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Abstract: Circulating endothelial cells (CECs) and endothelial progenitor cells (EPCs) are
promising markers of vascular damage and endothelial regeneration potential. We fo-
cused on the detection of CECs and EPCs using flow cytometry with regard to analytical
challenges and its suitability for routine testing. As part of a clinical validation, CECs
and EPCs were measured in blood samples from 83 subjects with type 1 diabetes (T1DM),
evaluating an adjuvant intervention with two different antidiabetic drugs, empagliflozin
(N = 28) and semaglutide (N = 29). Both groups receiving adjuvant therapy were compared
with the insulin-only group (N = 26) at two time points: before the start of therapy and
after 12 weeks of adjuvant therapy. All three groups were comparable regarding demo-
graphic characteristics and concomitant risk factors. Absolute and relative endothelial
cell count at baseline were low and comparable to those of healthy individuals. In the
group receiving empagliflozin or semaglutide, a significant increase in EPC was observed
after 12 weeks of treatment. We demonstrated that EPCs have the potential to serve as
markers for monitoring the efficacy of adjuvant therapy in TIDM patients. However, before
their implementation in clinical practice, the flow cytometry protocol for CEC and EPC
identification and quantification must be standardized.

Keywords: flow cytometry; type 1 diabetes mellitus; endothelial progenitor cells;
circulating endothelial cells; adjuvant treatment; empagliflozin; semaglutide

1. Introduction

Circulating endothelial cells (CECs) are mature cells released from damaged vascular
walls [1]. Endothelial progenitor cells (EPCs), on the other hand, are bone marrow-derived
cells involved in postnatal neovasculogenesis and vascular wall regeneration [2-4]. There-
fore, CEC and EPC are promising markers of vascular damage and vascular regenerative
potential [5,6]. Changes in CEC and EPC levels have been observed in many diseases asso-
ciated with vascular dysfunction, such as infections, malignancies, cardiovascular, renal,
and autoimmune diseases [6-10]. Therefore, the number of CECs and EPCs is a promising
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marker to determine disease prognosis and treatment response in various diseases [5,11].
Changes in the number of CECs and EPCs have also been described in diabetes mellitus
(DM).

DM is characterized by vascular damage to the blood vessels and impaired vascular
repair, resulting in an increased risk of cardiovascular disease (CVD). Factors for vascular
damage in DM include elevated glucose levels, classic cardiovascular risk factors, arterial
wall inflammation, and endothelial dysfunction [12,13]. While CECs are elevated in patients
with type 1 DM (T1DM) and type 2 DM (T2DM), indicating endothelial damage, EPCs have
been reported to be dysfunctional and their number reduced, leading to vascular damage
and increased risk of CVD [12,14,15]. Metformin has been shown to have a potentially
cardioprotective effect through EPCs and CECs in T1DM patients, independent of the
hypoglycemic effect [16]. In addition, direct or indirect effects of some other antidiabetic
drugs on EPC count or function have been proven [17].

The most commonly used method to identify and enumerate CECs and EPCs is poly-
chromatic flow cytometry (PFC), as it allows for cell-by-cell analysis and the simultaneous
determination of different cell markers, which is particularly important as no marker is
completely specific to CEC or EPC. In addition, both cell populations are extremely rare in
the peripheral blood, requiring a large events to be analyzed [18].

The immunophenotype of CECs and EPCs is still controversial and their identification
is based on a combination of different markers, so an appropriate gating strategy is crucial.
The most commonly used markers to identify CECs are CD31 and CD146. Some other
markers, such as CD105 and CD141, can also be used [17-20]. The endothelial marker
CD146 is also expressed in the lymphocyte subset and is used as an internal positive
control [5].

Common markers used to identify EPCs include CD34, CD133, and vascular en-
dothelial growth factor receptor 2 (VEGFR-2, also known as CD309/KDR). The distinction
between CEC and EPC can be difficult due to an overlap in markers. CD34 is a hematopoi-
etic stem cell marker expressed on both CECs and EPCs. On the other hand, CD133 is an
immaturity marker and, unlike CD34, is not expressed in CECs. Therefore, CD133 could
be a valuable factor in differentiating between CD133-positive EPCs and negative CECs.
VEGFR-2, the most commonly used EPC marker, may also be present on hematopoietic
stem cells (HSC). In addition, CD45 is used in the analysis of CECs and EPCs to exclude
cells that are not of interest to the analysis. CECs and EPCs are reported to be CD45-
negative and/or weakly positive [18]. Due to the rarity of these cell populations in the
peripheral blood, additional strategies must be employed to exclude nonspecific events. An
Fc blocking reagent, viability dyes, and nucleic acid dyes should be used to exclude dead
cells and cells without a nucleus. It is also advisable to establish a dump channel (CD45,
CD3, CD19, etc.) and to use isotypic control, to use fluorescence minus one (FMO), and
to clean the cytometer between different sample analyses to prevent “carryover” [18,20].
Furthermore, indirect staining is not recommended [21].

Recently, we investigated the effects of antidiabetic drugs (empagliflozin (Boehringer
Ingelheim International GmbH, Ingelheim am Rhein, Germany) and semaglutide (Novo
Nordisk A/S, Novo Alle, Denmark) on metabolism and endothelial function as an add-on
therapy alongside insulin in well-controlled subjects with TIDM [22]. We evaluated brachial
artery blood flow, forearm blood flow, pulse wave velocity, and peripheral resistance as
parameters for endothelial function and arterial stiffness. In a previously published paper,
we confirmed the beneficial effect of both drugs and found that these drugs play a protective
role in TIDM [22]. In addition to functional testing, endothelial function was also assessed
via the enumeration of CECs and EPCs using flow cytometry. In this study, we focused on
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the detection of CECs and EPCs using flow cytometry with regard to analytical challenges
and its suitability for routine testing.

2. Materials and Methods
2.1. Subjects

Eighty-three subjects with TIDM undergoing insulin treatment participated in a sub-
study of the randomized, controlled, interventional Endothelium Dysfunction Assessment
Study (ENDIS) on endothelial cells. The drugs tested were the sodium-glucose cotrans-
porter 2 (SGLT-2) inhibitor empagliflozin and the glucagon-like peptide 1 (GLP-1) receptor
agonist semaglutide [22]. Subjects enrolled in the study were randomized into three compa-
rable groups based on their demographic characteristics and concomitant risk factors. In the
first group, patients received adjuvant therapy with empagliflozin, patients in the second
group received adjuvant therapy with semaglutide, and patients in the control group did
not receive adjuvant therapy. All patients were naive to both the drugs used and metformin
to avoid potential confounding effects on EPC and CEC number [16]. In addition, patients
with a history of any manifested atherosclerotic disease, renal insufficiency (creatinine
clearance < 60 mL/min), known active malignancies, chronic systemic connective tissue
diseases or chronic wounds, poorly controlled diabetes (HbAlc > 9.0%), or a body mass
index < 20 were excluded. In order to limit possible influences on the EPC count, all
patients included in the study were asked to refrain from taking vitamin supplements and
intensive physical activity before the two study visits and to appear healthy and without
cold symptoms. In addition, the women were asked to present in the same period of their
menstrual cycle [7,23-27]. The basic characteristics of the patients involved in our study
are shown in Table 1.

Table 1. Characteristics of TIDM patients.

Empagliflozin Semaglutide Control
Parameters (n = 28) (0 = 29) (1 = 26)
Median age (range) 49 (20-66) 49 (24-65) 44.5 (23-69)
Young adults (%) 5 (18) 4 (14) 8 (31)
Middle aged adults (%) 23 (82) 24 (83) 15 (58)
Elders (%) 0 (0) 1(3) 3(11)
Gender (males/females) 17/11 18/11 15/11
Median T1DM duration
(years), (IQR) 18.0 (15.8-31.3) 24 (14-29) 20.5 (9.5-25)
Median HbAlc (%), IQR) 8.1 (7.5-8.5) 7.7 (6.7-8.1) 6.9 (6.4-7.8)
Median glucose (mmol/L), ¢ 57 5 10 o) 7.5 (5.6-9.6) 7.2 (5.3-9.2)

(IQR)

IQR—interquartile range, young adults (<40 years), middle aged adults (40-65 years), and elders (>65 years).

Peripheral blood samples from 10 patients collected prior to stem cell harvesting
were used for analytical verification of the method, specifically, to compare the HSC count
obtained using the established protocol for EPC and CEC enumeration with the HSC count
obtained by the International Society of Hematotherapy and Graft Engineering (ISHAGE)
protocol and to assess imprecision.

The study was approved by the Slovenian National Medical Ethics Committee (No.
0120-63/2020/10). In addition, all participants gave their written informed consent ac-
cording to the Declaration of Helsinki. The study was registered at Clinicaltrials.gov
(NCT05857085).
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2.2. Sample Collection and Analysis

Peripheral blood was collected in 10 mL EDTA tubes. To avoid the effects of vascular
damage caused by venipuncture, which can lead to an increase in CEC count [28], the first
collection tube was used for other analyses. Samples were collected twice, at baseline—
before the initiation of adjuvant treatment (V1) and after 12 weeks of treatment (V2).

All samples were processed within 2—4 h after collection to minimize the effects of
CEC and EPC instability on the analytical results. Blood samples were transported at room
temperature. The WBC count was determined using the Sysmex XN-1000 hematology
analyzer (Sysmex Corporation, Kobe, Japan) and used to calculate the absolute CEC
and EPC count. The protocol for EPC and CEC identification using flow cytometry was
established according to Lanuti et al. [19]. Peripheral blood was subjected to erythrocyte
lysis with NH4Cl. After incubation at room temperature for 10 min and centrifugation
(5min at 522 x g, room temperature), the cells were resuspended in 2 mL of PBS and washed
twice. The absolute WBC count was adjusted to 45 x 10°/L with PBS and 100 uL of the
cell suspension was stained with 3 pL CDl33—Vio®Bright FITC (Miltenyi Biotec, Cologne,
Germany), 5 uL VEGFR-2-PE (RD Systems, Minneapolis, MN, USA), 5 uL CD146-PC7 (BD
Biosciences, Franklin Lakes, NJ, USA), 5 uL. CD34-APC (BD Biosciences, Franklin Lakes, NJ,
USA), 5 uL. CD45-KrO (Beckman Coulter, Brea, CA, USA), 5 uL. 7-AAD (Beckman Coulter,
Brea, CA, USA), and 5 uL of 133 uM Syto40 (Thermo Fisher Scientific, Waltham, MA, USA).
In the second tube, 100 pL of the cell suspension was stained with the corresponding
isotype controls. After 30 min incubation in the dark at room temperature, the stained
cells were washed with PBS, centrifuged, and resuspended in 500 pL PBS. Immediately
after washing, the acquisition was carried out using the flow cytometer (Navios, Beckman
Coulter, Brea, CA, USA). The optical alignment and fluidic system were checked daily
prior to sample acquisition using Flow-Check Pro Fluorospheres (Beckman Coulter, Brea,
CA, USA) and standardization was performed weekly using Flow-Set Pro Fluorospheres
(Beckman Coulter, Brea, CA, USA) according to the manufacturer’s instructions. Kaluza
Analysis Software (version 2.1, Beckman Coulter, Brea, CA, USA) was used for data
analysis.

All antibodies and dyes were titrated under assay conditions to obtain optimal dilu-
tions. Compensation was performed using single-stained samples. The specificity of the
binding of antibodies (anti-CD146, VEGFR-2, and CD133) was tested with isotype-matched
controls at the same concentration and from the same manufacturer as the respective anti-
body. In addition to the isotype controls used in each analysis, an FMO was performed at
the time of assay verification to assess non-specific fluorescence.

Five samples were analyzed in triplicate in a single run to determine the imprecision
of the test. To avoid the influence of the instability of CECs and EPCs, the imprecision
was determined using the HSC population in the samples. The HSC count determined
according to our protocol was compared with the HSC count determined according to the
ISHAGE protocol in 10 samples [29]. Stem kit reagents (Beckman Coulter, Brea, California,
USA) were used for counting HSCs according to the ISHAGE protocol. Intra-assay CV was
5.34%, below the acceptable imprecision limit (10%). In addition, a very strong correlation
(Spearman correlation coefficient 0.988) and small differences between the HSC count
determined with our protocol and the ISHAGE protocol were confirmed.

Using the verified protocol, CECs and EPCs were analyzed in samples from 83 patients.
For each sample, more than 1,000,000 WBC (an average, 3.7 X 106) were analyzed.
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2.3. Gating Strategy

Given that CECs exhibit mononuclear cell morphology, the first step was to gate the
lymphocyte-monocyte population in the SS/FS plot, followed by the exclusion of dead
cells based on 7-AAD positivity in the 7AAD/SS plot and cells without nucleic acids based
on Syto40 negativity in the Syto40/SS plot. Thereafter, the surface antigen expression was
analyzed in selected cells. CEC were identified as CD45-negative or weakly positive in the
CD45/5S plot, while CD45 also enabled the explicit recognition of the lymphocyte subset,
which served as an internal positive control for CD146. The recognition of lymphocytes
based solely on cell morphological features in the FS/SS plot is challenging because of
the large number of cells analyzed, resulting in less distinct boundaries between different
cell populations. Consequently, CD146- and VEGFR-2-positive and -negative populations
in the CD146/VEGFR-2 plot were demarcated based on lymphocytes recognized in the
CD45/SS plot. CD45-negative or weakly positive cells were subsequently analyzed for
CD34 expression. Only CD34-positive cells were subsequently gated in the CD34/SS plot;
following this, CD146-positive cells were gated in the CD146/VEGFR-2 plot. Finally, of
these cells, only those that were CD133-negative in the CD34/CD133 plot were identified
as CECs.

For EPCs, which also exhibit a mononuclear cell morphology, the lymphocyte—
monocyte population was gated in the SS/FS plot, in addition to excluding dead cells
and cells without nucleic acids as in the CEC analysis. Subsequently, only weakly CD45-
positive cells were gated in the CD45/SS plot. Further only CD34-positive cells in the
CD34/SS plot were analyzed for VEGFR-2 positivity in the CD146/VEGFR-2 plot. Finally,
only CD133-positive cells were considered EPCs in the CD133/CD34 plot. Figure 1 presents
the gating strategy used for the identification of CECs and EPCs.

[A] 7AAD / SS INT [B] Syto40 / SS INT

[C] CD45-KO / SS INT

1000

800

SSINT
SSINT
SSINT

102 100 100 00 0 10°
CD45-KO

T T
10° 10' 10 10°

[D] CD34-APC / CD133-FITC

SS INT

CD133-FITC

EPC|

CD34-APC

10 10 108 100 o 10z 100 100 10'
VEGFR-PE CD34-APC

Figure 1. Gating strategy for the identification of CECs and EPCs in the peripheral blood. (A) gating
of mononuclear cells in forward scatter (FS INT) versus side scatter (SS INT); (B) gating of live cells
(7-AAD); (C) gating of cells with nucleic acids (Syto40+); (D) gating of CD45— /weakly+; (E) gating
of CD34+ cells; (F) CEC (CD146+, red) and EPC (VEGFR-2+, black) identification; (G) additional
differentiation between CECs (CD133—, red) and EPCs (CD133+, black).
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For HSCs, which also exhibit a mononuclear cell morphology, the lymphocyte—
monocyte population was gated in the SS/FS plot, in addition to the exclusion of dead
cells and cells without nucleic acids, as in the CEC analysis. Subsequently, only weakly
CD45-positive cells and CD34-positive cells were gated in the CD45/SS and CD34/SS plots.

As CD45 is a pan-leukocyte marker, WBCs were identified as CD45-positive cells
gated in the CD45/SS plot.

2.4. Relative and Absolute Cell Count Enumeration

The relative cell count of EPCs and CECs was expressed as a percentage of the total
leukocyte count determined via flow cytometry. Absolute cell count was calculated by
dual platform, using relative CEC or EPC count, as described above, and the WBC count
determined via hematology analyzer (Sysmex XN-1000, Sysmex Corporation, Kobe, Japan).

2.5. Statistics

The software package MedCalc® Statistical Software Version 20.027 (MedCalc Software
Ltd., Ostend, Belgium) was used for the statistical analysis. The Shapiro-Wilk test was
used to assess the normality distribution. Imprecision was determined using the coefficient
of variation (CV). Correlation was tested using Spearman’s rank correlation. CEC and EPC
changes between the two visits (V1 vs. V2) were tested using the Wilcoxon signed rank test.
Differences between groups were tested using an independent sample Kruskal-Wallis test.
All statistical tests used were two-sided and statistical significance was assumed at p < 0.05.

3. Results

The enumeration of CEC and EPC was a secondary exploratory analysis of the in-
terventional Endothelium Dysfunction Assessment Study (ENDIS). Flow cytometry was
performed on samples from a subset of 83 patients with well-controlled TIDM who were
randomized into three comparable groups. In the first group, patients received adjuvant
therapy with empagliflozin, patients in the second group received adjuvant therapy with
semaglutide, and patients in the control group received no adjuvant therapy. The en-
dothelial cell analysis was performed before the start of treatment (V1) and repeated after
12 weeks of adjuvant therapy (V2). The baseline characteristics of the patients involved
in our study (Table 1), their demographic characteristics, and concomitant risk factors
were not statistically different from previously published data for the entire cohort of
92 patients [22]. The age of the participants did not differ significantly between groups
(p = 0.6759), limiting the concern that age may be a contributor to response to adjuvant
treatment. CECs were detected in all samples at V1, with a median of 10.24/mL (ranging
from 1.46/mL to 99.78/mL). On the other hand, EPCs were detected in only 60% of the
samples analyzed at V1, with a median of 1.95/mL (ranging from 0.0/mL to 36.25/mL).
Table 1 shows the results of CEC, EPC, HSC and white blood cell (WBC) enumeration for
all three groups at two different time points. There were no significant differences between
groups in all tested parameters.

In the group receiving empagliflozin, a significant increase in relative (p = 0.004) and
absolute (p = 0.002) EPC count was observed after 12 weeks of treatment, while a decrease
in relative (p = 0.265) and absolute (p = 0.350) CEC count was not significant (Table 2).

A 12-week treatment with semaglutide led to a significant increase in relative
(p = 0.001) and absolute (p = 0.001) EPC count (Table 2). In addition, a significant decrease
in relative (p = 0.014) and absolute (p = 0.018) CEC count was observed with semaglutide
during the same treatment period. In the control group, as expected, no significant changes
were observed in the relative (p = 0.983) and absolute (p = 0.534) EPC count or in the relative
(p = 0.809) and absolute (p = 0.657) CEC count (Table 2, Figure 2). As expected, there were
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no significant differences in absolute and relative HSC and WBC counts after 12 weeks of
treatment in all groups (Table 2).

Table 2. Relative and absolute CEC and EPC counts before the start of treatment (V1) and after
12 weeks (V2) of treatment for the three tested groups.

#

Empagliflozin (n = 28) p* Semaglutide (n = 29) p* Control (n = 26) p* p

V1 CEC (% x 1074 1.90 (1.00-2.76) 1.78 (1.13-2.33) 1.72 (0.95-2.18) p=0.733
0.265 0.014 0.809

V2 CEC (% x 107%) 1.52 (0.94-2.39) 1.26 (0.81-1.72) 1.94 (0.4, 5.9) p=0467

V1 CEC (/mL) 9.32 (6.58-15.17) 10.82 (6.82-15.42) 9.99 (7.70-12.91) p=0.909
0.350 0.018 0.657

V2 CEC (/mL) 8.71 (6.37-12.75) 7.92 (6.29-11.24) 9.60 (4.77-13.94) p=0.884

V1EPC (% x 107%) 0.31 (0.0-0.72) 0.28 (0.0-0.71) 0.42 (0.0-1.43) p=0485
0.004 0.001 0.983

V2 EPC (% x 107%) 0.63 (0.23-1.60) 0.52 (0.28-1.25) 0.67 (0.0-1.93) p=0915

V1 EPC (/mL) 2.08 (0.0-3.83) 1.63 (0.0-3.81) 2.34 (0.0-10.04) p=0486
0.002 0.001 0.534

V2 EPC (/mL) 3.82 (1.48-10.15) 3.65 (1.53-8.22) 3.32(0.0-9.14) p=0.871

V1 HSC (%) 0.03 (0.02-0.04) 0.02 (0.02-0.04) 0.03 (0.02-0.04) p =0.9645
0.776 0.939 0.835

V2 HSC (%) 0.03 (0.02-0.03) 0.03 (0.02-0.03) 0.03 (0.02-0.04) p=0.7105

V1 HSC (/mL) 1.63 (1.13-2.21) 1.59 (1.26-2.43) 1.83 (1.05-2.39) p =0.9617
0.955 0.758 0.710

V2 HSC (/mL) 1.62 (1.15-2.32) 1.80 (1.36-2.25) 1.71 (1.27-2.20) p =0.8207

V1 WBC (x10°/L) 6.09 (5.05-6.73) 6.06 (5.08-7.1) 5.81 (5.27-7.00) p=0.8278
0.974 0.655 0.365

V2 WBC (x10°/L) 5.78 (4.89-7.33) 6.18 (5.3-7.75) 5.83 (4.82-6.48) p=0.1926

* Wilcoxon signed rank test; # independent samples Kruskal-Wallis Test, p < 0.05 significance level. Bold:
values < 0.05.

0.0015+
0.0006+ *
-— i
*
- 0.0004+ — °\.? 0.00104
= O
& 0.0002- S
w 0.00054
=
0.0000+ % E
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Figure 2. Differences in relative EPC (a) and CEC counts (b) for time point V1 vs. time point V2
within groups. (E_1 empagliflozin group at time point V1, E_2 empagliflozin group at time point V2,
S_1 semaglutide group at time point V1, S_2 semaglutide group at time point V2, C_1 control group
at time point V1, and C_2 control group at time point V2). * p < 0.05 significance level.

4. Discussion

In addition to elevated glucose levels, classic cardiovascular risk factors, and inflam-
mation of the arterial walls, endothelial dysfunction also increases vascular impairment
and CVD risk in DM [12,13]. Changes in endothelial cell levels are a potential marker of
endothelial impairment in DM patients; CECs are elevated, indicating endothelial damage,
while EPCs are dysfunctional and reduced [12,14,15].

In this study, we focused on the detection of CECs and EPCs using flow cytometry with
regard to their challenges and their suitability as part of clinical validation. CECs and EPCs
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were enumerated in TIDM patients treated with empagliflozin and semaglutide. CECs and
EPCs are rare cell populations in the peripheral blood with a complex immunophenotype,
which makes their identification and quantification via flow cytometry challenging. While a
standardized protocol for CEC detection was previously proposed [30], there is currently no
consensus regarding the immunophenotype of EPCs. Various studies have used different
combinations of markers, particularly CD34, CD133, and VEGFR-2, to identify them [20,21].
The detection and enumeration of CECs and EPCs are further complicated by the lack of
available standards or reference materials.

When deciding on the positive or negative markers that should be included in the test
panel for CEC and EPC detection, their number is dependent on the number of colors that
can be analyzed simultaneously using flow cytometry. Increasing the number of markers
would thus require the use of an additional test tube, increasing the acquisition time per
sample and affecting the reliability of the results due to instability. In addition, a larger
volume of blood is required to ensure a sufficient number of cells are available for analysis.
We generally followed the previously proposed protocol but excluded CD31 from the
panel [20]. Additional approaches, such as the use of isotype controls, viability, and nucleic
acid stains, were adopted to eliminate nonspecific events. The seven-color PFC protocol
with a stepwise gating strategy allowed us to distinguish rare CEC and EPC populations
from WBCs as well as from debris. CECs were recognized as live nucleated cells that were
CD34-positive, CD45-negative or weakly positive, CD133-negative, and CD146-positive.
EPCs were identified as live nucleated cells positive for CD34, weakly positive for CD45,
positive for CD133, and positive for VEGFR-2. The results were expressed both as a
relative (number of CECs and EPCs per all WBCs analyzed) and as an absolute count
(number of CECs and EPCs per mL of blood). For the reasons mentioned above, which
limit the number of markers that can used, the markers that would identify the source of
the EPCs or CECs were not included. As circulatory biomarkers only indicate tissue status
and do not confirm disease, different markers/methods should be used to corroborate
disease status [31]. Although a correlation between CECs and some plasma biochemical
markers, such as the von Willebrand factor, soluble E-selectin, and tissue factor has been
demonstrated, these markers are not fully specific to vascular damage. Consequently, they
may not confirm the findings obtained in the tissue, whereas CECs originate directly from
the endothelium [6,32,33].

Another open question is whether EPC and CEC data should be presented as absolute
or relative counts, as both parameters can be influenced by physiological or pathological
conditions. Hemoconcentration and hemodilution, which are common in various cardio-
vascular diseases, may influence the absolute count determination, while the relative count
may be influenced by leukocytosis or leukopenia [21]. Since both the absolute and the
relative count have been used in previous studies, we decided to report both to better
compare the populations of CECs and EPCs with previously published results.

Due to the uncertainties mentioned above regarding the immunophenotype of the
endothelial cells and the technical problems associated with their enumeration, a direct
comparison of the results of different studies is difficult. Our results are comparable to
the absolute CEC count with a similar immunophenotype determined by Lanuti et al.
and Almici et al. in healthy controls [30,34]. Although a higher absolute count would be
expected in patients with T1DM, only patients with controlled TIDM and without severe
endothelial complications were included in our study (Table 1), which may explain why
the results are comparable to the healthy population and also confirms the reliability of our
method.

It is even more difficult to compare the results for EPCs because different studies used
different combinations of markers, particularly CD34, CD133, and VEGFR-2 [20,21]. In



Curr. Issues Mol. Biol. 2025, 47, 54

9of 12

addition, the fluorescence intensity of VEGFR-2 is low compared to the isotype control,
which could lead to a falsely lower EPC count if the cut-off between positive and negative
populations is set according to the lymphocyte subset. On the other hand, if the cut-off
is set according to the isotype control, this could lead to falsely elevated results, as the
HSC subset could also be included. Therefore, we decided to use the lymphocyte subset
to distinguish between positive and negative populations for VEGFR-2. Another problem
with EPC enumeration is that visual assessment of the population which is based onlow
antigen expression may lead to subjective assessments dependent on the investigator’s
expertise.

We observed an effect of adjuvant treatment on endothelial function after 12 weeks
of treatment with empagliflozin and semaglutide, with an increase in EPCs compared to
both the baseline and the control group (Table 2, Figure 2). During the 12-week period
CECs were decreased only in the semaglutide-treated group. This is likely due to the
similar characteristics of the patients to the healthy population which explains the relatively
low baseline CEC values found in the group. Previous studies have shown that GLP-1
stimulates the proliferation and differentiation of EPCs in vitro [35]. In another study,
an increase in EPCs was observed in patients with T2DM after treatment with a GLP-1
analog. While no short-term effects (12-week treatment) on the number of CECs and
EPCs were detected in empagliflozin-treated patients with T2DM, an increase in EPCs was
observed with long-term treatment [36]. We found a significant increase in EPCs in patients
with T1DM after 12 weeks of adjuvant therapy with empagliflozin or semaglutide and a
significant decrease in CECs in semaglutide-treated patients. Our results are consistent
with the above studies, as both SGLT-2 inhibitors and GLP-1 analogs have been shown to
reduce the risk of major cardiovascular events [37], in addition to improving endothelial
function [38]. However, a direct effect of SGLT-2 inhibitors on the mobilization of EPCs
has not been demonstrated [39] and the use of SGLI-2 inhibitors and GLP-1 analogs as an
adjuvant therapy for TIDM is currently not approved. Similarly, it cannot be determined
whether the increase in EPCs in our cohort is due to the direct effect of the tested drugs on
their mobilization or merely to better glycemic control.

The ENDIS already confirmed a positive effect of adjuvant therapy with SGLT-2
inhibitors and GLP-1 analogs on endothelial function in TIDM patients based on various
functional tests [22]. The present study confirmed this through a noninvasive laboratory
test, namely a flow cytometric evaluation of endothelial cells. There are, however, a
number of limitations that should be considered. Firstly, the enumeration of EPCs and
CECs is cumbersome; therefore, for the routine use of this test, a standardized analytical
approach is required, including the careful selection and combination of markers, an
analytical verification of the method, and an efficient gating strategy. Secondly, due
to the rarity of these cells in the peripheral blood, a high number of events must be
analyzed to obtain a reliable count of CECs and EPCs, which prolongs the acquisition time
and consequently limits the number of samples that can be analyzed simultaneously. In
addition, no consensus has yet been reached on the most appropriate immunophenotype of
CECs and especially EPCs. However, on the basis of the observed differences in CEC and
EPC counts in the therapeutic groups, CEC and EPC determination using flow cytometry
has the potential for integration into routine clinical practice to monitor the efficacy of
adjuvant therapy in TIDM patients. Finally, it is difficult to distinguish to what extent the
improvements in EPC and CEC values are due to glycemic or body weight control via
adjuvant therapy. Considering the complexity of DM, many other confounding factors
should be taken into consideration prior to its implementation into clinical practice. In
addition, the long-term effect of the tested drugs on CEC and EPC count and other clinical
characteristics should also be assessed in future research.
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5. Conclusions

A positive effect of adjuvant treatment on endothelial function with empagliflozin
and semaglutide in patients with well-controlled TIDM was demonstrated as an increase
in EPCs. EPCs have the potential to serve as markers for monitoring the efficacy of
adjuvant therapy in T1IDM patients. However, prior to its implementation into clinical
practice, a standardization of the flow cytometry protocol for CEC and EPC identification
and quantification is required. In addition, regarding the complexity of DM, many other
confounding factors should be taken into consideration in future research.
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