,
C2b, C3b). The sequential gating was utilized to assess CD45-negative fraction Q4 selected in gate P2 on the CD45-FITC/CD31-PE dot plot to
further score as CD45-CD311CD42b™ fraction in gate Q2-1 (C2, C3, C2a, C3a). The platelet fraction was detected in all patients (C3, C3a). The
gates for platelets, mononuclear cells, and reference particles are marked as P1, P2, and P3.

First, the mean score of CEC was significantly higher in  the major one had a very low average score of CEC (<20
patients referred to ICUs.?® Second, the individual CEC scores  cells/mL), while in the minor group this score amounted to
were characterized by a pronounced data scattering. In 300 to 400 cells/mL. Paradoxically, such high scores were not
addition, the non-ICU patients were divided into two groups:  typical of ICU patients.?!
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Our data essentially differ from the abovementioned
evidence. Here, the mean CEC score of 300 to 400 cells/mL
corresponds to maximal values reported in other papers.zz'23
It is noteworthy that the patients examined in our study
were not critically sick. Probably, the CEC score inconsisten-
cies were caused by specific differences in scoring methods
employed by other studies. Actually, virtually all evidence
focused on analysis of CEC score in various pathologies that
employed the methods considering CEC as mature, healthy,
functionally adequate, nucleated, and antigen-expressing
cells.?* Evidently, CECs detected with the electron microsco-
py in the present study look like the damaged cell skeletons,
which could be omitted in scoring performed with routine
flow cytometry.?* This was the reason why we scored CEC
with sequential identification of flow cytometry data utiliz-
ing sequential gating.

The CEC scores calculated by electron microscopy and
modified flow cytometry attest to coherence and adequacy
of both approaches. Our data strongly suggest that vascular
traumas caused by SARS-CoV-2 result in pronounced cell
dysfunction and potential endothelial denudation leading to
intensive intravascular thrombosis and alteration of RBC
accompanied by disturbances in regional gas exchange cul-
minating in pronounced ischemia.

Severe damage to circulatory and hematological indices
inflicted by COVID-19 is most strikingly manifested by a
large number of circulating RBC rouleaux (see =Fig. 4 for
details). Indeed, this pathological pattern is typical of the
patients infected with novel coronavirus. Two other impor-
tant features should be briefly mentioned. First, aggregation
of RBCs is reversible, so removal of corresponding triggering
factors by normalizing pH and acute-phase proteins would
shorten RBC rouleaux, which finally will disintegrate into
single cells. In fact, we observed significant shortening of RBC
stacks at hospital discharge compared with admission values
(=Fig. 4). However, such trend was observed not in all
patients, and some of them remained with long (3-4 cells)
RBC stacks at discharge (~Fig. 4B). Second, it is unlikely that
RBC glued in rouleaux can pass through the blood capillaries.
Evidently, the aggregated RBC cannot deform synchronously
to travel along the capillaries; they seemingly reach the
venous bed via the arteriovenous anastomoses, not via
capillaries.”> The same considerations may be applied to
echinocytes, which cannot reach the venous bed via the
capillaries especially because they also form sludges. This
pathway may explain why COVID-19 patients experience
severe tissue hypoxia, although SpO, in such patients is
usually normal (>95%). Our observation hinted that
COVID-19 develops as pulmonary pathology only at the early
stage of the disease, but during its progress, the vascular
component of coronavirus infection begins to play an in-
creasing damaging role.

Finally, at discharge, most biochemical inflammation
indices normalized (~Table 2). The most common clinical
symptom was remaining weakness, which is a natural
manifestation of residual intoxication after viral infection.
However, discharge electron microscopy images revealed
that some patients (22%) had remaining severe cell pa-
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thology indicative of vasculitis progression and multicel-
lular RBC rouleaux (=Figs. 2 and 4). The cause of such
discrepancy is unexplored but may be related to the
differences in mitigating factors within the COVID-19
group. There is no doubt that such patients will benefit
from frequent follow-up and further treatment, because
they are probably still affected by so-called “long” COVID-
19. It is unclear how to triage such patients in clinics, since
neither subjective assessment of their health nor the
routine biochemical analyses can detect the latent and
long-term development of disease.”> Future research
should be focused on more uniformed and better matched
groups identifying blood cell damage and impact of mod-
ern COVID-19 therapy.?®

Limitations

The main shortcomings of this study were its retrospective
cohort design and small sample size, which may limit the
power to detect differences between arms. Obviously,
these data are preliminary, and somewhat lack substance
with no definite message. The COVID-19 group did not
match ideally with the controls. Most importantly, there
were solid differences in cell damage within the COVID-19
study arm, especially at hospital discharge. The short
duration of follow-up might have limited our understand-
ing of the delayed impact of COVID-19 on vascular-endo-
thelial interplay, which is currently entirely unclear.
Importantly, we also did not analyze the potential direct
impact of COVID-19 on endothelium exclusively limiting
our experiments to circulated cells. It will also be critical
to prove whether the observed “holes” are indeed directly
related to the virus invasion. Further experiments includ-
ing in vitro assessment with ECs together with COVID-19
particles to reproduce similar damage will be mandatory
to prove their direct influence. It will also be critical to
define the impact of COVID-19 on the other major players
such as neutrophils and platelets. Obviously, the index
data are preliminary and descriptive with low incidence of
parametric statistics due to the small sample size and
substantial differences in clinical characteristics and elec-
tron microscopy indices.

Conclusion

COVID-19 is associated with persistent impairment of cell-
endothelium crosstalk. Not only the number of CECs was
high, but also cell endothelium was massively damaged by
multiple fenestrae in membranes with diameter comparable
to the size of supercapsid in SARS-CoV-2 virus at hospital
admission. COVID-19 also provoked formation of stacked
aggregated erythrocytes capable of clogging microvascular
bed and of diminishing oxygen supply. In some patients, such
abnormalities persisted even at hospital discharge sugges-
tive of a residual blood cell damage following the acute phase
in some COVID-19 survivors. Such chronic sequelae can
provoke long-term vascular complications following
COVID-19, potentially requiring adequate protection includ-
ing use of antithrombotics.
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What is known about this topic?

* Current COVID-19 pandemic reveals thrombotic, vas-
cular, and endothelial dysfunctions at peak disease.

» However, the duration, degree of damage, and appro-
priate use of long-term antithrombotic strategies fol-
lowing acute phase are unclear.

* Most post-COVID data are yielded from random clini-
cal observations or autopsy of postmortem samples,
while precise cellular data in survivors are insuffi-
cient.

What does this paper add?

 Hospital admission number of circulating endothelial
cells was significantly (40-100 times) higher in COVID-
19 patients.

* Cells were massively damaged by multiple fenestrae in
membranes with diameter comparable to the size of
supercapsid in SARS-CoV-2 virus.

» COVID-19 provokes formation of stacked aggregated
erythrocytes capable of clogging microvascular bed
and of diminishing oxygen supply.

* In some patients, such abnormalities persisted at
hospital discharge revealing remaining intracellular
penetration of COVID-19 where it may be replicated
and returned to circulation.
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