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Abstract

Endothelial progenitor cells (EPCs) are involved in vasculogenesis and cardiovascular diseases. However, the phenotype
of circulating EPCs remains elusive but they are more often described as CD34*KDR™. The aim of the study was to
extensively characterize circulating potential vasculogenic stem cell candidates in two populations of patients with
cardiovascular disease by powerful multidimensional single cell complementary cytometric approaches (mass, imaging
and flow). We identified cellular candidates in one patient before and after bioprosthetic total artificial heart implantation
and results were confirmed in healthy peripheral and cord blood by mass cytometry. We also quantified cellular
candidates in 10 patients with different COVID-19 severity. Both C-TAH implantation and COVID-19 at critical stage
induce a redistribution of circulating CD34" and CD19* sub-populations in peripheral blood. After C-TAH implantation,
circulating CD34* progenitor cells expressed c-Kit stem marker while specific subsets CD347CD133 +*CD45 /4™¢-
Kit"KDR™ were mobilized. KDR was only expressed by CD19" B-lymphocytes and CD14* monocytes subpopulations
in circulation. We confirmed by mass cytometry this KDR expression on CD19* in healthy peripheral and cord blood,
also with a VE-cadherin expression, confirming absence of endothelial lineage marker on CD34" subtypes. In COVID-
19, a significant mobilization of CD34%¢c-Kit"KDR™ cells was observed between moderate and critical COVID-19
patients regardless CD133 or CD45 expression. In order to better evaluate EPC phenotype, we performed imaging flow
cytometry measurements of immature CD34"KDR™* cells in cord blood and showed that, after elimination of non-circular
events, those cells were all CD19*. During COVID-19, a significant mobilization of CD19*KDR™* per million of CD45*
cells was observed between moderate and critical COVID-19 patients regardless of CD34 expression. CD34"¢c-Kit" cells
are mobilized in both cardiovascular disease described here. KDR cells in peripheral blood are CD19 positive cells and
are not classic vasculogenic stem and/or progenitor cells. A better evaluation of ¢-Kit and KDR expressing cells will lead
to the redefinition of circulating endothelial progenitors.
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SPADE Spanning-tree Progression Analysis of
Density-normalized Events
UMAP Uniform Manifold Approximation
and Projection
VSELs very small embryonic like stem cells
Introduction

Endothelial progenitor cells (EPCs) are described as a subpop-
ulation of circulating CD34" and/or CD133™ stem cells (SC)
expressing mainly VEGFR-2 receptor (KDR in human).
Conventional flow cytometric immunophenotyping has been
widely described and used in most cases 3 to 4 markers
(CD34, CD133, KDR, CD45) [1]. While EPCs origin remain
controversial, we recently described that human bone marrow
very small embryonic-like stem cells (VSELs) were able to
differentiate into endothelial cells and to promote post-
ischemic revascularization [2]. VSELs are major pluripotent
SC defined as cells of small size being Lineage-negative,
CD133-positive or CD34 positive, and CD45-negative [3].
Since EPCs and VSELs are extremely rare and their exact
phenotype is still a matter of debate, more information with
multiparametric proteomic is essential to decipher their ex-
haustive pattern. Mass cytometry (CyTOF) offers an interest-
ing approach to address this issue, as it allows the simulta-
neous analysis of millions of cells with up to 40 metal tagged
antibodies [4]. Since EPCs and/or VSELSs can be mobilized in
several ischemic or regenerative situations [2, 5], we ad-
dressed their characterization using a multidimensional prote-
omic single-cell approach in two different clinical settings.

First, stem and/or progenitor cells mobilization could be
observed after implantation of bioprosthetic materials to ac-
quire hemocompatibility. Indeed, Carmat bioprosthetic total
artificial heart (C-TAH) is a biventricular pump that has been
developed for end-stage heart failure patients [6]. We previ-
ously demonstrated an acquired hemocompatibility with a
progressive endothelialization of the device membrane [7].
We hypothesized that endothelial cells found in the C-TAH
come from the circulating blood since there is no physical
connection between the device and patient blood vessels.
Second, stem and/or progenitor cells mobilization can be ob-
served during infection. Coronavirus 2 of Severe Acute
Respiratory Syndrome (SARS-CoV-2) infection leading to
the coronavirus disease 2019 (COVID-19) is a respiratory
infection with a significant impact on the hematopoietic sys-
tem [8]. We and others have shown that SARS-CoV-2 virus
infect blood vessels and induce vascular damage [9-12]. The
level of stem and/or progenitor cell mobilization in this con-
text of viral infection associated to cytokine storm and endo-
thelial lesion is currently unknown.

The aim of the study was to identify the distribution and
phenotype of immune and potential circulating vasculogenic
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SC after C-TAH implantation known to be endothelialized by
circulating cells [7]. We demonstrated existence of those mo-
bilized candidates in COVID-19 patients (moderate versus
critical ill patients) by reference to the most immature
compartment- i.e. cord blood. This approach is based on ro-
bust protocols of cytometry (mass, imaging and flow) and
provide exhaustive phenotype of vasculogenic stem and pro-
genitor cells for human clinical studies and models of vascular
disease.

Methods

Carmat Bioprosthetic Total Artificial Heart (C-TAH)
Study Design and Population

The patient presented here was included in a single-arm, pro-
spective, non-blinded, non-randomized study conducted in 4
French centers as previously described [6]. The study was
registered in the European Databank on Medical Devices
(CIV-FR-13-09-011615). Here we report stem/progenitor cell
mobilization in a 58-year-old man with dilated cardiomyopa-
thy. Peripheral blood samples were collected on EDTA before
(T1 at day 0), one week (T2 at day 6) and two weeks (T3 at
day 13) after C-TAH implantation. Ficoll isolated peripheral
blood mononuclear cells (PBMNCs) were isolated, aliquoted,
frozen and stored to assess deep immune phenotype by mass

cytometry.
COVID-19 Study Design and Population

Consecutive patients referred to emergency department of
Georges Pompidou European hospital in Paris (France) with
suspected SARS-CoV-2 infection were prospectively includ-
ed. Here we analyzed stem and progenitor cell signatures
7 days after first symptoms for all patients (n =5 per group).
Clinical and biological characteristics of patients included are
described in Supplementary Tables 1 and 2. SARCODO study
was performed in accordance with the Declaration of
Helsinki. All patients provided written informed consent be-
fore enrollment (CPP 2020-04-048 / 2020-A01048-31 /
20.04.21.49318).

Mass Cytometry

Defrost peripheral blood mononuclear cells (PBMNCs) or
cord blood mononuclear cells (CBMNCs) from density gradi-
ent centrifugation were re-suspended at a concentration of 10
cells/ml and stained with Cisplatin 5 uM for 5 min (min) at
room temperature (RT) to assess viability. After incubation
with Fc Block, surface staining was performed by adding a
cocktail of pre-conjugated and homemade-conjugated anti-
bodies (Supplemental Table 3) for 30 min at RT as previously
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described [13] and detailed in supplementary methods. Mass
cytometry data were normalized using MatLab methods. For
data cleaning, live cell population was extracted as a new .fcs
file and uploaded on Cytobank platform to run unsupervised
analysis using Spanning-tree Progression Analysis of
Density-normalized Events (SPADE) algorithm. SPADE al-
gorithm [14] generates trees illustrating the hierarchical rela-
tionship between clusters of cells based on a density-
dependent down-sampling followed by agglomerative cluster-
ing to prevent rare cells from being overlooked among the
more abundant cellular population. Based on the same clus-
tering approach, CD34" population was analyzed with the
Hierarchical Stochastic Neighbor Embedding (HSNE) algo-
rithm designed to identify rare cell populations and to visual-
ize cellular distribution with a density-based mode. HSNE
dimension reduction-based algorithm generates a hierarchical
representation that keeps the non-linear high-dimensional re-
lationships between cells based on the similarity of all marker
expressions simultaneously. As not mandatory, we choose not
to perform down sampling step. The HSNE is implemented in
the integrated single-cell analysis framework Cytosplore+
HSNE.

Imaging Cytometry

CBMNCs samples were thawed slowly and resuspended in
FACS Buffer for counting. Fluorescent staining (complete,
monocolors and fluorescent minus one controls FMOs) were
performed at 4 °C with Fc Block and for 30 min with anti-
human antibodies cocktail of anti-lineage, CD45, CD14,
CD19, CD34, CD133, VEGFR2 and Zombie dye
(Supplemental Table 4). Cells were washed prior to acquisi-
tion with ImageStreamX at 60x magnification, low speed and
high sensitivity.

Imaging flow cytometry data were analysed with
IDEAS software. Cells were first selected by being well
focused (Gradient-RMS of Brightfield channel), then sin-
glets were selected using Brightfield Area and Aspect
Ratio. Dead cells were excluded by Zombie NIR positive
staining. CD34" and KDR™* cells were identified based on
respective patterns for CD14 and CD19 according to
FMOs controls.

Flow Cytometry

PBMNCs and CBMNCs samples were thawed slowly and
resuspended in FACS Buffer for counting. Fluorescent stain-
ing was performed at 4 °C with Fc Block and for 30 min with
anti-human antibodies cocktail of anti-lineage, CD45, c-Kit,
CD19, CD34, CD133, VEGFR2 and Zombie dye
(Supplemental Table 4). Cells were washed and fixed prior
to acquisition with BD Fortessa Cytometer.

Data were first analyzed in a supervised way with FlowJo
to perform live lineage negative cells down sampling and
concatenation of the subsequent files. Uniform Manifold
Approximation and Projection (UMAP) algorithm [15] was
performed to apply dimension reduction to the data while well
preserving their global structure.

Statistical Analysis

Continuous data were expressed as median [interquartile
range: (IQR)] and categorical data as proportion. Patients were
compared according to level of care (hospitalization in con-
ventional medical unit or hospitalization directly in ICU). In
univariate analysis, we determined the differences in median
using the unpaired t-test (Mann-Whitney U test) for continu-
ous variable and differences in proportions were assessed with
the Chi-square test or Fischer exact test if necessary. All anal-
yses were 2-sided and a p value of p <0.05 was considered
statistically significant. Statistical analysis was performed
using R studio software (R Development Core Team (2019).
R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria).

Results

Bioprosthetic C-TAH Implantation Induces
Redistribution of Circulating Immune Cells and
Mobilization of SC in Peripheral Blood

PBMNCs from C-TAH implanted patient were successively
collected before (T1) and after surgery (T2 and T3). Deep
immunophenotyping by mass cytometry was performed to
assess circulating immune populations and to focus on stem
and progenitor cell subsets which play a key role in neo-vas-
cularization. Using mass cytometry data, unsupervised
SPADE algorithm was applied to design trees in order to
identify major circulating populations. Figure 1a illustrates
the distribution of the immune circulating populations identi-
fied based on sequential expression patterns for multiple clus-
ters of differentiation. In Fig. 1b, a drastic reduction in circu-
lating CD4" T-lymphocytes was observed one week post-
engraftment with a return to basal values at two weeks while
the level of CD8" T-lymphocytes remained equal over time.
CD19" B-lymphocytes population showed a strong increase
one week after implantation before going back to pre-
implantation level at T2. Natural killer (NK) CD56" cells were
divided into two subpopulations according to CD57" expres-
sion related to their activation status. Both activated and non-
activated NK cell populations displayed the same percentages
and patterns of evolution over time points with a slight in-
crease at T3. Classical CD14*CD16  monocytes were mobi-
lized one week after C-TAH implantation while pro-
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inflammatory intermediate and non-classical monocytes
CD16" remained at very low levels. After 2 weeks at T3,
classical monocytes tended to pre-implantation levels while
CD14 CD16 tended to slightly increase. Figure 1c, the sub-
population of circulating CD34" increased by 1.35 fold two
weeks after transplantation. Thus, CD34", CD19" and CD14*
sub-populations were mobilized in peripheral blood after C-
TAH implantation.

Circulating CD34" Cells Are Negative for KDR

The three mobilized subpopulations CD34*, CD19" and
CD14" populations were extracted from the circulating cells
SPADE trees from C-TAH patient and concatenated per time-
point to design a stem cell and progenitor focused SPADE tree
(Fig. 2a). Eight subpopulations were subsequently identified
based on their differential phenotype considering the positiv-
ity for CD34, CD133, CD45,CD14, CD11¢, CD19 and CD20

markers. Among the CD34" populations, four sub-
populations were identified based on their respective expres-
sion of CD133 and CD45 — i.e. CD34"CD45 CD133",
CD34*CD45 CD133*, CD34*CD45%™CD133~ and
CD34"CD45%™CD133". Then, CD14 expressing monocytes
were divided in two sub-populations according to CD1l1c
levels — i.e. CD14*CD11c¢* and CD14*CD11¢" - while B-
lymphocytes were sorted on presence or absence of CD20
expression —i.e. CD19"CD20™ and CD19"CD20™". For each
sub-population, expression level of markers of stem cells
(Oct-3/4, c-Kit, FceR1, CD13 and CD49F), mesenchymal
cells (CD90) and endothelial cells (KDR) were assessed at
T1 as well as those of CD31 (PECAM-1) expressed by endo-
thelial and leukocyte subsets and CD105 (endoglin) expressed
by mesenchymal lineage.

The same strategy was applied to selected CD34", CD19"
and CD14" subpopulations from healthy PBMNCs and
CBMNCs samples and identified by mass cytometry.
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Fig. 1 Redistribution of circulating immune cells in peripheral blood
after C-TAH implantation. a Identification of live peripheral blood
nuclear cell populations using SPADE unsupervised analysis and
displayed by major immune markers. b Evolution overtime of major
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Fig. 2 Expression of stem, mesenchymal and endothelial markers in
CD34*, CD19+ and CD14+ sub-populations. a Phenotypical signature
within stem cell and progenitor focused SPADE tree in CD34+, CD19+
and CD14+ sub-populations of C-TAH patient at T1. b Phenotypical

Cellular profiles observed with C-TAH were confirmed in
healthy samples in Fig. 2b and expression of ¢-Kit, KDR
and VE-Cadherin assessed endothelial pattern of CD19+ cells
by revealing VE-Cadherin expression in CD19" cells and its
absence in CD34" cells.

In C-TAH patient, kinetic of expression for selected
markers was then assessed per subpopulation as.illustrated at
T1 (basal expression levels) in Fig. 3 with black bars scaled on
the maximal expression per marker among populations from
the stem/progenitor cells focused SPADE tree. At T1, all
CD34" sub-populations expressed c¢-Kit, CD13 and CD49F
SC markers as well as CD31 but only the CD133" expressed
Oct-3/4 stem transcription factor. None of the CD34" stems
and progenitor populations expressed the KDR by contrast to
CD19" and CD14*CD11¢"" sub-populations that showed al-
s0 positive expressions for some stem, mesenchymal or endo-
thelial markers. Thus, prior to implantation of C-TAH, KDR

signature within stem cell and progenitor focused SPADE tree in
CD34+, CD19+ and CD14+ sub-populations of healthy CBMNCs and
PBMNCs

was only expressed by CD19* B-lymphocytes and CD14"
monocytes subpopulations but not by CD34* subpopulations
in circulation.

CD34%c-Kit" progenitor cells are mobilized after C-TAH
implantation.

Expression variations for discriminative marker to T1
over T2 and T3 time-points are illustrated for each sub-
population in the Fig. 3 heat-map with a color code (blue
decrease / white stability / red increase). Over the kinetic,
positive expressions of KDR remained identical in CD19*
cells and increased in both CD14" sub-populations while
keeping a negative expression in all the CD34"* sub-pop-
ulations. Independently of CD133 and CD45 levels of
expression, CD34" sub-populations showed the same var-
iation pattern of expression along time points with an
increase of CD13 and CD31 at T2 before a decrease at
T3. While the CD34*CD45 CD133™ never expressed
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Fig. 3 Evolution of stem, mesenchymal and endothelial markers over
time in mobilized CD34", CD19" and CD14" sub-populations. Pre-
implantation (T1) levels of maximal relative expression for clusters of
differentiation and transcription factors sorted by population subsets
(black bars) associated to post-implantation variation (heat-map with a
color code: blue decrease / white stability / red increase) expressed in
Median Metal Intensity relative variation to T1 (AT2, AT3)

Oct3/4 and CD105, other sub-populations displayed an
increase of both markers over time. CD105 mesenchymal
marker is increasing within the CD45%™ sub-populations
whereas c-Kit stem marker is increasing only within the
CDI133 stem/progenitor sub-populations whatever
CD45~ or CD45%™ expression.

We further explored the display of CD34, CD133 and
CD45 with the HSNE map in Fig. 4a of merged T1, T2 and
T3, CD34" populations allows, based on differential patterns
of intensities, the identification of four CD34" subsets with
expression profiles A, B, C and D confirming those previously
identified (respectively A: CD34*CD45 CD133", B:
CD34*CD45 CD133*, C: CD34*CD45%™CD133™ and D:
CD34*CD459™CD133™). To identify all of the populations
represented through the different kinetic times, it is necessary
to consider the data as a whole by pooling all the points mak-
ing it possible to highlight each of the populations indepen-
dently of their presence / absence at a given time. This ap-
proach that does not rely on kinetic attests the global absence
of expression of KDR in CD34" cells and confirms the ability
of the CD347CD45%™ cells to highly express c-Kit. Among
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CD34" population, the HSNE cellular density visualization
per time point in Fig. 4b underlines the redistribution of the
four CD34" subsets as quantified in Fig. 4c and emphasizes a
mobilization of the CD34"CD45%Mc-Kit" whatever expres-
sion of CD133. None of stem/progenitor populations mobi-
lized after C-TAH implantation expressed KDR.

CD34"c-Kit" Progenitor Cells Are Mobilized in COVID-
19 Critical Patients

Since COVID-19 has been described as hypoxic condition
associated with strong vascular dysfunction, we decided to
explore cells phenotype characterized in mass cytometry pre-
viously in a 10 COVID-19 patients cohort with moderate and
critical severity.

Supervised analysis of flow cytometry data confirmed the
presence of the previously identified CD34" subpopulations
based on their CD45, CD133 and c-Kit expression in peripheral
blood of both groups of COVID-19 patients as well as in healthy
cord blood samples. The statistical analysis showed, in a first
approach, that among the four populations of CD34*CD45”
4mCD133 7, only the CD34*CD45%™CD133" was significantly
mobilized (p = 0.022) in COVID-19 critical patients compared to
moderate ones (Fig. 5a-d). The CD34*CD45”™CD133* pop-
ulations could be sub-divided into two categories according to
the positivity of ¢c-Kit. There was no difference between moder-
ate and critical COVID-19 in the CD34"CD45 CD133 *c-
Kit"* (Fig. 5b-c). A highly significant increase of the
CD34*CD45%™CD133%c-Kit" (p=0.008) was observed (Fig.
5f) while no difference existed in the
CD34"CD45%™CD133*¢c-Kit population (Fig. 5¢). To identify
stem and progenitor cells expressing KDR in COVID-19 and
CB-MNCs samples among the selected live lineage negative
cells, four populations based on distinct patterns of both CD34
and KDR were assessed as illustrated in Fig. 5g and respective
profile for CD45 and CD133 were observed. We observed that,
regardless CD34 level, KDR+ cells are 100% CD45"eh express-
ing cells.

CD34" KDR* CD19™ Are all Non-circular Events

Consensual phenotypic definition of circulating EPCs relies
on expression of CD34 and KDR markers simultaneously.
First, we have shown in COVID-19 patient peripheral blood
that KDR was only expressed by CD45"€" cells, and second,
that in peripheral blood of C-TAH patient, KDR was only
expressed by B cells and monocytes, both CD45™&" express-
ing cells. Therefore, we analyzed the phenotype of from cord-
blood for CD14 and CD19 markers by imaging flow cytom-
etry that enable us to localize fluorescence and to have a clear
picture of the cells morphology on the top of conventional
flow cytometry data. As illustrated in the gating strategy of
the Fig. 6a, CD34"KDR™* focused live circular single cells are
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positive only for CD19 marker. Some non-circular events
were expressing the double positivity for CD34 and KDR
but, based on their shape in Fig. 6b, were not intact biological
events of interest as cells in suspension from cord blood are
expected to be round. Figure 6¢ and d confirm that in circular
events, all cells positive for KDR were CD19™ cells whatever
expression of CD34™,

CD19"KDR* Cells Are Mobilized in COVID-19 Critical
Patients

Flow cytometry analysis performed on moderate and critical
COVID-19 MNCs from peripheral and healthy cord blood
samples showed a comparable level of CD19* whatever the
expression of CD34 in each group (Fig. 7a). A significant
mobilization of CD19"KDR* per million of CD45™ cells
was observed between moderate and critical COVID-19 pa-
tients (p < 0.001) in Fig. 7b, regardless of CD34 level, nega-
tive (p < 0.0001) or positive (p =0.001). Data of the resulting
clusters are visualized on a UMAP plot in Fig. 7c showing all
single cells of the live lineage negative events selected from
down sampled files concatinated per group where CD19*
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KDR™ population from respective group are overlapped in
blue on the UMAP.

Discussion

Using a multidimensional proteomic single-cell approach, we
analyzed two different clinical models of cardiovascular dis-
ease with CD34" mobilization and demonstrated (i) that a
subset of these cells was CD34*c-Kit"KDR ", and (ii) that all
cells positive for VEGFR-2/KDR cells in peripheral blood
were CD19-positive questioning the potential involvement
of CD19/B-lymphocytes in cardiovascular and infectious
diseases.

This study was motivated by data from the past
20 years aiming at identifying EPCs in blood by conven-
tional flow cytometry approaches. Authors generally de-
fined EPCs as cells positive for the KDR in the lympho-
cyte gate. However, this cell population can be challenged
since no correlation has been reported between the num-
ber of these circulating cells and the number of endothe-
lial colonies forming cells (ECFCs) obtained in cell cul-
ture [16, 17]. Of note, ECFCs are considered by
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Fig. 5 Mobilization of stem cells in peripheral blood in critical COVID-
19 patients. a Quantification of CD34"CD45 CD133" or CD133" cells
expressed per million of live CD45" cells in peripheral blood of COVID-
19 moderate and critical patients and in healthy cord blood samples. b
Quantification of ¢-Kit" or ¢-Kit ™ cells among the CD34"CD45 CD133~
population. ¢ Quantification of ¢-Kit" or ¢-Kit™ cells among the
CD34"CD45 CD133" population. d Quantification of
CD34*CD45%™CD133* or CD133™ cells expressed per million of live
CD45" cells. e Quantification of ¢-Kit" or c-Kit cells among the

consensus as true endothelial progeny derived from circu-
lating progenitors [18]. In a recent meta-analysis reporting
pooled data on the association between levels of circulat-
ing progenitor cells, cardiovascular outcomes and death,
CD34" and CD34*CD133"* were the most frequent cell
population associated with cardiovascular outcomes and
death. CD34" were therefore proposed as the best candi-
date for a clinical-grade biomarker of cardiovascular risk
[19]. However, the pathophysiology link between CD34*
vasculogenic potential and outcomes remain largely
speculative.

Interestingly, we described a progressive endothelialization
of the bioprosthetic membrane of the C-TAH that could be at
the origin of its acquired hemocompatibility [7]. Since there is
no physical connection to between membrane bioprosthesis to

@ Springer

CD34*CD45%"™CD133" population. f Quantification of ¢-Kit" or c-Kit~
cells among the CD34*CD45%™CD133* population. g Illustration of
CD45 and CD133 expressions according distinct patterns for CD34 and
KDR of live lineage negative cells in peripheral blood of COVID-19
patients - Among the live cells, each of the 4 populations based on
respective expressions of CD34 and KDR are phenotype on the CD45
and CD133 markers thus illustrating that all the KDR" events are
exclusively CD45"€" CD133™ #p < 0.05; **p <0.01.

patient blood vessels, the source of these neo-endocardial cells
in the C-TAH would come from the circulating blood. In the
present study, one patient receiving C-TAH could be explored
at different time-points; we evidenced a mobilization of
CD34" cells by mass cytometry analyzed with SPADE algo-
rithm. It provided a unique opportunity to comprehensively
characterize circulating vasculogenic stem and progenitor
cells at the single cell level in a complex environment. After
implantation of bioprosthetic total artificial heart, we show a
global increase of CD133 stem marker in all CD34" cells
associated to an increase over time of Oct3/4 and c-Kit in
CD34"CD133" cells subpopulations. Thus, newly formed en-
dothelial cells observed on top of bioprosthetic tissue inside
C-TAH could be issued from this CD34"c-Kit" subpopula-
tion. Indeed, CD34"c-Kit" populations have already been
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Fig. 6 CD34"KDR" phenotypic analysis in cord blood by imaging
cytometry. a Image flow cytometry gating strategy (focus/singlets/live
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described to have endothelial differentiation potential in vivo
[20] and CD133*¢c-Kit'lin" cells from human cord blood have
also already been described to have ability to differentiate in
ECFCs [21]. Potential mobilization of these cells in critical
COVID-19 could provide endothelial regeneration helpful
during hypoxia observed in COVID-19 patients [22, 23], but
on the other hand could participate to dissemination of throm-
botic profile observed in clinic [8]. Indeed, we recently de-
scribed that ECFCs can be potential actor of procoagulant
process [24].

Surprisingly, with our multiparametric analysis, we
were not able to identify circulating EPCs usually defined
as CD34*KDR™ in peripheral blood. Herein, mass and
imaging flow cytometry panels demonstrated that all
KDR positive cells are either B-lymphocytes CD19* or
monocytes CD14™ in patient’s peripheral blood and
healthy peripheral and cord blood. KDR expression in
monocyte could correspond to so-called early-EPC (circu-
lating angiogenic cells) well described in early 2000 in

CD14 CD19"CD34*KDR" in 7. b Visualization of the brightfield of
the non-circular events by imaging flow cytometry. ¢ Visualization of
the non-circular and circular events from population 1 to 7 by imaging
flow cytometry and associated phenotype for CD14, CD19, CD34 and
KDR. d Quantification of populations 1 to 7 per millions of live cells in
CBMNCs

particular by Dimmeler’s group. This subpopulation is
able to modify angiogenic process by secreting growth
factors but has not the ability to form endothelial cells
in culture [5].

KDR has been described in hematopoietic stem cells
(HSCs) to play a crucial role in hematopoiesis [25].
HSCs have been described to be in CD34"KDR™ cell
fraction defining KDR as a positive functional marker
for HSCs, without definition of their CD19 status. Our
results demonstrate that KDR is expressed by CD19™ cells
(that are supposed to be B lymphocytes) and monocytes,
without any significant modulation after C-TAH implan-
tation in contrast to critical form of COVID-19. We con-
firmed our results in CB-MNCs with a flow cytometry
approach and studying circularity of single cells. As de-
scribed here, CD34"KDR™ are mostly debris [26] and/or
non-circular events whose size is compatible with flow
gating strategy including lymphocytes used in most of
previously performed clinical studies. Thus, we confirmed
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healthy cord blood samples.b Quantification of CD34 and CD34" cells
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that KDR is never expressed on circular CD19 negative
cells, whatever expression of CD34" cells. In cord blood,
circular CD34*KDR" are all CD19*. CD34"CDI19" are
rare event in peripheral blood supposed to be pre-B cells
[27]. Thus, in conventional flow, cell circularity is not
assessed. This circularity feature is crucial parameter for
identification of circulating rare events. CD19™ cells are
involved in both innate and adaptive immune responses
through both antibody-dependent and antibody-
independent mechanisms. B lymphocytes have been pro-
posed leading to enhanced myocardial inflammation, tis-
sue injury and deterioration of myocardial function [28].
Our new data proposing that KDR cells are CD19 cells
reshuffle the cards of EPCs involvement in cardiovascular
field and also emphasize involvement of B cell in cardio-
vascular events and death [29].
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cells. ¢ UMAP visualization of the CD19*KDR" (in blue) of down
sampled live lineage negative population concatenated per condition, ie
COVID-19 moderate (light grey) COVID-19 critical (dark grey) and
healthy cord blood (black).*p <0.05; **p<0.01; ***p <0.001;
*HEEp <0.0001

We confirmed all phenotype of CD34" and CD19" cells ob-
served in C-TAH patients in healthy peripheral and cord blood
with mass cytometry and demonstrated their existence in
COVID-19 patients. COVID-19 is a respiratory infection with
a significant impact on the hematopoietic system and hemostasis
[8]. Current hallmarks of COVID-19 are the cytokine storm,
coagulopathy and endothelial dysfunction [8]. This cytokine re-
lease syndrome in COVID-19 patients is associated to a de-
creased count of lymphocyte [30]. This lymphopenia has been
related to a significant decrease in T cells (in particular CD8* T
cells) and this significant decrease of T lymphocyte subset is
positively correlated with in-hospital death and severity of illness
[8]. Here we show that total CD19" cells are not modulated in
COVID-19 patients along the disease, while CD19"KDR" cells
are increased in critical form in contrast to moderate form of the
disease. B lymphocytes have also been proposed to be involved
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in COVID-19, since patients with a gammoglobulinemia lacking
B Iymphocytes had a mild clinical course in contrast to COVID-
19 patients with common variable immune deficiency [31].
Thus, phenotyping approach enabled us to identify a new circu-
lating actor positive for the CD19 antigen associated with an
endothelial KDR* and VE-cadh™ phenotype. Future work will
assess the role of the KDR™ and endothelial lineage marker along
the B progeny, in particular in human B cell memory, as actor or
as key mediator in lymphopoiesis and/or vasculogenic processes.

We found that mobilized CD34*CD133" cells after C-TAH
implantation are enriched in c-Kit expression. Human or mouse
c-Kit SC from different organs have been described to be able to
differentiate into endothelial cells [32]. Before C-TAH implanta-
tion, c-Kit is expressed in all CD34" cells. After implantation, c-
Kit decreases in the CD133" cells while it increases in
CD34"CDI133 CD45 4™ subpopulations. VSELs are major
pluripotent small size SC defined in humans as Lineage-negative,
CD133 positive or CD34 positive, and CD45 negative cells [3]
but their exhaustive simultaneous phenotype for CD34 and
CD133 is not yet well assessed. VSELs CD133" or CD34" have
been shown in several studies to have multilineage differentiation
ability into cells from different germ layers [3]. We and others
have previously shown their ability to differentiate in endothelial
cells [2]. CD34*"VSELs express c-Kit since KIT ligand have
been recently described to enhance their expansion [3]. Thus,
these CD34"CD133 CD45 c-Kit" cells could correspond to
VSEL and recolonize pericardial to form endothelial cells ob-
served [7]. We also found that mobilized
CD34"CD133"CD45™ cells after C-TAH implantations are sig-
nificantly enriched in oct3/4 expression. The only circulating
cells expressing markers of pluripotent SC Oct-4 are VSELs.
Indeed, Oct-4 positive VSEL have been described to express
CD34 or CD133, and are negative for lineage markers and the
pan-hematopoietic marker CD45 [3]. Thus, mobilization of c-Kit
and oct3/4 positive cells could be reflecting VSEL mobilization
after C-TAH implantation, and give rise to endothelialization of
C-TAH membrane.

We also found CD34*CD133*CD45%™cKit" cells mobi-
lization in COVID-19 patients. Since endothelial lesion have
been described in COVID-19 [9-12], mobilization of this
stem cell subpopulation from bone marrow and/or vessels
and/or white adipose tissue could be triggered by this vascular
dysfunction or cytokine storm. Beyond vascularization repair,
mobilization of multipotent SC ¢-Kit* and/or VSELs could
help organs recovery in C-TAH and COVID-19 patients.
Indeed, mesenchymal stem cells have been proposed to mod-
ulate inflammation around endothelial cells during COVID-
19 and also cure endothelial dysfunction to accelerate their
recovery after COVID-19 induced vascular lesion and are
currently tested in COVID-19 [8] (Stroma-Cov-2 project:
NCT04333368). Since c-Kit" and/or VSELs have the ability

to support vasculogenesis and give rise to hematopoietic cells
to counteract lymphopenia and inflammation, this
stem/progenitor cell mobilization in COVID-19 could be trig-
gered by infection to counteract side effect of virus infection.

Limitation of the Study

Very small amount of KDR" cells induce lots of technical
problems with large variations and variability in different
groups and require large number of events scored by flow
cytometry which was as well a limitation in our C-TAH sam-
ples containing maximum | million cells dedicated to mass
cytometry acquisition. MNCs from COVID-19 and CB-MNC
flow cytometry quantification were normalized in cells per
million of CD45" cells to be compared but ficoll isolation of
MNC:s led to the loss of the neutrophils within samples. Our
newly described populations of CD34%c-Kit™ and
CDI19"KDR" need to be confirmed in larger cohort to explore
correlation with cardiovascular outcomes. On a clinical point
of view, C-TAH and COVID-19 patients explored here had
heparin/LMWH therapy: in preventive dose in COVID-19
patients and therapeutic dose in C-TAH patient. We recently
described anticoagulation as a preserving factor for endothe-
lial lesion induced by COVID-19 [12]. Indeed, in 66 COVID-
19 patients we found that patients with oral anticoagulation
had a significant decrease in CECs. Thus, we cannot exclude
an effect of heparin and/or LMWH on circulating endothelial
compartment or their stem/progenitor cells.

In conclusion, bioprosthetic total artificial heart implanta-
tion and COVID —19 patients allowed us to fully characterize
stem and progenitor cells in blood that could be at the origin of
the endothelial recovery. Large phenotyping allowed us to
demonstrate that non KDR cells with immaturity markers
can be mobilized and confirmed absence of KDR on circulat-
ing stem/progenitor cells. This result needs to be explored to
understand exact CD19" KDR™ cells involvement in cardio-
vascular disease and endothelial differentiation.
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