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Abstract

Background: Bone marrow derived endothelial progenitor cells (EPCs) are immature endothelial cells (ECs) involved
in neo-angiogenesis and endothelial homeostasis and are considered as a circulating reservoir for endothelial repair.
Many studies showed that EPCs from patients with cardiovascular pathologies are impaired and insufficient; hence,
allogenic sources of EPCs from adult or cord blood are considered as good choices for cell therapy applications. How-
ever, allogenic condition increases the chance of immune rejection, especially by T cells, before exerting the desired
regenerative functions. TNFa is one of the main mediators of EPC activation that recognizes two distinct receptors,
TNFR1 and TNFR2. We have recently reported that human EPCs are immunosuppressive and this effect was TNFa-
TNFR2 dependent. Here, we aimed to investigate if an adequate TNFa pre-conditioning could increase TNFR2 expres-
sion and prime EPCs towards more immunoregulatory functions.

Methods: EPCs were pre-treated with several doses of TNFa to find the proper dose to up-regulate TNFR2 while
keeping the TNFR1 expression stable. Then, co-cultures of human EPCs and human T cells were performed to assess
whether TNFa priming would increase EPC immunosuppressive and immunomodulatory effect.

Results: Treating EPCs with 1 ng/ml TNFa significantly up-regulated TNFR2 expression without unrestrained increase
of TNFRT and other endothelial injury markers. Moreover, TNFa priming through its interaction with TNFR2 remarkably
enhanced EPC immunosuppressive and anti-inflammatory effects. Conversely, blocking TNFR2 using anti-TNFR2 mAb

followed by 1 ng/ml of TNFa treatment led to the TNFa-TNFR1 interaction and polarized EPCs towards pro-inflamma-

tory and immunogenic functions.

Conclusions: We report for the first time the crucial impact of inflammation notably the TNFa-TNFR signaling
pathway on EPC immunological function. Our work unveils the pro-inflammatory role of the TNFa-TNFR1 axis and,
inversely the anti-inflammatory implication of the TNFa-TNFR2 axis in EPC immunoregulatory functions. Priming EPCs
with 1 ng/ml of TNFa prior to their administration could boost them toward a more immunosuppressive phenotype.
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This could potentially lead to EPCs'longer presence in vivo after their allogenic administration resulting in their better

contribution to angiogenesis and vascular regeneration.

Keywords: Endothelial progenitor cells (EPCs), Endothelial colony forming cells (ECFCs), T cells, Immunomodulation,

TNFa-TNFR2 signaling pathway, TNFa priming

Background
Several cardiovascular disorders (CVD) cause endothe-
lial cell damage, disrupting vascular homeostasis leading
to various complications [1]. Several innovative thera-
pies, mostly centered on restoring blood supply via gene
therapy to induce the pro-angiogenic growth factor or
direct administration of pro-angiogenic mediators like
vascular endothelial growth factor (VEGF), basic fibro-
blast growth factor (bFGF), hepatocyte growth factor
(HGF) and hypoxia-inducible factor 1l-alpha (HIF-1),
have been used to achieve this goal without very prom-
ising results [2—6]. However, stem cell therapy predomi-
nantly based on mesenchymal stem cells (MSCs) and
endothelial progenitor cell (EPCs) or a mixture of both,
is recently proved to be an effective approach to stimulate
angiogenesis/vasculogenesis both in-vitro and in-vivo [7,
8]. Accordingly, we have recently reported a successful
administration of autologous EPCs for the treatment of
right ventricle (RV) failure in a piglet model of chronic
thromboembolic pulmonary hypertension (CTEPH) [9].
Bone marrow (BM) derived circulating progenitors for
the endothelial lineage, called EPCs, are non-differenti-
ated and immature endothelial cells (ECs) first isolated
from adult blood by Asahara [10]. These cells are capable
of homing to vascular structures while they differentiate
into mature ECs [11, 12], and contribute in endothelium
homeostasis and maintenance of vascular integrity [13—
15]. In-vitro, Endothelial Colony Forming Cells (ECFCs)
are distinct from other EPCs. ECFCs can be also iso-
lated from umbilical cord blood (CB-ECFCs) [16]. We
have already reported that CB-ECFCs give rise to higher
number of colonies and can be extensively expanded
compared to ECFCs derived from adult peripheral blood
(APB-ECFCs) which reach to state of cellular senescence
after few passages [17-19]. They can incorporate into
vascular network and form stable vessels [20-22]. ECFCs
express all EC markers, notably CD31, CD144 and KDR
(VEGFR2), in addition to CD34 and CD133 hematopoi-
etic markers and they are negative for CD45 and CD14
common leukocyte antigen and monocytes markers
respectively. In comparison to mature ECs, ECFCs bear
features of stem/progenitor cells such as high clono-
genicity and proliferation rate [23, 24], stemness gene
expression and enhanced reprogramming efficiency
into induced pluripotent stem cells [25]. Moreover, after
proper external stimuli, they could gain specialized EC

properties such as brain microvascular or arterial ECs
[26]. Despite our knowledge to efficiently isolate and
expand them ex-vivo, no specific marker has been attrib-
uted to these cells to distinguish them from the rest of
ECs. However, stressing on stem cell features, our team
has reported that ECFCs have some unique immunologi-
cal properties that could functionally discriminate them
from other ECs. We have recently showed that in a com-
plete contrast to mature human aortic endothelial cells
(HAEC), both CB-ECFCs and APB-ECFCs are immu-
nosuppressive and can efficiently down-modulate the
immune response [27-29].

Inflammatory environment is essential for EC migra-
tion and angiogenic function [30]. Tumor necrosis factor
alpha (TNFa) is a pro-inflammatory cytokine that could
regulate both pro- and anti-angiogenic activities [31-33].
The concentration of TNFa and duration of exposure can
control this dual effect [34]. TNFa recognizes two distinct
transmembrane receptors, TNFR1/P55 and TNFR2/P75.
TNEFRI1 is ubiquitously expressed on all cell types and its
binding with TNFa provokes cell death and apoptosis
mechanisms. However, TNFR2 is expressed on limited
cells like ECs, immune cells, neural cells and MSCs and
its interaction with TNFa leads to cell survival, activa-
tion and proliferation [35-37]. It was reported that TNFa
could increase the expression of pro-angiogenic media-
tors such as VEGF, bFGF, and interleukin-8 (IL-8) in ECs
[38—40]. Unlike TNFa-TNEFR1 signaling pathway which
is involved in different deleterious mechanisms such as
increased inflammation and tissue damage in myocardial
ischemic injuries and toxic effect in myocardial infraction
[41, 42], TNFa-TNFR2 signaling supports pro-angio-
genic and regenerative mechanisms like protective effect
in graft versus host disease (GVHD) [43, 44], adult infract
myocardium [42], heart ischemic injuries [45] and aging
[46, 47]. Accordingly, further in-vivo studies demon-
strated that many critical ECFC physiological factors like
cell survival, mobilization, differentiation and functional
aspects like VEGF production and ischemia-induced
collateral vessel development depend on TNFa-TNFR2
signaling pathway [47]. Likewise, specific transgenesis
of TNFR2 on ECs led to a significant promotion in arte-
riogenesis and angiogenesis, a phenomenon that was not
observed in TNFR2 KO mice [48].

Nevertheless, our knowledge regarding the effect
of inflammatory micro-environment on EFCF
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immunological properties is still very poor. We have
recently demonstrated that human ECFCs are efficiently
capable of inducing new functional vessels in xenogeneic
ischemic immunocompetent mice and are immunotoler-
ated by the mouse immune system for several days after
their first administration [29]. Furthermore, to investigate
the mechanism behind their immunomodulatory func-
tion, we assessed the immunosuppressive effect of CB-
ECFCs and APB-ECFCs on mouse T cells. We showed
that ECFCs not only are able to suppress different T cell
populations in a dose dependent manner but are able to
decrease the activation and pro-inflammatory cytokine
production profile of both CD4 and CD8 conventional
T cells (T convs) [27, 28]. Various previous studies have
demonstrated a direct relation between the expression
of TNFR2 and certain level of immunoregulatory effect
[44, 49, 50]. In order to assess whether the expression of
TNEFR2 on ECECs is also related to their immunoregu-
latory functions; we have blocked the TNFa-TNFR2 axis
and demonstrated that this signaling pathway is in com-
plete control of ECFC immunosuppressive effect [28].

Observing the immunomodulatory role of TNFR2 and
the importance of TNFa in ECFC biology, we sought to
investigate whether a pre-treatment of ECFCs with TNFa
could prime them towards more anti-inflammatory phe-
notypes. Hence, we first evaluated the proper dose of
TNFq, in which ECFCs (1) have the highest increase of
TNER2 but stable TNFR1 expression, and (2) correctly
enter inflammatory status without crossing the thresh-
old of being injured and apoptotic. Thereafter, we primed
ECFCs from different sources (cord and adult blood) and
assessed whether the ECFC immunosuppressive and
immunomodulatory effect will be boosted against human
HLA mismatched allogenic T cells.

Methods

ECFCandT cell isolation

CB samples from healthy full term newborns were
obtained from the CB Bank of St Louis Hospital (Paris,
France). Human APB from healthy adults was obtained
from the French Establishment of Blood (EFS) (Run-
gis, France). Mononuclear cells (MNCs) were obtained
by density gradient centrifugation using Pancoll human
solution (Pan-Biotech).

For ECFEC isolation, MNCs were seeded into rat-tail
collagen type-I (BD-Bioscience) coated wells as pre-
viously described [26]. ECFC colonies appeared after
7-20 days of culture. From passage 1 (P1), cells were
seeded at 5000 cells/cm? and grew in EGM-2MV medium
(Lonza).

Human pan T cell isolation kit (Miltenyi-Biotec) was
used to isolate total CD3" T cells from MNCs of periph-
eral adult blood. Furthermore, CD25" cells were depleted
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from the CD3" T cell population using anti-CD25 bio-
tin conjugated antibody (Miltenyi-Biotec), followed by
anti-biotin microbeads staining (Miltenyi-Biotec). Then,
the magnetic-activated cell sorting (MACS) method was
used in all cell isolations. The resulting CD37CD25~ T
cells, more than 93% purity, were cultured in the pres-
ence of ECFCs. The isolation of T cells from co-culture in
presence of ECs is based on the biological capacity of ECs
to adhere to plastic plates, and T cells that stay in suspen-
sion; hence, they were collected with gentle resuspension
and aspiration.

Co-culture of ECs and T cells

Human CB-ECFCs (P3 to P7) or ABP-ECFCs (P3 to P5)
were seeded into 6 or 12 well plates (Falcon) and incu-
bated at least for 3 h in EGM2 medium. Then, freshly
isolated human T cells were added to ECFCs at dif-
ferent doses depending on experimental conditions in
RPMI medium (containing 10% FBS, 1% HEPES buffer,
5x 107> M B-mercaptoethanol and 1% penicillin/strep-
tomycin/neomycin (Gibco)). All co-culture and control
experiments were performed in 50% EGM2 and 50%
RPMI media at 37 °C in 5% CO,.

To prime ECFCs, we pre-treated them for 24 h (day -1)
with 0.01, 0.1, 1, 10, 50 and 100 ng/ml of premium grade
recombinant-human-TNFa (Miltenyi-Biotec). In order to
block TNFR2, we used 2 pg/ml human-TNFR2/CD120b/
TNEFRSF1B neutralizing antibody (Sino Biological), 24 h
prior TNFa addition (day -2).

T cell proliferation assay

3 x 10* ECs (APB- ECFCs, CB- ECECs) were co-cultured
with 6 increasing doses of human CD3*CD25 responder
T cells in a total volume of 1 ml. The doses were 1/1, 1/2,
1/4, 1/8, 1/16, 1/32 (ECFCs/T cells). T cells were stained
with carboxyfluorescein succinimidyl ester (CFSE) (Inv-
itrogen™) and polyclonaly stimulated by Dynabeads
human T-activator CD3/CD28 according to supplier’s
protocol (Gibco). 1x10° CESE labelled, activated or
non-activated T cells alone were used as controls. After
3 days, T cells were collected and immunostained and
the percentage of proliferating cells among CD4" and
CD8* T cells was analysed by flow cytometric measure-
ments. Divided cells were identified by the decrease in
CFESE expression due to its dilution after each division.
Events acquired on a LSRFORTESSA flow cytometer
(BD-Biosciences) and analyzed using FlowJo software
v10 (FlowJo-LLC).

T lymphocytes activation assay

3 x 10* CB or APB-ECFCs were seeded in 12-well plates
and co-cultured with 1.8 x 10° activated human T cells
(1/6 ECEC/T cell, fixed intermediate ratio) in a total
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Fig. 1 The impact of TNFa treatment on endothelial markers. CB-ECFCs were treated with different TNFa doses for 24 h and assessed for the
percentage of expression and the mean fluorescent intensity of their surface markers. a The expression of CD144 among total CD317 cells (n=14),
b the expression of VEGFR2 among CD311CD144" cells (n=18), ¢ the expression of TNFRT among CD317CD1447 cells (n=20), d the expression
of TNFR2 among CD317CD144% cells (n=20). In representative flow cytometry panels, red histograms depict isotype controls and blue histograms
depict the positive expression of desired markers. Data are represented as mean value = SEM from 4 independent experiments. One way ANOVA
analysis was performed to generate P values. ns: non-significant, *P <.05; **P <.01; ***P <.001

volume of 1 ml. 1.8x 10° activated and non-activated
human T cells were used as controls. After 3 days, T cells
were collected by gentle aspiration and immunostained
with mixes of following antibodies: VioBlue-anti-
CD4, Biotin-anti-CD8 or PE-Vio770-anti-CDS,
APC-anti-GITR, Biotin-anti-CD25 or PE-anti-CD25, PE-
Vio770-anti-ICOS, PE-anti-TNFR2 or FITC-anti-TNFR2
(Miltenyi-Biotec) and Streptavidin-PE-Cy5 (eBioscience)
antibodies (Abs). Events acquired on a LSRFORTESSA
flow cytometer (BD-Biosciences) and analyzed using
FlowJo software v10 (FlowJo-LLC).

Apoptosis measurement assay

CB-ECFCs were pre-treated for 24 h with 0.01, 0.1, 1,
10, 50 and 100 ng/ml of TNFa. Untreated CB-ECFCs
from the same donors and passages were used as control
group. Then, cells were detached using cell dissociation
reagent TrypLE (Gibco). Percentage of apoptotic cells
were evaluated after immunostaining by annexin V and
popidium iodide (PI) antibodies using Annexin V-FITC
kit (Miltenyi-Biotec) according to the supplier’s proto-
col. Events acquired on a LSRFORTESSA flow cytometer
(BD-Biosciences) and analyzed using FlowJo software
v10 (FlowJo-LLC).

Endothelial cell marker measurement

CB-ECFCs were pre-treated for 24 h with 0.01, 0.1, 1,
10, 50 and 100 ng/ml of TNFa. Untreated CB-ECFCs
from the same donors and passages were used as control
group. Then, cells were detached using cell dissociation
reagent TrypLE (Gibco) and proceeded to immunostain-
ing using mixes of following antibodies: FITC-anti-
CD31, VioBlue-anti-CD144, PE-Vio770-anti-VEGFR2
(KDR), APC-anti-TNFR1, PE-anti-TNFR2, APC-anti-
ICAM (CD54), PE-anti-VCAM (CD106), APC-anti-TIE2
(CD202b), REA control (s)-APC, REA control (s)-PE
(Miltenyi-Biotec). Events acquired on a LSRFORTESSA
flow cytometer (BD-Biosciences) and analyzed using
FlowJo software v10 (FlowJo-LLC).

Statistical analysis

Prism (GraphPad) was used for statistical analysis.
Shapiro—Wilk normality test was performed to assess
the normal distribution of data. Student ¢ test or one-
way ANOVA with post hoc analysis was performed

depending on the number of comparatives. For cytom-
etry analysis, we have normalized the MFI values with
T-cell alone control group. Then we used unpaired,
two-tailed Student ¢ tests or one way ANOVA for P
value generation.

Results

Pre-treatment of ECFCs with 1 ng/ml of TNFa enhances
TNFR2 expression

We first investigated if treating ECFCs with TNFa
could change the expression of ECFC principle mark-
ers. Therefore, CB-ECFCs were incubated with increas-
ing doses of TNF« (0, 0.01, 0.1, 1, 10, 50, 100 ng/ml).
After 24 h, no difference was noticed in CD31 expres-
sion (data not shown). The same result was observed
for the percentage of CD144 expression; however, we
detected a slight increase in CD144 expression level
(Mean Fluoresce Intensity (MFI)) starting from 0.1 ng/
ml of TNFa which was significant only with 1 ng/ml
treatment (Fig. la). In case of VEGFR2, we observed
no difference in the percentage of VEGFR2 expression
until 1 ng/ml of TNFa but a dose dependent decrease
in higher doses. The MFI of VEGFR2 was increased
with 0.01 and 0.1 ng/ml of TNFa then reached to basal
level in 1 ng/ml and significantly dropped in higher
doses (Fig. 1b).

We then evaluated the impact of TNFa stimulation
on the expression of TNFRs. The percentage of expres-
sion and MFI of TNFR1 was dramatically increased
when ECFCs were treated with low doses of TNFa (0.01
and 0.1 ng/ml) and then reached to basal level in inter-
mediate doses of 1 and 10 ng/ml and elevated again
following high doses of 50 and 100 ng/ml of TNF«
treatment (Fig. 1c). Interestingly, while 0.01 and 0.1 ng/
ml of TNFa did not changes the TNFR2 expression,
pre-treating ECFCs with 1 ng/ml significantly increased
the percentage of expression and MFI of TNFR2. The
higher TNFa doses significantly reduced the TNFR2
expression (Fig. 1d).

This proved that pre-treatment of ECFCs with 1 ng/
ml of TNFa can increase the TNFR2 expression with-
out a dramatic change in the basal expression level
of CD144, VEGFR2, and pro-inflammatory TNFR1
marker.
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ns: non-significant, *P <.05; **P<.01; ***P <.001

Fig. 2 The impact of TNFa treatment on endothelial inflammatory/injury markers. CB-ECFCs were treated with different TNFa doses for 24 h

and assessed for the percentage of expression and the mean fluorescent intensity of their surface markers. a The expression of ICAM among

total CD317CD144™ cells (n=8), b the expression of VCAM among CD317CD1447 cells (n =8), ¢ the expression of TIE-2 among CD317CD144*
cells (n=48), d the percentage of annexin*PI~ apoptotic cells among CD317CD144™ cells (n=8). In representative flow cytometry panels, red
histograms depict the expression of desired marker on untreated ECFCs. The other colourful histograms depict the expression of desired marker on
ECFCs after treating with the following doses of TNFa: blue: 0.01 ng/ml; orange: 0.1 ng/ml; light green: 1 ng/ml; dark green: 10 ng/ml; pink: 50 ng/
ml; purple: 100 ng/ml. Representative flow cytometry dot plots show the percentage of apoptotic ECFCs after 1 ng/ml of TNFa treating. Data are
represented as mean value = SEM from 2 independent experiments. One way ANOVA or Student t test analysis was performed to generate P values.

Pre-treatment of ECFCs with 1 ng/ml of TNFa provides
sufficient inflammation

One of the main aims of this study was to achieve a
controlled inflammatory environment in which ECFCs
up-regulate TNFR2 expression without passing the bor-
derline of toxic and pro-apoptotic state. CB-ECFCs were
incubated with increasing doses of TNFa. After 24 h,
cells were analyzed for the expression of ICAM, VCAM
and TIE-2 pro-inflammatory/injury markers [51]. We
observed that 0.01 and 0.1 ng/ml of TNFa provided low
inflammation. In these setting, ICAM and TIE-2 (only
with 0.1 ng/ml) markers were up-regulated while VCAM
remained untouched (Fig. 2a—c). Nevertheless, this was
accompanied by a significant increase in the percentage
of apoptotic CD31TCD144" cells (20.26% and 36.11%
respectively) (Fig. 2d). Interestingly, our data showed
that 1 ng/ml of TNFa was the threshold between the
low inflammatory and extensive inflammatory/injury
status. In this dose, we observed an intermediate expres-
sion of ICAM, VCAM and TIE-2 markers (Fig. 2a—c) and
remarkably lower apoptosis (14.63%) compared to lower
doses of TNFa (Fig. 2d). The higher doses of TNF« (10,
50 and 100 ng/ml) entered ECFCs into uncontrolled
and toxic inflammation with considerably higher ICAM,
VCAM and TIE-2 expression. This was accompanied by
high levels of apoptosis notably with 50 and 100 ng/ml
of TNFa (25.03%, 73.3% and 65.54% respectively). There-
fore, 1 ng/ml of TNFa was validated as the ideal dose to
treat ECFCs prior co-culturing with T cells.

TNFa priming increases ECFC immunosuppressive effect
We previously demonstrated that ECFCs can suppress T
cells and this effect was dependent on the production of
TNFa by activated T cells and the expression of TNFR2
by ECFCs (Fig. 3a) [27, 28]. Here, we aimed to explore
if the pre-treatment of ECFCs with TNFa could boost
TNEFR2 expression and consequently their immunosup-
pressive effect (Fig. 3b).

We treated two sources of ECFCs (CB and APB-
ECECs) with 1 ng/ml of TNF« for duration of 24 h. As
expected, this treatment effectively increased the per-
centage and MFI of TNFR2 on both types of ECFCs

(Fig. 4a). Then, untreated or primed ECFCs were
co-cultured with CFSE labeled human CD37CD25~
responder T cells in 6 increasing ratios (1/1 to 1/32 for
ECFCs/T cells). CD25" T cells were depleted from start-
ing T cell population to eliminate (1) pre-activated T
cells and (2) unspecific immunosuppression by natural
CD25"e" Tregs. After 3 days, T cells were collected and
the proliferation capacity of CD4" and CD8" T cells
was measured. To observe the effect of EGM2 medium
and the probable TNFa remnant on T cells, two control
group were considered in which T cells were cultured
either in 50% EGM2+50% RPMI or 50% EGM2 + 50%
RPMI+1 ng/ml of TNFa. No difference was observed
between those controls (Fig. 4b—e). As expected, we
observed a significant dose dependent decrease in pro-
liferation capacity of both CD4" and CD8" T cells when
co-cultured with APB-ECFCs (Fig. 4b, c¢) and CB-ECFCs
(Fig. 4d, e). Among untreated APB-ECFCs, the immuno-
suppressive effect was only observed in 1/1 and 1/2 ratios
(30.65% and 12% of suppression, respectively) for CD4"
T cells and equally for CD8" T cells (43.87% and 17.36%
of suppression, respectively) and then was lost for more
elevated ratios (Fig. 4b, c). Interestingly, pre-treating with
1 ng/ml TNF« increased APB-ECFC immunosuppressive
capacity up to 1/8 ratio with 10.75% of CD4" T cell sup-
pression versus 3% in 1/8 untreated condition (Fig. 4b)
and a tendency to more CD8" T cell immunosuppression
in 1/8 ratio (1.37% in untreated versus 5.75% in primed
condition) (Fig. 4c). A stronger immunosuppression of T
cells was observed after co-culturing with untreated CB-
ECFCs, starting from 1/1 (59.12% of suppression) up to
1/16 ratio (11.78% of suppression) for CD4™ T cells and
from 1/1 (52.45% of suppression) up to 1/16 ratio (18.44%
of suppression) for CD8" T cells (Fig. 4d, e). Except 1/32
ratio in CD8 group, TNFa priming significantly increased
CB-ECFC immunosuppressive capacity in all ratios of
CD4" (81.33% to 9.66% of suppression for 1/1 and 1/32
ratio, respectively) and CD8™ T cells (61.60% to 31.32% of
suppression for 1/1 and 1/16 ratio, respectively) (Fig. 4d,
e). Hence, we report an increased immunosuppressive
effect of TNFa primed ECFCs which is more accentuated
in CB-ECFCs than APB-ECEFCs.
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Fig. 3 Hypothetic interaction between ECFCs and T cells. a This schematic depicts the involvement of TNFa-TNFR2 axis in immunosuppressive
effect of ECFCs on T cells. Briefly, T cells upon activation produce pro-inflammatory cytokines including TNFa. This cytokine through its interaction
with TNFR2 mediates ECFC immunosuppressive function. b This schematic depicts our hypothesis based on the priming effect of TNFa treatment
on ECFCimmunosuppressive effect. Briefly, pre-treating ECFCs with proper dose of TNFa could increase the expression of TNFR2 which in turn
boosts ECFCs toward enhanced immunosuppressive and immunomodulatory functions

Interaction of TNFa with TNFR2 and not TNFR1 increases
ECFC immunosuppressive effect

We next sought to understand which TNER is respon-
sible for increased ECFC immunosuppressive effect.
Thus, we have re-created ECFC/T cell co-culture exper-
iment but to selectively stimulate TNFR1, we blocked
TNFR2 on ECFCs using anti-TNFR2 neutralizing Ab
for 24 h. Then, we treated them with 1 ng/ml of TNFa
for another 24 h and assessed their immunosuppressive
effect (Fig. 5a). Untreated or primed CB-ECFCs were
co-cultured with CFSE labeled CD3tCD25™ responder
T cells in 6 increasing ratios (1/1 to 1/32 for ECFCs/T
cells). After 3 days, T cells were collected and the pro-
liferation capacity of CD4" and CD8" T cells was
measured. Our result revealed that, while untreated
CB-ECFCs suppressed T cells in a dose dependent
manner, TNFR1-stimulated ECFCs did not exert any
immunosuppressive effect regardless of ECFC/ T cell
ratios (Fig. 5b—d). Surprisingly, TNFR1 stimulation
directed ECFCs toward immunogenic phenotype as
starting from 1/4 ratio, CD4" T cells proliferated even
more than activated T cells alone control group. This
immunogenic effect was observed only in 1/32 ratio
for CD8' T cells (Fig. 5b, c). Altogether, these data
proved that interaction of TNFa merely by TNFR2 is

responsible of increased ECFC immunosuppressive
effect.

TNFa priming increases ECFC capacity to down-modulate T
cell activation markers

To understand if TNFa priming increases ECFC capac-
ity to modulate T cell activation profile, CB-ECFCs
and APB-ECFCs were co-cultured with activated
CD3*CD25™ T cells at a fixed 1:6 ECFC to T cell ratio.
After 3 days, T cells were collected and analyzed for the
percentage of expression and the MFI of different activa-
tion markers among CD4" and CD8' T cells. We first
measured the expression of CD25 marker which is con-
stitutively expressed on T reg and activated T cell [52, 53].
We observed a dramatic reduction of CD25 expression
among CD4" T cells after co-culturing with CB-ECFCs
or APB-ECFCs and among CD8" T cells while co-cul-
tured with CB-ECFCs (Fig. 6a and Additional file 1: Fig-
ure S1). Priming CB-ECFCs and APB-ECFCs with 1 ng/
ml of TNFa significantly increased their immunomodu-
latory effect against both T cell populations (Fig. 6a and
Additional file 1: Figure S1). Moreover, we evaluated the
expression of two members of TNFa receptor super-
family, GITR (TNFRSF18) and TNFR2 (TNFRSF1B).
Our results showed that while CB-ECFCs were able to
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Fig. 4 TNFa priming enhances ECFC immunosuppressive effect. ECFCs were treated with 1 ng/ml of TNFa for 24 h and a randomly assessed for
the expression of TNFR2 markers (n =5). Activated CFSETCD3+CD25™ responder T cells were co-cultured with (b, ¢) APB-ECFCs (n=8) and (d, e)
CB-ECFCs in different ECFC/T cell ratios (n = 12). Proliferation of CD4™ T cells (b, d) and CD8™ T cells (c, ) was measured by flow cytometry. The
first bar represents the unstimulated T cells alone, the second bar represents the anti-CD3/CD28 stimulated T cells alone in 50% RPMI + 50% EGM2
media, while the third bar is the anti-CD3/CD28 stimulated T cells alone in 50% RPMI+ 50% EGM2 media+ 1 ng/mlI TNFa. Data are represented

as mean value £ SEM collected from 3 different experiments. One way ANOVA or Student t test analysis was performed to generate P values. ns:

% proliferation CD4+CD25- Tcells

% proliferation CD8+CD25- Tcells

non-significant, *P <.05; **P <.01; ***P<.001. Stim: Anti-CD3/CD28 activation Beads
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Fig. 5 Primed EFCF's increased immunosuppressive effect is TNFo-TNFR2 dependent. a This schematic depicts our hypothesis based on the
immunogenic effect of TNFa treatment on ECFC while TNFR2 is blocked. Briefly, in the absence of TNFR2, treating ECFCs with TNFa could merely
stimulate TNFR1. Therefore, we have hypothesized that in this setting, ECFCs may not properly exert their immunosuppressive effect. b ECFCs were
treated with 2 pg/ml of anti-TNFR2 neutralizing Ab for 24 h followed by 1 ng/ml of TNFa for another 24 h. Activated CFSEYCD3+CD25™ responder

T cells were co-cultured with CB-ECFCs in different ECFC/T cell ratios (n = 8). Proliferation of CD41 T cells (b) and CD8™ T cells (c) was measured by
flow cytometry. The first bar represents the unstimulated T cells alone, the second bar represents the anti-CD3/CD28 stimulated T cells alone in 50%
RPMI+50% EGM2 media. d A flow cytometry representative of proliferation assay at 1:1 ECFC to T cell ratio. Un-stimulated T cells alone are depicted
in blue and their activated counterparts are depicted in red. Each histogram bar represents the percent of dividing cells. Data are represented

as mean value £ SEM collected from 2 different experiments. One way ANOVA or Student t test analysis was performed to generate P values. ns:
non-significant, *P <.05; **P<.01; ***P<.001. Stim: Anti-CD3/CD28 activation Beads

down-modulate only the MFI of GITR on CD4T T cells,
TNFa priming of CB-ECFCs remarkably reduced the
percentage of expression and MFI of GITR among CD4"
and CD8" T cells (Fig. 6b and Additional file 1: Figure
S1). Interestingly, even though APB-ECFCs were unable
to decrease the percentage and MFI of GITR in neither of
T cell populations, TNFa priming of APB-ECFCs led to a
significant reduction in the MFI of GITR on CD4" T cells
(Additional file 1: Figure S1). In case of TNFR2 marker,
we noticed that while both CB-ECFCs and APB-ECFCs
were able to significantly decrease the TNFR2 expres-
sion, APB-ECFCs demonstrated a stronger modulatory
effect. Once more, priming ECFCs with 1 ng/ml of TNFa
increased ECFC immunomodulatory effect regardless of
the ECFC source or T cell population (Fig. 6¢). Further-
more, except an increased expression level on CD4t T
cells co-cultured with primed APB-ECEFCs, our result did
not reveal any alteration in the MFI of TNFR2 on nei-
ther of T cell populations (Additional file 1: Figure S1).
Finally, we studied the expression of inducible co-stim-
ulatory molecule (ICOS). This co-stimulatory receptor
is essential for T cell activation and proliferation [54].
We observed a significant reduction of ICOS expression
among CD4" and CD8™ T cells co-cultured with either
of ECFCs (Fig. 6d and Additional file 1: Figure S1). Once
again, TNFa priming led to increased ECFC immu-
nomodulatory effect (Fig. 6d and Additional file 1: Figure
S1). Altogether, these data suggest that priming ECFCs
with TNFa can strongly increase their immunomodula-
tory effect.

Discussion

Certain cardiovascular and pulmonary disorders are
linked with inefficiency and paucity of circulating EPCs
[9, 55-58]. It has been evidenced that endothelial dys-
function could negatively impacts cardiac function, heart
failure progression, and survival [59, 60]. Transplanta-
tions are other conditions that EPC contribution to ves-
sel formation is crucial. Infusion of EPCs was shown
to accelerate hematopoietic and immune reconstitu-
tion, restoration of vascular niche in BM and ameliorate

GVHD after hematopoietic stem cell transplantation
(HSCT) mostly via improving the integrity of sinusoidal
endothelial cells of the BM [61-65]. Interestingly, admin-
istration of anti-vascular endothelial cadherin antibody
significantly disrupted these protective effects [62]. In
case of solid transplantation, long-term survival and
eventual acceptance of transplants has been also associ-
ated to correct and rapid revascularization [66, 67].

Due to their special regenerative and immunologic
properties, EPCs are ideal cell therapy candidates in con-
ditions that both angiogenesis and immunomodulation
are involved. Since EPCs from patients are usually dys-
functional or/and exist in low numbers, allogenic sources
of EPCs especially from CB are good alternatives. Com-
pared to APB-EPCs, CB-EPCs are more clonogenic, effi-
cient and immunotolerated [17, 18, 28]. Nevertheless, the
choice of allogenic sources usually raise the concern of
immune rejection risking the achievement of the desired
benefit.

We have recently demonstrated that EPCs bear immu-
nosuppressive effect, secrete anti-inflammatory cytokines
and are tolerated for certain days after their administra-
tion in xenogeneic ischemia model [28, 29]. However,
our experience demonstrates that compared to other
immunosuppressive cells like Tregs and MSCs, EPCs
are significantly less suppressive. This could potentially
affect the success of cell therapy outcome. Furthermore,
it has been evidenced that compared to fast ingrowth of
recipient vasculature, the contribution of EPCs to revas-
cularization begins after 7 days [66]. This highlights the
importance of finding a solution to increase their immu-
nosuppressive and immunoregulatory functions leading
to their longer-lasting presence in-vivo after their allo-
genic transplantation.

Several studies reported that immunosuppressive
effect of verity of cells including Tregs, B regs, MDSCs
and MSCs is TNFR2 dependent [44, 49, 50, 68, 69]. Our
recent results proved that ECFCs are also sharing the
same mechanism [28]. Indeed, inflammatory factors, like
IL-1, TNFa and IFNy, enhance MSC and Treg immu-
noregulatory functions mostly through promoting the
secretion of immunoregulatory factors like PGE2, IDO,
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Fig. 6 TNFa priming enhances ECFC immunomodulatory function. Anti-CD3/CD28 activated human CD37CD25™ T cells were co-cultured with
CB-ECFCs and APB-ECFCs in a fixed 1:6 ECFC to T cell ratio. After 3 day, T cells were collected and activation markers (CD25, GITR, TNFR2 and ICOS)
were analysed by flow cytometry. Representative flow cytometry dot plots show the percentage of CD25, GITR, TNFR2 and ICOS among CD4™*

T cells from the activated T cells control group (left panel) and among CD8™ T cells from the activated T cells control group (right panel). Frames
defined the positive subpopulations for each marker analysis in the CD4™ and CD8" population. Each dot represents a measured value collected
from 2 different experiments (n = 6). For each group of values, horizontal lines represent mean value £ SEM. One way ANOVA analysis was
performed to generate P values. ns: non-significant, *P <.05; **P<.01; ***P <.001.T convs: conventional T cells

HGE, IL-10 and TGEFP [43, 52, 70-73]. Therefore, the
main purpose of our study was to up-regulate TNFR2
immune checkpoint molecule in ECFCs via pre-treat-
ing them with a proper dose of TNFa and prime them
towards the accentuated immunosuppressive effect.

We examined different doses of TNFa to find out the
one wherein the desired inflammatory environment is
preserved but does not cause the overexpression of the
endothelial inflammatory-related injury markers such as
ICAM, VCAM, and TIE-2 and ultimately elevated per-
centage of apoptotic cells. Our result proved that 1 ng/
ml of TNFa affords the majority of those requirements.
Indeed, we remarked using low TNFa doses (0.01 and
0.1 ng/ml) and high doses (50 and 100 ng/ml) led to
higher expression of TNFR1 and elevated percentage
of apoptotic cells without affecting TNFR2. This can be
explained by the fact that unlike transmembrane form
of TNFa (mTNFa) with higher affinity to TNFR?2, its
soluble form (sTNFa) is more affine to TNFR1 [74, 75].
Therefore, in low doses it preferably goes to TNFR1. In
intermediate doses, after interacting with TNFR1, TNFa
could stimulate TNFR2 and in higher doses, due to
over saturation, the excess TNFa turns once again over
TNEFR1. This demonstrates that respecting the correct
dose is extremely important and could radically change
the outcome of priming process. Here, to be closer to
normal physiological conditions, we have used TNFa
priming but we are conscious that utilizing TNFR2 ago-
nist antibodies to specifically stimulate this receptor may
be a better approach.

It would be unreasonable to believe that treating
ECFCs with 1 ng/ml of TNFa does not provoke TNFR1
signaling, even though it does not lead to its up-regula-
tion. Increased percentage of apoptotic cells treated with
1 ng/ml of TNF« is an evidence for TNFR1 stimulation.
Therefore, there must be a sort of crosstalk between the
two receptors. Despite having two distinct actions, both
receptors can activate NF-kB signaling pathway through
TNF receptor associated factors (TRAFs) involvement
[76]. It is demonstrated that TNFR family co-stimulation
increases Treg activation and function via NF-«kB [77,
78]. This could explain why priming ECFCs with 1 ng/
ml of TNFa could still increase ECFC immunoregula-
tory effect. Apparently, this cross talk might be in an

undemocratic manner since TNFR2 seems to govern the
final fate of TNFa signaling cascade.

After selecting the proper dose, we have pre-treated
two available sources of ECFCs (APB and CB) with 1 ng/
ml of TNFa for duration of 24 h. This incubation time
has been chosen in respect to augmented apoptosis
observed after 48 h of incubation (data not shown). As
expected, pre-treatment of ECFCs significantly increased
their immunosuppressive and immunomodulatory effect
against fully-HLA-mismatched allogenic T cells. This was
proven by a decreased T cells proliferation capacity and
down-modulation of T cell activation markers. Indeed,
this effect was TNFR2 dependent since after blocking
this receptor not only we did not observe any immuno-
suppression but also a dose dependent immunogenic
function evidenced by extensive T cell proliferation.

The up-regulation of TNFR2 on immunosuppressive
cells is already related to their increased capacity of IL-10
and TGEp secretion [50, 79]. Accordingly, adding 1 ng/
ml of TNFa significantly increased the production of
IL-10, TGEP and HLA-G anti-inflammatory cytokines by
ECFCs [28]. Interestingly, this was also TNFR2 depend-
ent since blocking TNFR2 led to their dramatic decrease
even bellow their basal secretion level [28]. In contrary,
up-regulation of TNFR1 was associated to increased
pro-inflammatory cytokine secretion [75, 80]. Although
this could be potentially the reason for increased ECFC
immunosuppressive effect, further experiments including
pro-inflammatory cytokine measurement (after TNFR2
blocking) and blocking anti-inflammatory cytokines is
necessary.

Previous studies on EPCs have reported that TNFa-
TNEFRI1 signaling increases deleterious mechanisms and
TNFa-TNFR?2 signaling supports the pro-angiogenic and
protective ones [41, 42, 45-48, 81]. Correspondingly, we
report for the first time that TNFa-TNFR1 axis increases
immunogenic and TNFa-TNFR2 increases the immuno-
suppressive EPC properties.

In the future it will be necessary to prime ECFCs
either by TNFa or more accurately by TNFR2 agonist
to take advantage of their boosted pro-angiogenic and
immunosuppressive effect and evaluate their efficiency
in an in-vivo ischemia or transplant model. It will be
also interesting to investigate if EPC priming could
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restore their diminished function especially in adult
patients with cardiovascular disorders.

Conclusion

We believe that our work brings some understanding
to the complex crosstalk between T cells and EPCs in
inflammatory conditions and demonstrates the crucial
role of TNFa-TNFR2 signaling pathway in EPC immu-
noregulatory functions. TNFa priming of EPCs could
provide a new tool to ameliorate EPC therapy through
enhancing their immunosuppressive and angiogenic
properties. This could allow using reduced cell numbers
with increased efficiency to prevent and treat patients
with cardiovascular disorders.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/512964-020-00683-x.

Additional file 1. Supplementary Figure 1: TNFa priming enhances
ECFC capacity to down-modulate T cell activation markers. Anti-
CD3/CD28 activated human CD37CD257 T cells were co-cultured with
CB-ECFCs and APB-ECFCs in a fixed 1:6 ECFC to T cell ratio. After 3 day, T
cells were collected and the MFI of activation markers (CD25, GITR, TNFR2
and ICOS) were analysed by flow cytometry. The markers were studied
among CD4™ Tconvs (left graphs) and among CD8™ Tconvs (right graphs).
MFI values have been normalized with T cells alone control group. Each
dot represents a measured value collected from 2 different experiments
(n=6). For each group of values, horizontal lines represent mean value =+
SEM. One way ANOVA analysis was performed to generate P values.
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