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More than 197 million people have been infected by Severe Acute
Respiratory Syndrome Coronavirus 2, with more of 4.2 millions of
deaths and more of 177 millions have overcome the disease COVID-19
[1]. Complications observed in deceased patients as well as those who
have survived the disease, are related to damage of the vascular endo-
thelium and the consequent severe dysfunction of the coagulation sys-
tem, resulting in a wide variety of potentially devastating thrombotic
events characterized by high levels of D-dimer and fibrinogen, sug-
gesting a direct relationship with endothelial dysfunction [2]. Endo-
thelial dysfunction describes various pathophysiological conditions,
including an activation state that generates a pro-inflammatory envi-
ronment as well as the synthesis of inflammatory cytokines and the
formation of thrombus [3]. As a result, an abnormal endothelial function
increased, mobilization or recruitment of circulating endothelial cells
(CEQC), endothelial progenitor cells (EPCs), or endothelial colony-
forming cells (ECFCs) are present. ECFCs with high potential for
inducing angiogenesis, may be the result of detachment of endothelial
cells from the vascular wall or bone marrow [4]. Previously, it was
informed that an abnormal number of EPCs was present in patients with
moderate and severe COVID-19 and in those recovered from this disease
[5].

We analyzed the frequency, function and morphology of ECFCs as

well as their response to convalescent plasma in 15 COVID-19 recovered
male patients, without a history of major comorbidities matched by age
(20-50 years) with 10 controls. All had subacute, moderate disease in
the previous 4 weeks as confirmed by means of a positive real time-
polymerase chain reaction (RT-PCR) test and all of them received pro-
phylactic anticoagulant therapy with enoxaparin (40 mg SC, OD). At the
time of peripheral blood (PB) sampling, all patients were negative for
COVID-19 (by real-time RT-PCR) and all treatments had been stopped.
An evaluation of D-dimer, C reactive protein and fibrinogen was per-
formed. The clinical manifestations, the laboratory markers and their
controls was normal (data not shown). Mononuclear cells (MNCs) of PB
were obtained according to Alvarado-Moreno et al. [6] and colonies of
endothelial cells (ECs) of ECFCs (ECFC-ECs) were identified, counted
and expanded to get homogeneous cultures of ECs.

To compare the likely endothelial effects of a prothrombotic state
such as that found in our COVID-19 recovered patients with a chronic
thrombotic disease, we used ECFC-ECs previously obtained from five
COVID-19-negative patients with recurrent venous thromboembolic
disease (VID) cryopreserved in our laboratory. Results are expressed as
mean + standard deviation. Student t-test and Mann-Whitney U test
were used to analyze the results and P < 0.05 was considered significant.
Data were analyzed with Sigma Stat statistical software (v.3.5, Sigma
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Stat, San Jose, CA, USA). The study protocol was approved by the Na-
tional Ethics Committee of the Instituto Mexicano del Seguro Social
(IMSS-R-2020-785-167 and IMSS-R-2015-785-091) and informed con-
sent was obtained from each individual. This study fulfilled the princi-
ples of the Declaration of Helsinki.

We analyzed the content of MNCs in all samples and observed an
increase in total cell number of recovered COVID-19 patients as
compared with controls (350 x 10° vs. 150 x 10°, respectively; P <
0.001), which represents a 2.3-fold increase cell count (data not shown).
This finding correlates with previous reports where an increase of CD14
and CD16 monocytes up to 50% was found, specifically monocytes and
monocyte-derived macrophages capable of secreting IL-6, TNF-a, and IL-
10, related with the cytokine storm observed in COVID-19 patients and
the endothelial dysfunction associated with immunothrombosis [7]. Our
study focused on patients with a 30 year-old median age and a subacute
moderate disease because in previous studies with rhesus macaque and
older and younger human adults infected with SARS-CoV-2 no signifi-
cant differences in the percentage and number of monocytes were found
[8].

Noteworthy, we found an increase of ECFCs that also appeared in a
shorter period of time in samples from COVID-19 recovered patients as
compared with controls; however, the highest number of ECFCs was
obtained from samples from VTD patients (Fig. 1A and B), a fact that
suggests a faster and constant mobilization of ECFCs in a chronic pro-
thrombotic disease [6] as compared with a subacute disease. It is
important to emphasize that, because our research was performed in PB
samples obtained four weeks after the onset of symptoms, it would be
important to evaluate the biological behavior of ECFCs during the very
acute phase of COVID-19.

We evaluate the morphology of ECFCs obtained from controls
(Fig. 1C and D) and from recovered COVID-19 patients, and the imma-
ture characteristics of these last cells show that, they exhibit profound
abnormalities in size namely elongations resembling pseudopods, and
large cytoplasm with prominent nuclei highly compatible with a se-
nescent state (Fig. 1E), showed no proliferative capacity when they were
sub-cultured (Fig. 1F). In contrast, immature ECFCs from donors and
VTD patients depict the same characteristics and proliferative activity as
previously demonstrated by our working group [6] (Fig. 1G and H). Our
results strongly suggest an abnormal functional endothelial status
determined by an absence or reduction of endothelial regeneration in
subacute, moderate COVID-19 patients. We may speculate that all dis-
turbances found in ECFCs from COVID-19 patients are worse during the
acute phase of a severe disease, a fact that may help to explain the highly
significant increase of thrombotic episodes observed in these patients
[9].

Interestingly, when immature ECFCs from either recovered COVID-
19 patients and controls were cultured for 48 h in presence of plasma
from recovered COVID-19 patients, we observed in cultures control a
cell grouping, effect similar to the formation of tubular structures, an
event that has been associated with angiogenesis and vascular regen-
eration (Fig. 2A and C) (Fig. 2B and D). These facts suggest that ECFCs-
ECs from COVID-19 recovered patients lose their regenerative and
angiogenic capacity as well as their ability to properly respond to the
stimulation with plasma and that, as a consequence, they are unable to
restore or maintain an appropriate endothelial function. [7].

The analysis of the response of mature ECFC-ECs (in passage 3),
obtained from controls and VTD patients during 48 h in presence of
control and COVID-19 plasma, shows similar effects as those found in
immature ECFCs, with similar tubular structures when cells were incu-
bated in the presence of control and COVID-19 plasma (Fig. 2E, F and G).
These results show the ability of normal cells to respond to plasma
components and to restore the endothelial function. In contrast, when
we evaluate the effect of COVID-19 plasma on mature ECFC derived
from VTD, a low ability to form tubular structures was observed when
compared with controls (Fig. 2H, I and J). This fact suggests that there is
also a poor response to plasma stimulation which may be likely
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associated with the endothelial dysfunction detected in subjects with
comorbidities [6].

In our study, we used convalescent COVID-19 plasma free of SARS-
CoV-2 but perhaps with increased concentrations of inflammatory cy-
tokines. As consequence, addition of such highly inflammatory milieu to
dysfunctional cells may easily potentiate the damage and explain the
results observed in our report. It is important to emphasize that this
research could not performed in ECFC-ECs from recovered COVID-19
patients because their cells were not able to proliferate and stay in
subsequent cultures. Thrombosis is, perhaps, the leading cause of
morbidity and mortality in COVID-19 patients and endothelial cell
dysfunction seems to be the most important factor directly causing these
complications [10]. Our results strongly suggest that mature and
immature ECFCs obtained from subacute, moderate COVID-19 patients
have functional abnormalities that impede them to proliferate in vitro
and respond to some components of plasma obtained from individuals
with subclinical inflammation.

Apparently, these abnormalities reduce their ability to form tubular
structures having a negative impact on their recovery. All these events
may be even worse with more deleterious consequences in severely ill
COVID-19 patients. Of course, it is important to determine whether the
observed damage of the ECFCs is directly associated with a cytopathic
effect of the virus or secondary to an uncontrolled immune response as
occurs during COVID-19 disease which is characterized by huge amount
of inflammatory molecules released to the environment [7].

It should me mentioned that CFCEs have been widely described in
various diseases where abnormal molecular mechanisms as well as
morphological and functional characteristics of these cells have been
identified: in the mechanisms of angiogenesis associated with von Wil-
lebrand Disease [11]; chronic myeloid leukemia, may show an increased
number of colonies of ECFCs [12]; hereditary haemorrhagic telangiec-
tasia, in which a mutation in endoglin leads to a disorganized cyto-
skeleton with abnormal angiogenic abilities [13]; patients with ischemic
heart disease may have an increased number or colonies of ECFCs [14];
in chronic obstructive pulmonary disease, ECFCs may exhibit an accel-
erated senescence and abnormal angiogenic ability [15]; in idiopathic
pulmonary fibrosis it has been shown low numbers of colonies of ECFC,
abnormal gas transfer, and increased cell proliferation [16]; gestational
diabetes mellitus is characterized by an altered proliferation and pre-
mature senescence while in type 2 diabetes mellitus, neovascularization
and proliferation are both reduced [17]; pulmonary arterial hyperten-
sion has been associated with an increased proliferative potential with a
deficiency in ability to form vascular networks [18].

A major limitation of our study is that patients included had a
moderate, subacute variant of the disease and, consequently, our find-
ings may not represent what may occur in the more severe or acute
phases of the disease. Moreover, we cannot underestimate the fact that
all patients included in this research received prophylactic anticoagu-
lant therapy, a variable that could likely modify the results obtained.

In conclusion, we demonstrated for the first time that ECFCs from
patients recovered from COVID-19 show both, morphological charac-
teristics of dysfunctional endothelial cells and almost no proliferation
and angiogenic capability. These findings may help to understand the
pathophysiology of dysfunctional endothelium in COVID-19 patients. Of
course, as we have shown here, this dysfunctional status of the endo-
thelium may help to explain the highly frequent presentation of
thrombotic episodes in patients with COVID-19 even at the sub-acute
phase and the likely need to prolong the anticoagulant therapy in
some specific populations affected with this virus.
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Fig. 1. Frequency and identification of ECFCs in PB from recovered COVID-19 patients, healthy donors (Controls) and VTD patients. (A) The figure shows the
number of ECFCs colonies obtained per 100 mL of MNGs seeded in culture plates. (B) Time to detection (days) of ECFCs per 1 x 10° MNCs seeded in culture plates.
Results are expressed as mean + SD of 15, 10 and 5 independent samples, respectively. *: P < 0.001, Controls and recovered COVID-19 patients vs. VID patients. **:
P < 0.001, Controls vs. recovered COVID-19 patients and VID patients. Representative phase-contrast photomicrographs from 3 experiments in triplicate (4x
magnification) of ECFCs colonies detected in culture from: Controls before (C) and after expansion (D); recovered COVID-19 patients before (E) and after expansion
(F) and VTD patients before (G) and after expansion (H). Arrows indicate colony boundary, the typical morphology of a normal immature colony and after reseeding,
they present a robust proliferative potential that leads to cell confluence. VTD patients present the same characteristics but with slow proliferation; in recovered
COVID-19 patients, the colonies show obvious morphological alterations without proliferative capacity. Scale bar represents 200 pm.
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Fig. 2. Controls but not COVID-19 immature and VITD mature ECFCs form tubular structures in vitro. Representative phase-contrast photomicrograph from 3 ex-
periments in triplicate (4 x magnification) of an immature ECFCs culture in normal medium for Controls (A), and recovered COVID-19 patients (B); arrows indicate
colony boundary. To evaluate angiogenic ability, were incubated 48 h with plasma from recovered COVID-19 patients, tubular structures with characteristics similar
to vascular lumen were detected in Controls (C), arrows show these structures but not in recovered COVID-19 patients (D). Mature ECFCs (passage 3) from Controls
(E) or VTD patients (H) were incubated 48 h in presence of plasma from healthy donors in Controls (F) and VID patients ECFCs (I) or plasma of recovered COVID-19
patients in Controls (G) and VTID patients ECFCs (J). Presence of control and COVID-19 plasma, shows in ECFCs of Controls, similar effects as those found in
immature ECFCs, with similar tubular structures when cells were incubated in the control and COVID-19 plasma (F) and (G). Arrows show structures similar to
vascular lumen. In mature ECFC derived from VTD, control and COVID-19 plasma show a low ability to form tubular structures (I) and (J). Arrows show structures
\Lvith deficiencies to form vascular structures. Scale bar represents 200 pm.
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