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Abstract

The wvascular manifestations of COVID-19 have emerged as critical contributors to disease morbidity and mortality,
particularly through mechanisms involving endothelial dysfunction and hypercoagulability. In this study, we investigated the
predictive value of endothelial surface markers—specifically circulating endothelial cells (CECs) and their progenitors—as
indicators of vascular injury and disease severity in COVID-19 patients. Using high-precision flow cytometric analysis, we
quantified CECs and endothelial progenitor cells (EPCs) in peripheral blood samples from patients across varying degrees of
COVID-19 severity. Our findings demonstrate a statistically significant elevation of both CECs and EPCs in patients with
confirmed COVID-19 compared to healthy controls. Moreover, these elevations correlated strongly with clinical markers of
hypercoagulability, such as elevated D-dimer levels and thrombotic events, underscoring the central role of endothelial
perturbation in the pathophysiology of SARS-CoV-2 infection. Notably, we utilized these endothelial biomarkers to stratify
disease severity, revealing their potential as quantitative tools for clinical triage and prognostication. Given the annual
recurrence of COVID-19 during winter seasons and its increasingly indistinct clinical profile from other upper respiratory tract
infections (URTIs), the need for precise, biomarker-driven diagnostic and prognostic tools has become more urgent. Our study
supports the implementation of CEC and EPC profiling as a standardized approach for early vascular assessment in COVID-
19, offering a vefined lens through which to distinguish and manage cases with potential for severe vascular complications.
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INTRODUCTION

COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was declared a global
pandemic by the World Health Organization in 2020 (WHO, 2020). The vascular endothelium has emerged as
a critical portal of viral entry and a central target in disease pathogenesis. A growing body of evidence implicates
endothelial dysfunction as a major driver of the hypercoagulable state characteristic of COVID-19 infection, with
thromboembolic complications contributing significantly to the morbidity and mortality of severe cases
(Samidurai et al., 2020; Abou-Ismail et al., 2021).

Although SARS-CoV-2 primarily affects the pulmonary system, systemic involvement is common and includes
myocardial injury, myocarditis, thromboembolic events, and acute kidney injury. Clinical severity is exacerbated
in the elderly and in individuals with underlying comorbidities such as hypertension, diabetes mellitus, chronic
kidney disease, and obesity (Yugar-Toledo et al., 2023). Endothelial injury appears to be a central mechanism,
mediated both by direct viral invasion and by inflaimmatory cytokines released during the immune response
(Bernard et al., 2020).

The angiotensin-converting enzyme 2 (ACE2) receptor, highly expressed in vascular endothelium, facilitates viral
entry into endothelial cells, compromising barrier function and exposing prothrombotic surfaces. This initiates
platelet adhesion, activation of the coagulation cascade, and ultimately microvascular and macrovascular
thrombosis (Pelle et al., 2022). These mechanisms have emphasized the importance of early vascular assessment
in COVID-19, yet routine diagnostic protocols have lacked endothelial-specific markers to predict cardiovascular
complications. Several recent studies have advocated the use of novel biomarkers to detect post-infectious
endothelial damage, including circulating endothelial cells (CECs) and endothelial progenitor cells (CEPs)
(Mancuso et al., 2020; Poyatos et al., 2024; Zhang et al., 2024).

In the present year, 2025, emerging data have reinforced the persistence of hypercoagulable states in COVID-19
patients despite escalated anticoagulation therapy. A multicenter study published in Journal of Clinical Medicine
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demonstrated pronounced thrombodynamic activity and elevated thrombin generation parameters in severe
COVID-19 cases compared to controls, highlighting the limitations of standard prophylaxis and underscoring
the role of endothelial dysfunction in ongoing coagulopathy (PubMed, 2025).

MATERIALS AND METHODS

A. The present study was conducted on sixty adult patients from the isolation units in Kasr Al Ainy hospital and
forty control adults that were enrolled from Kasr Al Ainy Hospital, Cairo University. The patients included twenty
females and forty males with age range from eighteen to sixty years old.

B. COVID-19 was diagnosed when patients presented with viral pneumonia associated with objective findings
on lung-CT scan or chest X-ray, and infection was confirmed by positive SARS-CoV-2 RT-PCR in nasopharyngeal
swab, sputum or bronchoalveolar lavage. Patients were hospitalized either in the internal medicine ward or in the
intensive care unit (ICU), depending on the severity of their medical condition. Blood samples were collected
within 48 hours of patient admission.

C. Selection process was done with simple random selection by taking even patients file numbers. Patients were
diagnosed using (reverse transcriptase- polymerase chain reaction) RT-PCR for SARS-COV-2.

D. Inclusion and exclusion criteria were set as follows; inclusion criteria included age group (18-70) and positive
RT-PCR for SARS COV 2 while exclusion criteria included cardiac patients (Boos et al.,2006) and cancer
patients, for possible interference with test results regarding endothelial cell markers (Mancuso er al., 2009) &
(Guervilly et al., 2020).

E. All participants were subjected to the following tests upon admission after recording their medical history;
complete blood picture, fibrinogen assessment, D Dimer assessment, (Prothrombin Time) PT and (Partial
thromboplastin Time) PTT, flowcytometric assessment of circulating endothelial cells and their progenitors.
E.1. The D Dimer assay combines a two-step enzyme immunoassay sandwich method with a final fluorescent
detection (ELFA). The Solid Phase Receptacle serves as the solid phase with an anti-FbDP monoclonal antibody
adsorbed on its surface as well as the pipetting device. Reagents for the assay are ready-to-use and pre-dispensed
in the sealed single-use reagent strips.

E.2. The fibrinogen test depends on the addition of thrombin to fresh citrated plasma. The coagulation time is
proportional to the fibrinogen concentration. This allows the estimation of plasma fibrinogen by functional
clotting assay.

E.3. The flowcytometric assessment was performed on whole blood samples, which was collected in EDTA tubes.
After lysis of blood with ammonium chloride (NH4Cl), cells were incubated with monoclonal antibodies for 15
minutes, at 4 °C, in the dark. CD146 + CECs and CEPs were evaluated by 10-color flow cytometry (Navios EX
Beckman Coulter) using 7-AAD (BD) for viability, and a panel of monoclonal antibodies including anti-CD45
(to exclude hematopoietic cells), anti CD34, anti-CD31 (both from Beckman Coulter), and anti-CD146 (BD) as
endothelial cell markers. After acquisition of million events, an appropriate gating strategy was used to enumerate
CECs and CEPs (Kaluza software, Beckman Coulter). CECs were identified as CD45-, CD31+, CD34+, and
CD146+. CEPs as CD45—, CD31+, CD34+, and CD146-, according to (Mancuso et al, 2020) with
modifications. The absolute number of the cells was calculated by a dual platform counting technique using the
total number of leukocytes in peripheral blood obtained by hemocytometer, according to routine methods.

STATISTICAL ANALYSIS

Recorded data were analyzed using the statistical package for social sciences, version 20.0 (SPSS Inc., Chicago,
Illinois, USA). Quantitative data were expressed as mean * standard deviation (SD). Independent-samples t-test
of significance, one-way analysis of variance (ANOVA), post Hoc test: Least Significant Difference (LSD), Mann
Whitney U test, Kruskall Wallis test, Chi-square (x2) test of significance were used. Confidence interval was set
to 95% and margin of error accepted was set to 5%, considering a P value < 0.05 to be significant.
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RESULTS
Table (1): Comparison between groups according to coagulation test.
. Patients Group Control Group
Coagulation test (0=60) (n=40) Pvalue
Fibrinogen (g/L)
Mean+SD 2.69+0.93 2.15+0.34
< *%
Range 1.7-6 1.7-3.1 0.001
D DIMER 1 (ng/ml)
Median (IQR) 800 200 <0.001**
Range 400-11500 100-400

N.B.: (IQR): Interquartile range, (Statistics equations used): Mann-Whitney test for non-parametric data “Median (IQR)”
Using: Independent Sample t-test for Mean*SD, p-value <0.001 is highly significant.

Table (2): Comparison between patients’ groups according to CD 146 negative (CEP) and CD146 positive (CEC).

Group 1 Group 2 Group 3 Group 4 p-value
CD 146 negative (CEP) (cells/ml)
Mean + SD 553.00+0.00 942.30+453.63 | 1879.36£1208.78 | 2855.92+1401.56
Median (IQR) | 553 (553-553) D | 866(599-1165) C | 1721(928-2436) B | 2821(1781-4039) A | 0.001**
Range 553-553 333-1840 141-5308 540-5308
CD 146 positive (CEC) (cells/ml)
Mean + SD 126.00+0.00 176.00£95.22 335.51+249.40 471.15+298.01
Median (IQR) 126 (126-126) D 161(95-229) C 241(171-432) B 420(218-690) A 0.002*
Range 126-126 41-399 48-1142 130-1142

N.B.: (Group 1): Fibrinogen <0.4gm/l & D-Dimer <0.5 mg/dl), (Group 2): Fibrinogen >0.4 gm/L OR D-dimer > 0.5 mg/dl), (Group
3): Fibrinogen >0.4gm/l & D-Dimer > 0.5 mg/dl), (Group 4): Severe cases (ICU admission/ mortality), (IQR): interquartile range,
(Statistical equations used in this test): Kruskal-Wallis was performed for Median (IQR) & Dunn's test for Multiple comparison Different
capital letters indicate significant difference at (p<0.05) among means in the same row, pwalue >0.05 is insignificant; *pwalue <0.05 is
significant; **pwalue <0.001 is highly significant.

Table (3): Correlation between CD146 negative (CEP) and CD146 positive (CEC) with parameters of hypercoagulation
Parameters CD146 negative (CEPs) | CD146 positive (CECs)
Rs pvalue Rs pvalue
Fibrinogen (g/L) 0.454 <0.001** 0.116 0.377
D DIMER on admission (ng/ml) 0.422 <0.001** 0.558 <0.001**
D DIMER 5™ (ng/ml) 0.547 <0.001** 0.517 <0.001**

N.B.: (Statistics equation used): Spearman's rank correlation coefficient (rs), p-value >0.05 NS; pvalue <0.05 S; p-value <0.001 HS

Table (4): Correlation between D-Dimer on admission with CD146 negative (CEPs) and CD 146 positive (CECs) in groups
2, 3 and 4, using Spearman's rank correlation coefficient (rs).

D-Dimer on admission
Group 2 Group 3 Group 4
) r-value 0.056 -0.223 0.490
CD146 negative (CEPs) pvalue 0.813 0.172 0.089
o r-value 0.151 0.156 0.674
CD146 positive (CECy) pvalue 0.526 0.343 0.012*
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N.B.: (Statistical equations used): Spearman's rank correlation coefficient (rs), p-value >0.05 is insignificant; *p-value <0.05 is significant;
**pvalue <0.001 is highly significant

Table (5): Correlation between D-Dimer 5" days with CD146 negative (PECs) and CD146 positive (CECs) in

group 2, 3 and 4, using Spearman's rank correlation coefficient (rs).

D-Dimer 5% day hospitalization
Group 2 Group 3 Group 4
) r-value 0.044 0.692 0.526
CD146 negative (CEPs) pvalue 0.853 0.001** 0.065
» r-value 0.018 0.518 0.223
CD146 positive (CECy) pvalue 0.941 0.001** 0.464

N.B.: (Statistical equations used): Spearman's rank correlation coefficient (rs), pvalue >0.05 is insignificant; *p-value <0.05 is significant; **p-
value <0.001 is highly significant

Table (7): Cut- off to discriminate between group 3 & group 4, using CD 146 negative (CEPs) and CD146 positive

(CECs).
Items Cutoff Sen. Spe. PPV NPV AUC (C.1.95%) pvalue
146;;32“6 52425 | 61.5% | 74.4% | 44.4% | 8530 | O-709(0-5671t0 0.827) 0.017
146C17E°éisﬁve 5295 | 69.2% | 64.1% | 39.1% | 86.20 | 0-633 (050810 0.779) 0.049

N.B.: (PPV): Positive predictive value which is the ability of the test to predict positive cases, (NPV): Negative predictive value which is the ability of

the test to predict negative cases, (AUC (C.1.95%)): Area under curve with confidence interval 95%.
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Figurel: scatter blot, showing relation between DDimer on admission and CECs in group3.a CECs
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Figure 2: scatter blot, showing relation between DDimer on 5 ™ day of hospitalization and CECs in group
3positive (CECs) in group 3. plot b

The hypercoagulability state was manifested in COVID-19 patients by high values of both D-dimer and fibrinogen
(Table 1). There was a higher (P < 0.001) mean value of (fibrinogen) in patients’ group than the control group.
There was also a higher (P < 0.001) median value of (D-dimer on admission) in patients’ group than control group.
Patients follow up using D Dimer values in 5" day of hospitalization ranged from (0.1-20 ng/ml), Figs 1 & 2.
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Figure 3: ROC curve showing CECs and CPEs in groups 3 and 4 CECs CEPs and CECs in groups 3 &

4. Categorization of disease severity according to flow cytometry analysis
Patients underwent flow cytometry analysis for CD 146 negative CEPs and CD 146 positive CECs to categorize the
severity of the disease (Table 2). There was a statistically significant difference between groups according to CD 146
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negative (CEP) and CD 146 positive (CEC), Patients in group 1 have normal fibrinogen and D-dimer values, showed
CEPs and CECs levels of (553 and 126 cells/mL, respectively). In group 2, patients have elevated levels of both
fibrinogen and D-dimer, the levels of CEPs and CECs in this group were as follows (942.3 and 176 cells/mL,
respectively). In group 3; patients had high levels of both fibrinogen and D Dimer And the levels for CEPs and
CECs were (1879.36 and 335.51 cells/mL, respectively) . Patients in group 4 (Cases who were admitted to ICU
and the only case of death) had a mean CEPs of (2855.92 cells/ml) and a mean CECs of (471.15 cells/ml) as shown

in figure 3.

Correlation between D-dimer and fibrinogen with CECs and CEPs

The correlation between classic parameters of coagulation (fibrinogen and D Dimer) with parameters proposed
in current study (CECs and CEPs) has been determined (Table 3), taking into consideration that D-dimer on the
5% day of hospitalization was performed to assess the development of the disease severity (Table 5). There was a
positive correlation (p < 0.05) between CD146 negative “CEPs” and CD 146 positive (CECs) with fibrinogen, D-
dimer on admission and D-dimer 5®.

There was a significant correlation between values of (CEPs and CECs) with the parameters of
hypercoagulability (fibrinogen and D-dimer), yet after categorization of patients according to severity the only significant
correlation was proved between D-Dimer on admission and CD146 positive (CECs) in Group 4 (mortality case), with
pvalue (p=0.012). In this table as well, D-dimer at 5™ day of hospitalization showed a significant correlation (P < 0.001)
with values of CEPs and CECs in group 3 only.

Discrimination between patient group of hypercoagulability state and patient group with severe vascular sequelae
Receiver operating characteristics (ROC) curve was performed for CD146 negative CEPs demonstrated an area
under the curve (AUC) of 0.709 (0.567 to 0.827) with P value = 0.017. The cut off value for dissemination between
group 3 and group 4 was >2425 with sensitivity of 61.5% and specificity 74.4%. Also, the CD146 positive CECs
demonstrated an AUC of 0.653 (0.508 to 0.779) with P value = 0.049. The cut off value for discrimination between
group 3 and group 4 was >295 with sensitivity 69.2% and specificity 64.1%.

DISCUSSION

The resurgence of respiratory viruses post-COVID-19 has complicated differential diagnosis and disease
management, especially during seasonal peaks. The epidemiological overlap of SARS-CoV-2 with other viruses
such as HMPV, RSV, and influenza has introduced new clinical challenges, particularly in distinguishing severe
vascular outcomes unique to COVID-19 (WHO, 2025; CDC, 2025). Among these infections, SARS-CoV-2
continues to demonstrate a distinct pattern of endothelial dysfunction, establishing it as a key differentiator in
terms of systemic complications (Libby, 2024; Lim et al., 2024).

Thromboembolic complications remain a major cause of morbidity and mortality in severe COVID-19 cases, and
early in the pandemic, D-dimer and fibrinogen were adopted as frontline markers of hypercoagulability. Studies
have proposed several cutoff values to stratify disease severity and predict clinical outcomes. D-dimer thresholds
ranging from >0.5 pg/mL to >2 pg/mL have been associated with ICU admission and mortality, with reported
sensitivities as high as 92.3% and specificities up to 83.3% (Yu et al., 2020; Poudel et al., 2021; Zhang et al.,
2020). Similarly, elevated fibrinogen levels were associated with severe infection, with 528 mg/dL identified as a
predictive threshold in previous analyses (Sui et al., 2021; Murat et al., 2021). However, these markers are non-
specific and may not fully capture endothelial involvement.

In our study, we incorporated flow cytometric assessment of circulating endothelial cells (CECs) and endothelial
progenitor cells (CEPs) as more specific markers of endothelial damage. A statistically significant correlation was
observed between these markers and disease severity, hypercoagulability (as measured by D-dimer and fibrinogen),
ICU admission, and mortality. Patients were categorized into four groups according to disease severity. The mean
CEC levels increased progressively across groups: 126.00 in the normal group, 176.00 in group 2 (either D-dimer
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or fibrinogen elevated), 335.51 in group 3 (both elevated), and 471.15 in patients who died in the ICU. Likewise,
mean CEP levels were 553.00, 942.30, 1879.36, and 2855.92, respectively.

Our data suggest a stepwise increase in both CECs and CEPs with disease severity, supporting their utility as
stratification markers. This aligns with the findings of Guervilly et al. (2022), who reported CEC elevation in
critically ill COVID-19 patients, and proposed its use as a non-invasive biomarker of endothelial injury.
Conversely, while our study demonstrated elevated CEPs, their correlation with disease severity was less
consistent, echoing observations by Mancuso et al. (2020), who found higher CEPs in mild cases but no further
increase with severity.

We conducted ROC curve analysis to determine the diagnostic power of CECs and CEPs in distinguishing
between severe illness and mortality. A CEC cutoff >295 yielded sensitivity of 69.2% and specificity of 64.1%.
For CEPs, a cutoff >2425 provided 61.5% sensitivity and 74.4% specificity. These findings support the inclusion
of CEC:s as reliable indicators of disease progression and adverse vascular outcomes.

Recent studies have also validated these markers. Fernandez-Calle et al. (2024) observed persistently elevated
CECs in patients with post-acute thrombotic complications, suggesting long-term endothelial damage. In 2025,
Weber et al. demonstrated that integrating endothelial biomarkers into clinical scoring models improved
prognostic accuracy by 21% for predicting major thrombotic events.

Moreover, our study investigated the dynamic behavior of D-dimer on day 1 and day 5 of admission. A positive
correlation was found between D-dimer levels and both CECs and CEPs, particularly in severe and fatal cases.
Day 5 D-dimer values >1360 ng/mL were consistent with poor prognosis, as supported by previous reports
(Oualim et al., 2020; Reshma et al., 2024).

In conclusion, CECs and CEPs are emerging as sensitive markers for endothelial damage in COVID-19. Their
correlation with conventional coagulation markers, disease severity, and mortality underscores their potential
clinical value. Incorporating these parameters into diagnostic workflows may improve early risk stratification,
inform therapeutic decisions, and enhance outcomes in patients presenting with severe respiratory viral
infections, particularly those involving vascular involvement.
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