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Wharton’s jelly mesenchymal stromal cells (WJ-MSCs) are promising candidates for tissue engineering, as their 

immunomodulatory activity allows them to escape immune recognition and to suppress several immune cell functions. To date, 

however, few studies have investigated the effect of differentiation of the MSCs on this immunomodulation. To address this 

question, we sought to determine the impact of differentiation toward endothelial cells on immunoregulation by WJ-MSCs. 

Following differentiation, the endothelial-like cells (ELCs) were positive for CD31, vascular endothelial cadherin and vascular 

endothelial growth factor receptor 2, and able to take up acetylated low-density lipoproteins. The expression of HLA-DR and 

CD86, which contribute to MSCs immunoprivilege, was still weak after differentiation. We then co-cultured un- and 

differentiated MSCs with immune cells, under conditions of both direct and indirect contact. The proliferation and phenotype of 

the immune cells were analyzed and the mediators secreted by both ELCs and WJ-MSCs quantified. Interleukin (IL)-6, IL-1β, 

prostaglandin E2 and in particular indoleamine-2,3-dioxygenase expression were upregulated in ELCs on stimulation by T and 

NK cells, suggesting the possible involvement of these factors in allosuppression. ELCs co-cultured with T cells were able to 

generate CD25+ T cells, which were shown to be of the CD4+CD25+FoxP3+ regulatory subset. Direct contact between NK cells 

and ELCs or WJ-MSCs decreased the level of NK-activating receptor natural-killer group 2, member D. Moreover, direct co- 

culturing with ELCs stimulates CD73 acquisition on NK cells, a mechanism which may induce adenosine secretion by the cells 

and lead to an immunosuppressive function. Taken together, our results show that ELCs obtained following differentiation of 

WJ-MSCs remain largely immunosuppressive. 

 

Vascular occlusion remains the leading cause of death in Western countries, despite the availability of several treatments. Among the most 

widespread is vascular surgery incorporating coronary artery bypass, which requires biologically-responsive vascular substitutes. The shortage of 

autologous grafts has spurred significant advances in vascular tissue engineering over the last decade. In this context, autologous cells are 

considered the engineering gold standard, as they are not associated with the immunological and ethical issues of allo- or xenogenic cells. However, 

autologous cells such as mature endothelial cells (ECs) and smooth muscle cells are inherently heterogeneous and dedifferentiate following prolonged 

culturing in vitro. An attractive alternative is therefore to use allogeneic stem cells, as these boast a high proliferation potential and the ability to 

differentiate into cells useful for vascular tissue engineering.1 Mesenchymal stromal cells (MSCs) are multipotent precursors that can be isolated 

from several tissue sources such as the bone marrow (BM) or adipose tissue and differentiated into multiple lineages under appropriate induction 

conditions.2 Among the sources of MSCs, Wharton’s jelly (WJ), a neonatal connective tissue of the umbilical cord, is among the most promising.3 

Notably, WJ-MSCs are more primitive than other MSCs and their use does not trigger ethical controversy. Their significant proliferative potential, 

differentiation capacity  and  immunomodulatory  properties  also  make  them good candidates for deployment in an allogeneic context. Indeed, 

MSCs are considered to be ‘immunoprivileged cells,’ because expression on the cell surface of class II human leukocyte antigen (HLA-II) and co-

stimulatory molecules is weak.4 MSCs modulate the immune system through several mechanisms. 
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They act as immunosuppressants through release of multiple anti-inflammatory and immune-suppressive factors, inhibiting several functions of 

diverse immune cells such as T, B, dendritic and natural killer (NK) cells5 including proliferation, production of soluble factors and cellular toxicity. 

They can also modulate the immune response through  the  generation  of  regulatory  T  cells  (Tregs).6  Immune suppression by MSCs appears to 

involve both direct cell-to-cell interactions and contact-independent mechanisms such as secretion of soluble factors.7 Direct contact 

immunosuppressive effects appear to be mediated by molecular interactions, which lead to the inhibition of activation signals. Among the 

immunomodulatory molecules expressed on the surface of MSCs, molecules from the B7 family,8 class 1b major histocompatibility complex 

molecules, CD200 and  its receptor CD200R9,10 all seem to be involved. Soluble factors including transforming growth factor-β (TGF-β), 

indoleamine-2,3- dioxygenase (IDO), interleukins (ILs)-6 and -10, prostaglandin E2 (PGE2),  matrix  metalloproteinases  (MMPs)  or  adenosine  

are also under investigation.4,11 Specifically, PGE2 and IDO have been shown to inhibit proliferation of peripheral  blood  mononuclear  cells 

(PBMCs) or T cells and appear to be involved in the inhibition of NK cells by downregulating their functional receptors.12,13 Notwithstanding these 

insights, many aspects of MSC immuno- suppression remain to be elucidated. 

The bulk of studies in vitro and in vivo on MSC hypoimmuno- genicity have been carried out on undifferentiated cells. It is thus of critical 

interest in regenerative medicine, to determine whether these cells will retain their immunoprivileged and immunomodulatory properties on 

differentiation into the local cell types at the trans- plantation site, because allogeneic engineered tissue must be tolerated by the host immune system 

to remain functional and avoid rejection. Although numerous studies have investigated the immunological features of BM-MSCs after 

differentiation into adipose, cartilage or bone cells,14,15 neurons16 or ECs,17,18 few have addressed the done immunological properties of WJ-MSCs 

following differentiation.19 In the present study, we investigated the immunosuppressive and immunoprivileged character of WJ-MSCs after 

differentiation towards an endothelial phenotype, in order to permit their use in vascular tissue engineering. After 2 weeks of differentiation, co-

cultures were then carried out between the resulting endothelial-like cells (ELCs) and PBMCs, T cells or NK cells. Taken together, our data show 

that WJ-MSCs and their derived ELCs are non-immunogenic and immunosuppressive. Both cell types can impair T cell, can induce the production 

of Tregs and impair NK-cell functions. 

 

 





 

 

 

RESULTS 

WJ-MSCs acquire endothelial phenotype and function on differentiation 

Morphological changes. To confirm their mesenchymal nature before inducing differentiation, WJ-MSCs were immunophenotyped by flow cytometry 

and found as expected to be positive for expression of CD73, -90 and -105, and negative for CD34 and CD45 (data not shown). Endothelial growth 

medium-2 (EGM-2) has been shown to induce endothelial differentiation in MSCs.20,21 Previsous studies in our lab have also demonstrated that 

poly(allylamine hydrochloride) (PAH) and poly(styrene sulfonate) (PSS) polyelectrolyte multilayer films improve culturing of WJ-MSCs and 

ECs.22,23 We therefore used these two stimuli alone and in combination, to induce endothelial differentiation of WJ-MSCs. The obtained data 

showed that the differentiation into an endothelial phenotype was induced by cultivating WJ-MSCs at the fourth passage, seeded on (PAH/PSS)4 

film-coated glass slides, in the presence of EGM-2. After 2 weeks of culture, the cells had clearly undergone a distinct morphological change, 

transforming from a spindle to a  caudate or oval shape  with eccentric nuclei (Figure 1A (a)). Cells seeded on (PAH/PSS)4 films or on glass slides 

in endothelial basal medium-2 (EBM-2), as well as on glass slides in EGM-2 maintained WJ-MSCs morphology (Figure 1A (b, c and d)). 

Phenotype, expression of HLA-DR and CD86. To determine whether expression of WJ-MSCs markers was modified during the differentia- tion 

process, expression levels of CD73, -90 and 105 were monitored by flow cytometry at 5, 10 and 15 days of culture. Regarding the mean fluorescence 

intensity (MFI), an increase of the mesenchymal markers CD90      and      CD73       was       observed       between       day    5 and day 15, but 

those of CD105 showed a drop. The absence of HLA-DR and CD86 (a co-stimulatory molecule  that  combines  with CD28 on T cells during their 

differentiation) is mainly responsible of MSCs immunoprivilege; thus, we decided to examine the expression of these proteins. Expression of both 

HLA-DR and CD86 increased to a minor extent in ELCs (HLA-DR MFI: 1.0 ± 0.7 at day 5 to  2.2 ± 1.3  at  day  15;  CD86  MFI:  0.7 ± 0.6  at  

day  5 to 1.3 ± 0.4 at day 15; Figure 1B). 

Acquisition of endothelial markers and functionality. Expression of endothelial markers CD31, vascular endothelial (VE) cadherin and VE growth 

factor receptor 2  was  evaluated  by  western  blotting.  ELCs seeded on films and treated with EGM-2 (Figure 1C, lane c) expressed all of these 

markers, as did human umbilical vein endothelial cells (HUVECs; Figure 1C, lane b), whereas naive WJ-MSCs were negative (Figure 1C, lane a). 

No endothelial protein expression was detected when cells were cultured on (PAH/PSS)4 in EBM-2 (Figure 1C, lane e) or on glass slides either 

with EGM-2 or EBM-2 (Figure 1C, lane d and f). 

We next evaluated the ability to take up acetylated low-density lipoproteins (Ac-LDLs). We observed that differentiated cells also had the ability to 

incorporate Ac-LDL, a typical function of ECs (Figure 1D (c)) relative to HUVECs. We also investigated the ability of the ELCs to undergo 

angiogenesis. Indeed, differentiated cells cultured with growth factors on polyelectrolyte multilayer films formed a capillary network (Figure 1E (a 

and b)) similar to that produced by HUVECs (Figure 1E (c and d)). On the contrary, undifferentiated WJ-MSCs failed to form capillary-like 

structures (Figure 1E (e and f)). 

 

ELCs do not stimulate proliferation of allogeneic PBMCs and inhibit the proliferation of mitogen-stimulated PBMCs 

Several studies have reported that MSC-mediated immunosuppression involves both cell contact-dependent and -independent mechanisms, with the 

latter likely mediated via release of soluble factors.24 In order to probe the role of cell contact in ELCs immunomodulation, experiments were 

performed with and without a Transwell (TW) that prevented direct contact between the two cell populations. 

To address whether ELCs could act as antigen-presenting cells and stimulate the proliferation of PBMCs, the cells were incubated with an equal 

number of non-activated PBMCs for 3 days either with or without cell contact, in a one-way mixed lymphocyte reaction assay. 

As shown in Figure 2a upper graph, ELCs and WJ-MSCs significantly suppressed the proliferation of PBMCs (respectively 0.13 ± 0.006 and 0.16 ± 

0.03 versus 0.4 ± 0.04 μg ml
−
 1 for PBMCs alone; Po0.05) and this effect was mainly observed when cells were cultured in direct contact. 

In another set of experiments, we investigated whether ELCs can inhibit the proliferation of mitogen-stimulated PBMCs (Figure 2a, lower graph). 

For this, ELCs were incubated with equal number of PBMCs in the presence of phytohemagglutinin (PHA) for 3 days, with the proliferation of 

PBMCs stimulated with PHA serving as a positive control. The obtained data show, first, that the ELCs significantly inhibited the proliferation of 

the PBMCs in response to PHA and, second, that this inhibition only occurred in co-cultures in which cells were in direct contact (0.32 ± 0.12 



 

 

versus 0.75 ± 0.06 μg ml
−
 1 for PHA-PBMC; Po0.01). The immunosuppressive effect of  WJ-MSCs was also confirmed, as proliferation of 

PBMCs stimulated by PHA was significantly  inhibited  by  direct  cellular  contact  with  WJ-MSCs (0.43 ± 0.06 versus 0.75 ± 0.06 μg ml 
−
 1 for 

PHA-PBMCs alone; Po0.05). Mitogen-stimulated PBMC proliferation was almost nearly restored in TW co-cultures (0.76 ± 0.09 μg ml 
−
 1 for 

both co-cultures versus 0.75 ± 0.06 μg ml
−
 1 for PHA-PBMCs alone), showing a major role for cellular contact in the immunosuppressive effect 

mediated by ELCs and WJ-MSCs. 

 

 

 

Figure  1  WJ-MSCs  change  morphology  and  phenotype  on  endothelial  differentiation,  take  up  Ac-LDL  and  form  tubular  structures.  (A)  EGM-2  stimulated 

(a  and  b)  and  unstimulated  (c  and  d)  WJ-MSCs  morphology  on  (PAH-PSS)4-coated  glass  slides  (a  and  c)  and  on  uncoated  glass  slides  (b  and  d)  was 

observed  by  inverted  optical  microscopy  (Nikon  Diaphot,  UFX-DX,  Japan;  × 10  magnification;  scale  bar = 100 μm).  Only  EGM-2  stimulated  WJ-MSCs  (a) 

showed a slight morphological evolution from fibroblastic to polygonal shape. (B) Expression of three mesenchymal markers (CD73, CD90 and CD105) and 

two immune markers (HLA-DR and CD86) was evaluated after 5, 10 and 15 days of differentiation by flow cytometry. Marker expression was determined for 

WJ-MSCs  seeded  on  (PAH-PSS)4  films  and  differentiated  in  EGM-2.  Data  represent  the  MFI  of  expression  of  each  markers  from  three  independent 

experiments.  Error  bars  indicate  s.e.m.  (C)  The  expression  of  CD31,  VE-cadherin  and  VE  growth  factor  receptor  2  (VEGF-R2)  by  cells  cultured  under  the 

four  conditions  (d − e)  was determined  by  western  blotting:  (a)  WJ-MSCs  (negative  control);  (b)  endothelial  cells  extracted  from  human  vein  umbilical  cord 



 

 

(HUVECs)  (positive  control);  (c)  EGM-2/(PAH-PSS)4;  (d)  EGM-2/glass  slide;  (e)  EBM-2/(PAH-PSS)4;  (f)  EBM-2/glass  slide.  Glyceraldehyde  3-phosphate 

dehydrogenase (GAPDH) was used as a loading control. (D) Ac-LDL (the first column shows the staining of isotype controls Ac-LDL) uptake by unstimulated 

(e  and  f)  and  EGM-2  stimulated  (c  and  d)  WJ-MSCs  on  (PAH-PSS)4.  HUVECs  were  used  as  positive  control  (b)  and  WJ-MSCs  as  negative  control  (a). 

Nuclei counter-staining  with DAPI appears in blue,  whereas  Ac-LDL  uptake appears  in red  (×40 oil  objective; scale  bar = 50 μm).  (E)  In VItro angiogenesis 

assay.  Lumen-like  structures  were  spontaneously  formed  by  differentiated  cells  derived  from  WJ-MSCs  (a  and  b)  and  by  HUVECs  (c  and  d)  but  not  by 

WJ-MSCs (e and f).



 

 

To identify whether the suppressive effect was influenced by cytokines secreted by ELCs and WJ-MSCs, IL-1β, IL-6, IL-8, IL-10, IL-12p70 and 

tumor necrosis factor-α were quantified in cell culture supernatants. The concentration of cytokines detected in the medium of PHA-activated 

PBMCs cultured in the absence of WJ-MSCs or ELCs, was used as a positive control. 

WJ-MSCs and ELCs secreted less IL-12p70 and IL-10 compared with the positive control and a significant reduction in the concentrations     of     

tumor     necrosis     factor-α    (6.78 ± 2  and 50 ± 28 pg ml
−
 1 for WJ-MSCs/PBMCs and ELCs/PBMCs, respectively, versus 652.9 ± 221 pg ml

−
 1 for 

PHA-PBMCs alone; Po0.05). The concentration of IL-8 was also significantly decreased in WJ-MSCs/ PBMCs co-culture (20 495 ± 718 versus 

36470.7 ± 7192 pg ml
−
 1 for PHA-PBMCs alone; Po0.05). We further noted an increase in concentration of IL-6 in both co-cultures, with higher 

levels observed in the ELCs/PBMCs co-culture (12092.3 ± 5.9 versus 21 865 ± 84 pg ml
−
 1 for PHA-PBMCs alone; Po0.005) in comparison with 

WJ-MSCs/PBMCs co-culture (19 697 ± 824.8 versus 12092.3 ± 5.9 pg- ml
−
 1 for ELCs/PBMCs co-culture; Po0.005). Finally, the concentra- tion of IL-

1β was higher in both co-cultures with greater amounts observed in WJ-MSCs/PBMCs co-culture (669.4 ± 179.8 and 214.1 ± 82 pg ml
−
 1 for WJ-

MSCs/PBMCs and ELCs/PBMCs, respec- tively, versus 64 ± 28 pg ml
−
 1 for PHA-PBMCs alone; Po0.05). 

The immunomodulatory properties of WJ-MSCs are moderately altered after endothelial differentiation: impact on T and NK cells To reduce 

interference from other cellular components such as B cells, monocytes and dendritic cells, we decided to investigate the effects of WJ-MSCs and 

ELCs on T and NK cells, by allowing or preventing direct cell–cell contact. Proliferation of activated T or NK cells was considered to be a 100% 

proliferative response (positive control). 

 

 

 
 

Figure 2 Immune characterization of ELCs: interactions with PBMCs. (a) Upper graph: WJ-MSCs and ELCs inhibit proliferation of PBMCs. Lower graph: 

non-activated and PHA-activated PBMCs were co-cultured in the presence of WJ-MSCs or ELCs at a 1:1 ratio in the presence or absence of cell–cell contact; 

the latter were performed using TW chambers. Data are shown as mean ± s.e.m. (n = 3). (b) PHA-activated PBMCs were co-cultured in the presence or 

absence of WJ-MSCs and ELCs at 1:1 ratio and IL12p70, TNF-α, IL-6, IL-8, IL-10 and IL-1β concentrations were determined in cell-free supernatants after 

3 days of culture using the cytometric bead array assay. The concentration of cytokines detected in conditioned medium of activated PBMCs alone was used 

as a control. Data are shown as the mean ± s.e.m. of the cytokine concentration in pg ml− 1 (n = 3). *, ** and ***Statistically significant difference with 

Po0.05, Po0.01 and Po0.005, respectively. 

 

 

 

 



 

 

 



 

 

Figure 3 Comparison of the immunomodulatory effects of ELCs and WJ-MSCs on T cells. (a) WJ-MSCs and ELCs inhibit T-cell proliferation. Activated T cells 

were co-cultured in the presence of WJ-MSCs or ELCs at a 1:1 ratio either with or without cell–cell contact. Proliferation of activated T cells alone served as 

the positive control (100% of proliferation). (b) ELCs and WJ-MSCs express the contact molecules B7-H1 and B7-H4 mRNA after direct cell–cell contact 

with T cells. WJ-MSCs and ELCs cultured alone were used as controls. Expression of the contact molecules was determined by quantitative reverse- 

transcriptase PCR (qRT-PCR) and normalized using the housekeeping gene RP29 and expressed as fold change from WJ-MSCs or ELCs. (c) Upper graph: 

levels of MMP-2 (63 kDa) and MMP-9 (82 kDa) in the conditioned medium of ELCs (right) or WJ-MSCs (left) after co-culture with T cells in the absence and 

presence of cell–cell contact were measured as band intensity by gelatin zymography. ELCs and WJ-MSCs were employed as controls. Lower graph: impact of 

the inhibition of MMPs by SB-3CT on T-cell proliferation during co-culture with ELCs (right) or WJ-MSCs (left). Proliferation of activated T cells alone was the 

positive control (100% of proliferation). (d) IDO, IL-6, IL-1β and COX-2 mRNA expression in WJ-MSCs and ELCs after direct and TW co-culturing with 

activated T cells, as determined by qRT-PCR. WJ-MSCs and ELCs cultured alone were used as controls. The data were normalized using the housekeeping 

gene RP29 and compared with controls. (e) IL-6 and IL-1β concentrations determined in cell-free supernatants after 3 days of co-culturing between WJ-

MSCs and T cells or ELCs and T cells using the cytometric bead array (CBA) assay. IL-6 was detected under both TW and contact conditions, whereas IL-

1β was detected mainly under contact conditions. *Statistically significant difference between the represented conditions with Po0.05, Po0.01 and 

Po0.005, respectively (*, ** and ***, respectively, indicate the same statistically significant difference between a condition and the native non-stimulated 

cells). All data are mean ± s.e.m. (n = 3). 

 

Immunosuppressive effects of ELCs on T cells 

Our data show that WJ-MSCs significantly reduced T-cell proliferation (487 ± 65.9%), which was partially restored by preventing cell–cell contact 

(60.5 ± 25%). Only 395 ± 8% proliferation was observed when T cells were in direct contact with ELCs. This inhibition was partially reversed in a 

TW with 75 ± 19% (Figure 3a). We next explored the expression of two contact molecules B7-H1 and B7-H4, which are possibly involved in the 

contact inhibition of T-cell proliferation. Our data revealed weak expression of B7-H1 mRNA in both ELCs and WJ- MSCs (Figure 3b, left panel). 

B7-H4, on the other hand, was mainly expressed in ELCs (Figure 3b, right panel), with only weak expression detected in WJ-MSCs. However, our 

flow cytometry analysis could not confirm the expression of B7-H4 and B7-H1 at the surface of ELCs or WJ-MSCs (data not shown). 

MSCs and mature ECs are able to secrete MMP-2 and -9, two factors which were recently shown to have immunomodulatory effects.25,26 We 

therefore aimed to determine whether WJ-MSCs and ELCs express MMP-2-soluble, active forms of MMP-2 and -9, using gelatin zymography. As 

shown in Figure 3c upper graph, both enzymes were readily detected in supernatants of WJ-MSCs and ELCs, with expression of MMP-2 

approximately sixfold higher than that of MMP-9. No increase in MMP-2 concentration was detected after co-culture with WJ-MSCs, whether they 

were in direct contact or not, whereas a small increase was noticed after co-culture with ELCs under direct contact conditions. The largest increases 

in MMP-9 expression were observed following direct contact with ELCs. To assess the suppressive effect of MMPs on T-cell proliferation, we next 

examined the ability of an MMP inhibitor called SB-3CT,27 to restore T-cell proliferation. Addition of SB-3CT restored the proliferation of T cells 

in direct contact co-cultures to a minor degree (2.6 ± 0.1% and 3.9 ± 0.1% of restoration for, respectively, co-cultures with ELCs and  WJ-MSCs;  

Figure  3c,  lower  graph),  indicating  that MMP-2 and -9 are only weakly involved in T-cell immunosuppression mediated by ELCs and WJ-

MSCs. In contrast, no effect of the inhibitor was seen in a TW system. 

We next explored other candidates as mediators of the suppression driven by ELCs. IDO, IL-1β, IL-6, PGE2, hepatocyte growth factor and TGF-β have 

been reported to trigger T-cell suppression by WJ-MSCs;28 thus, we examined the expression of these genes before and after endothelial 

differentiation on co-culture with T cells. WJ-MSCs or ELCs incubated in the absence of T cells were used as controls. In the presence of a direct 

interaction between T cells and WJ-MSCs, IDO expression was high; separation of the cells reduced the expression fivefold. After co-culture with 

ELCs, IDO expression was 12.8-fold higher than in the control and sevenfold higher in the contact condition than in TW. However, expression of 

IDO in ELCs was 5.2- and 7.4-fold lower, respectively, relative to WJ-MSCs in contact or in TW conditions. After co-culture with T cells, 

expression of IL-6 was 30- and 15-fold higher, respectively, than the controls for ELCs and WJ-MSCs, whereas its expression was reduced for WJ-

MSCs and increased for ELCs in TW culture. IL-1β expression after co-culture was 24- and 25-fold higher for ELCs and WJ-MSCs, respectively, 

relative to controls. Furthermore, we detected a higher expression of IL-1β in ELCs than in WJ-MSCs, with a marked increase in the TW condition for 

ELCs. The expression level of cyclooxygenase (COX)-2, the enzyme producing PGE2, was essentially identical under all the conditions (Figure 3d). 

No changes in the expression of hepatocyte growth factor, COX-1 and TGF-β were detected under any of these conditions (data not shown). 

As expression of IL-1β and  IL-6 was particularly  upregulated in ELCs, we investigated whether the IDO inhibitor 1-methyl tryptophan (1MT) and 



 

 

the MMP inhibitor SB-3CT could influence their secretion (Figure 3e). The highest levels of IL-1β were observed after culturing T  cells  in direct 

contact  with ELCs  or  WJ-MSCs,  concentrations after co-culture was 24.3 ± 0.2 and 25.5 ± 0.3 pg ml
−
 1 for ELCs and WJ-MSCs, respectively, 

which were higher than for T cells alone (1.01 ± 0.01 pg ml
−
 1). IL-1β was significantly inhibited in the presence of 1MT and induced by SB-3CT for 

MSCs but not ELCs (P ≤ 0.05). A weak expression of IL1β was detected in the TW conditions (Figure 3e: first and second graphs). 

IL-6 was readily detected in the surpernatant of T cells co-cultured with ELCs (81.6 ± 11.3 pg ml
−
 1) or WJ-MSCs (95.6 ± 13.2 pg ml

−
 1), with the 

highest levels seen under direct contact conditions. IL-6 secretion was significantly enhanced after incubating the cells co-cultured  with  WJ-

MSCs  either  with  1MT  or   SB-3CT   (138.4 ± 19.1 and 222.0 ± 30.7 pg ml
−
 1, respectively; P p 0.05). The same results were observed after co-

culture with ELCs (139.1 ± 19.2 and   (222.0 ± 30.7 pg ml
−
 1)   in  presence  of   1MT   and SB-3CT (Figure 3e: third and fourth graphs). 

ELCs induce the generation of T-cell subsets displaying a regulatory phenotype. Previous work has shown that MMPs  secreted  by  MSCs are 

involved in the inhibition of T-cell proliferation via shedding of the IL-2 receptor CD25.25 We explored whether MMPs in the cell supernatant of 

ELCs and WJ-MSCs co-cultured with T cells could affect CD25 expression. Flow cytometry analysis showed a clear increase in the percentage of 

CD25+ T cells after co-culture with ELCs or WJ-MSCs under direct contact conditions (62.1 ± 4% and 59.4 ± 19%, respectively) compared 

with T cells alone (37.8 ± 8%; Figure 4b). The percentage of cells expressing CD25 was also slightly increased in the presence of a TW (39.9 ± 

10% and 40 ± 14%, respectively, for ELCs and WJ-MSCs TW co-cultures). If MMPs were involved in the shedding of CD25, addition of 

MMPs inhibitor should increase the percentage of cells expressing CD25. However, addition of SB-3CT resulted in a slight decrease of the CD25+ 

population after co-culture with WJ-MSCs whether in direct contact or not, but not following co-culture with ELCs under equivalent conditions 

(Figure 4b). 

Among candidates investigated as mediators of the immuno- suppression, IDO expression was notably increased after co-culture with WJ-MSCs 

or ELCs. Thus, we next explored the effect of its inhibitor, 1MT, on CD25. The percentage of CD25+ T cells was lower after culture with WJ-

MSCs separated by a TW in the presence of 1MT (26.8 ± 6.4%versus 37.8 ± 8% for T cells alone; Figure 4b). No significant effect of the IDO 

inhibitor was seen on CD25 expression by T cells co-cultured with ELCs. 

As IDO has been shown to promote Treg generation,29 we investigated whether the CD25+ population expressed forkhead box P3 (FoxP3), which 

is a main marker of Tregs. Interestingly, after performing a gating on the CD4+ population, we detected an increase in  the  CD25+FoxP3+  

population in co-cultures relative to activated T cells alone, which was higher in co-cultures with ELCs (75 ± 2.5% versus 23 ± 1.5% for T cells 

alone) than with WJ-MSCs (62 ± 3.8% versus 23 ± 1.5% for T cells alone; Figure 4c). Thus, we confirmed that WJ-MSCs generate Tregs, as 

demonstrated previously.30–32 Moreover, we showed that ELCs were able to induce a larger population of Tregs than WJ-MSCs. We next explored 

the effect of an IDO inhibitor (1MT) on Tregs generation. After co-culture of T cells with WJ-MSCs, we observed a moderate inhibition of 3 ± 0.8% 

under direct  contact conditions, whereas the percentage reached 21 ± 2.3% when the cells were separated. No effect of the IDO inhibitor was 

detectable on Tregs generated by ELCs co-culturing (Figure 4c). 

We also investigated the effect of MMPs on Tregs. Surprisingly, a decrease of the Tregs percentage was observed in every condition with the MMP 

inhibitor SB-3CT either in the presence of cell–cell contact or in a TW. Maximum inhibition of Tregs generation was seen when T cells were 

cultured in direct contact with ELCs where the percentage of Tregs dropped from 75 ± 3% to 64 ± 4% (Figure 4c). 



 

 

 

 

 

Figure 4 WJ-MSCs and ELCs induce the generation of T-cell population subsets displaying a regulatory phenotype. (a) On the top of the figure is included 

the gating strategy. Cells are gated by taking into account SSC (side scatter) and FSC (forward scatter) to select the lymphocyte population (P1 gate). The P2 

gate was next set regarding the staining of control isotypes for anti-CD25 and anti-CD3 antibodies. The cells gated into the P2 gate were considered positive 

for CD25 and CD3. Representative dot plot of the percentage of CD3+CD25+ population after co-culturing of activated T cells in the absence or presence of 

WJ-MSCs and ELCs with or without SB-3CT (MMPs inhibitor) or 1MT (IDO inhibitor). These data show that CD25 is induced on T cells mainly following 

contact with WJ-MSCs or ELCs. The first column shows the staining of isotype control. (b) Mean percentage of CD3+CD25+ populations determined from 

three independent experiments (n = 3). These data show a significant effect of 1MT on CD25 expression on T cells co-cultured with ELCs. (c) On the top of 

the figure is included the gating strategy. Cells are gated by taking into account SSC (side scatter) and FSC (forward scatter), to select the lymphocyte 

population (P1 gate). The P2 gate was next set on the CD4 positive population. On the cells gated into the P2 gate (CD4+ cells), the staining of anti-CD25 

(Y axis and anti-FoxP3 antibody (X axis) was determined after placing the quadrants taking into account the isotype control staining. Representative dot plot 



 

 

showing the percentage of CD3+CD25+FoxP3+ cells determined on CD4+ T cells after co-culture with WJ-MSCs and ELCs under direct contact conditions. 

T cells cultured alone were employed as controls. The first column shows the staining of the isotype control and the four quadrants were defined as SP FI or 

PE (simple positive FITC or PE), DN (double negative) or DP (double positive). *, ** and ***Statistically significant difference between the represented 

conditions and the control with Po0.05, Po0.01 and Po0.005, respectively. 



 

 

Immunosuppressive effects of ELCs observed on NK cells 

We next evaluated the effects of WJ-MSCs and ELCs on the proliferation of activated NK cells. We used the proliferation of IL-15-stimulated NK 

cells as a control, scaling it to 100%. ELCs were able to reduce the proliferation of NK cells by 44.2 ± 16.2% in contact cultures versus 48.7 ± 7.8% in a 

TW. We also observed, in agreement with the literature,33 that WJ-MSCs inhibit NK cell proliferation, either by direct contact or  in  a  TW  context,  

with  55.2 ± 14%  and 59.1 ± 16% proliferation, respectively, relative to the control (Figure 5a). 

We next examined the levels of B7H1 and B7H4 mRNA in ELCs and WJ-MSCs after contact with NK cells (Figure 5b, left and right panels). The 

levels of both mRNAs were enhanced in ELCs and WJ-MSCs after co-culture. However, flow cytometry analysis failed to reveal the encoded 

proteins on the surfaces of ELCs and WJ-MSCs (data not shown). 

As MMPs have been shown to have immunomodulatory effects on NK cells,34 the same procedure described above was applied to detect the activity 

of MMP-2 and MMP-9 in NK co-cultures. We observed higher levels of MMP-2 in direct co-cultures of ELCs with NK cells than in a TW and 

versus ELCs alone (Figure 5c, upper graph). In contrast, MMP-2 activity was not enhanced in a co-culture of WJ- MSCs with NK cells, either under 

contact or separated conditions. MMP-9 was slightly enhanced in the supernatant of both ELCs and WJ-MSCs cultured in contact with NK cells. 

However, the addition of SB-3CT to the co-cultures was not able to restore proliferation of NK cells (Figure 5c, lower graph). Taken together, these 

results suggest that inhibition of MMPs alone is not sufficient to restore NK-cell proliferation, and therefore that other mediators may be involved in 

this phenomenon. In follow-up experiments, we carried out co-culture with activated NK cells for 3 days and then evaluated the expression by ELCs and 

WJ-MSCs of the same genes that were tested above (Figure 5d). The expression profile changed from that observed after co-culture with T cells. In 

fact, IDO, IL-6 and IL-1β expression was higher in ELCs than in WJ-MSCs grown in direct co-cultures (3.2-, 5.1- and 1.1-fold higher, 

respectively), but the expression of COX-2 was lower in ELCs than in WJ-MSCs. Hepatocyte growth factor, COX-1 and TGF-β showed no change 

of expression under all conditions tested (data not shown). Quantification of IL-1 and IL-6 in NK cells supernatants further showed that IL-1 was 

largely secreted when NK cells were in contact with   ELCs   or   WJ-MSCs   (19.3 ± 0.8   and 38.3 ± 1.8 pg ml
−
 1, respectively,  versus  1.1 ± 0.1 pg 

ml
−
 1  for  NK  cells  alone;  Po0.05; Figure 5e, left panel), a phenomenon that could be enhanced by addition of 1MT (Po0.05) and to a lesser 

extent SB-3CT (ns). No significant secretion of IL-1 was seen in TW conditions (Figure 5e, right panel). IL-6 was detected in supernatant of NK 

cells after co-culture with ELCs (212 ± 35 pg ml
−
 1) or  WJ-MSCs (158 ± 26 pg ml

−
 1) under both contact and TW  conditions  (240 ± 40  and 230 

± 40 pg ml
−
 1 for ELCs and WJ-MSCs, respectively). Inhibition of IL-6 secretion was observed in the presence of 1MT in both WJ-MSCs and ELCs 

(41% and 23% of inhibition, respectively) cultured in direct contact but reach significance only for WJ-MCSs, although the same tendency was 

observed with ELCs. A significant effect of SB-3CT on IL-6 secretion was observed only for WJ-MCSs. No significant effect of SB-3CT of 1MT 

supplementation was observed in the TW condition. 

As IDO was strongly induced after co-culture with ELCs and WJ-MSCs, we next evaluated whether interferon-γ, a major cytokine secreted by NK 

cells, could be involved in the activation of IDO. The obtained data clearly show that direct contact between ELCs and WJ-MSCs with NK cells 

strongly induces interferon-γ secretion (0.76 ± 0.1 and 1.1 ± 0.3 ng ml
−
 1 for ELCs and WJ-MSCs, respectively, versus 0.56 ± 0.07 ng ml

−
 1 for 

NK cells alone). 

Impact of co-culture on expression of NK cell markers. To investigate whether WJ-MSCs and ELCs could have an effect on NK cells, expression of 

the NK cell receptors CD16, CD56 and natural-killer group 2, member D (NKG2D) was analyzed and compared with that detected after co-

culturing with WJ-MSCs or ELCs in the absence or presence of cell–cell contact (Figures 6a and b). After 15 days of expansion in the presence of 

IL-15, NK-cell phenotyping revealed two populations: CD16+CD56+ and CD16 
−
CD56+. The intensity of expression of CD56 was similar for the 

two subsets. After co-culture with WJ-MSCs, however, the partitioning between the two populations altered. As shown by the black arrow on the left, 

the cell population expressing CD16 and CD56bright was no longer detected, while a new population appeared, which was CD16+ but which 

exhibited a lower level of CD56 (Figure 6a). Furthermore, we also observed an increase in the CD16 CD56bright population, which reached 75.7%. In 

contrast, the percentage of the population corresponding to CD16+CD56bright was increased in co-cultures of WJ-MSCs and NK cells under TW 

conditions, relative to isolated NK cells or those in direct contact with WJ-MSCs. The percentage of the CD16
−
CD56bright population decreased from 

75.1 to 38% when cells were not in direct contact. No change in the partitioning between the two NK populations was observed in direct or TW-

separated ELCs/NK cell co-cultures. As MMPs have been shown to modify CD16 expression on NK cells,35,36 we next examined whether the 



 

 

MMPs inhibitor SB-3CT could modify the NK-cell phenotype after co-culture. Interestingly, we observed that the CD16+CD56bright population, 

which disappeared after direct contact with WJ-MSCs in co-culture, was partially restored after addition of SB-3CT (Figure 6a, middle black arrow, 

and  Figure 6b). However, in the case of WJ-MSCs without cell contact or ELCs with or without cell contact, the inhibitor did not significantly 

modify the partitioning between the cell populations (Figure 6b). As IDO was strongly expressed by ELCs and WJ-MSCs either in cell contact 

or not, we also examined whether the IDO inhibitor 1MT could modify NK-cell phenotype after co-culture. Surprisingly, when 1MT was added to 

co-cultures with WJ-MSCs, we observed altered expression of CD56 and CD16 (Figure 6a, right black arrow), which was not seen when the cells 

were separated. As for co-culturing with ELCs, direct or indirect contact with NK cells did not significantly modify the partitioning between the 

two populations, nor did addition of SB-3CT. However, supplementation with 1MT decreased the percentage of CD16+CD56+ NK cells from 63 to 

48% and increased the percentage of CD16
−
CD56+ from 31.7 to 50.2% (Figure 6b). 

 



 

 

 



 

 

Figure 5 Comparison of the immunomodulatory effects of ELCs and MSCs on NK cells. (a) ELCs and WJ-MSCs inhibit NK cell proliferation. Activated NK 

cells were co-cultured in the presence of WJ-MSCs or ELCs at a 1:1 ratio either with or without cell–cell contact during 3 days. Proliferation of activated NK 

cells alone was used as positive control (100% of proliferation). (b) Expression levels of B7-H1 and B7H4, factors that are potentially involved in direct 

cell–cell immunosuppression. B7-H1 and B7-H4 mRNA expression in WJ-MSCs and ELCs maintained in contact or not with activated NK cells was 

determined by quantitative reverse-transcriptase PCR (qRT-PCR), normalized using the housekeeping gene RP29 and expressed as fold change from WJ- 

MSCs or ELCs alone. WJ-MSCs and ELCs cultured alone were used as controls. (c) Upper graph: band intensity of MMP-2 (63 kDa) and MMP-9 (82 kDa) as 

detected by gelatin zymography in the conditioned medium of ELCs (right) or WJ-MSCs (left), following co-culture with NK cells, either allowing for direct 

cell–cell contact or not. ELCs and WJ-MSCs were employed as controls. Lower graph: impact of the inhibition of MMPs by SB-3CT on NK-cell proliferation 

during co-culture with ELCs (right) or WJ-MSCs (left). Proliferation of activated NK cells alone was the positive control (100% of proliferation). (d) IDO, IL-6, 

IL-1β and COX-2 mRNA expression in WJ-MSCs and ELCs after direct and TW co-culturing with activated NK cells, as determined by qRT-PCR. WJ-MSCs or 

ELCs alone were used as controls and the data were normalized using the housekeeping gene RP29 and compared with controls. (e) IL-6 and IL-1β 

concentrations determined in cell-free supernatants after 3 days of culture using the cytometric bead array (CBA) assay. The IL-6 concentration was 

significantly increased after indirect co-culture, whereas that of IL-1β was increased mainly after cell–cell contact. (f) Interferon (IFN)-γ concentration (ng/ml) 

as determined by enzyme-linked immunosorbent assay (ELISA) in cell-free supernatants of NK cells after 3 days of co-culturing with WJ-MSCs or ELCs, 

under contact or TW conditions. The conditioned medium of activated NK cells alone was used as control. All data are shown as the mean ± s.e.m. (n = 3). 

 

 

 

Figure 6 WJ-MSCs and ELCs modify NK-cell phenotype. (a and b) Determination by flow cytometry of the distribution and percentages of CD16+CD56+ and 

CD16 −CD56+ populations. Activated NK cells were co-cultured in the absence or presence of WJ-MSCs and ELCs, and in the absence or presence of 



 

 

SB-3CT (MMP-2 and MMP-9 inhibitor) and 1MT (IDO inhibitor). Co-cultures were performed under both direct contact or TW conditions. The first column 

shows the staining of isotype controls for CD16 and CD56. (c and d) MFI of NKG2D was significantly inhibited after co-culture with WJ-MSCs or ELCs under 

direct contact conditions. The first colmun shows the staining of isotype control for NKG2D. Data shown in a and c are representative dot plots. Data in   

b and d are shown as the mean ± s.e.m. (n = 3). 

 

We next examined the expression of NKG2D on NK cells after co-culture with ELCs and WJ-MSCs. As shown in Figures 6c and d, NKG2D levels 

were significantly decreased after co-culturing with WJ-MSCs and ELCs under direct  contact  conditions,  with  an  MFI   of   5804 ± 334   and   

5533 ± 840   for   NK   cells   in direct contact, respectively, with WJ-MSCs and  ELCs, versus 8952 ± 978 for NK cells alone. Interestingly, 

expression of NKG2D was partially restored for NK cells  cultured  without  direct  contact  with WJ-MSCs or ELCs. Inhibition of MMPs and IDO 

had no noticeable effect on NKG2D expression regardless of the culturing conditions, as their inhibitors did not restore NKG2D expression 

(Figure 6d). 

NK cells acquire CD73 on exposure to WJ-MSCs and ELCs. We observed that CD73 was the only WJ-MSCs marker whose expression was not 

modified during differentiation. As CD73 produces adenosine, it could have a role in immunosuppression mediated by WJ-MSCs and ELCs (Figure 

1B). To test this hypothesis, we examined CD73 expression on NK cells after co-culturing with ELCs and compared it with CD73 expression on 

NK cells alone. After 3 days of  co-culture with ELCs, CD73 expression increased from an MFI of 231 ± 54 to 1961 ± 917, but CD73 uptake 

exhibited a high variability between cells from different individuals. We also confirmed that the co-culture with WJ-MSCs allowed CD73 transfer on 

NK cells, with an MFI reaching 989 ± 441, as shown previously33 (Figure 7). To exclude the possibility that the interaction between the cells can 

induce the expression of CD73 in NK cells, a real-time PCR for CD73 was performed on purified NK cells and compared with the CD73 

expression detected in endothelial cells from the umbilical artery, used as a positive control. The result showed no expression of CD73 mRNA in 

NK cells (data not shown), confirming that the expression of CD73 on NK cells was due to a transfer. 



 

 

 

 
 

Figure 7 Flow cytometry analysis of CD73 expression on NK cells after co-culture with WJ-MSCs and ELCs under contact or TW conditions. 

(a) Representative histogram showing CD73 expression on NK cells after co-culturing with ELCs or WJ-MSCs under direct contact conditions. Activated NK 

cells were co-cultured in the absence or presence of WJ-MSCs and ELCs with or without SB-3CT (MMP-2 and MMP-9 inhibitor) and 1MT (IDO inhibitor). The 

first column shows the staining of isotype control for CD73. (b) CD73 MFI from three independent experiments determined under the same culture condition 

as described in a (n = 3). 



 

 

DISCUSSION 

Regeneration of blood vessels for the treatment of vascular-related diseases is one of the most important research areas in tissue engineering based 

on ECs.37–39 However, the use of ECs is hampered by a number of factors.40,41 MSCs have been considered as alternatives, as they can be used in an 

allogeneic setting without the need for immunosuppressive therapy.40 

WJ, the main component of the extracellular matrix of umbilical cord, is known to contain a population of fibroblast-like cells that are described as 

MSCs.42 The major objective of the present study was to determine whether the immune regulatory properties of MSCs are modified by 

differentiating them toward an endothelial phenotype. For this, we aimed to obtain ELCs from WJ-MSCs by combining a functionalized cell 

culture surface and growth factors. Endothelial differentiation was assessed by the expression of CD31, VE-cadherin and VE growth factor 

receptor 2 on ELCs. These three proteins are endothelial-specific markers known to have an important role in maturation of the endothelium 

during the angiogenesis process.43 Our CD31 expression result is at odds with the studies of Oswald et al.44 and Janeczek et al.,21 who reported no 

change in CD31 expression in differentiated BM-MSCs. Thus, the expression of these markers by WJ-MSCs seems to promote differentiation 

toward the endothelium. We next demonstrated that our differentiated cells were functional,  as we observed both efficient uptake of Ac-LDL and 

tubular structure formation in an extracellular matrix gel. Although several studies have shown that uptake of Ac-LDL by ECs is modulated by shear 

stress,45,46 Ac-LDL was successfully incorporated by ELCs under our static culture conditions. 

Previous studies have shown that the hypoimmunogenicity of MSCs derives from the absence of HLA-DR and CD86 expression. In this study, 

the expression of HLA-DR and CD86 was barely detectable, suggesting that even after differentiation ELCs remained immunopri- vileged. 

This result contrasts with previous reports, in which in vitro differentiation of allogeneic BM-MSCs into myogenic, smooth muscle, endothelial17 

and neuronal16 lineages significantly increased the expression of major histocompatibility complex-II. 

We also observed that our produced ELCs were not immunogenic, as they did not stimulate allogeneic PBMCs in co-culture. Furthermore, 

they were immunosuppressive, as they modulated PHA-stimulated PBMCs alloproliferation. In fact, the suppressive effect was enhanced by 

ELCs in comparison with WJ-MSCs and largely exerted under conditions of contact. Similar results were obtained after differentiation of 

MSCs into adipose, bone and cartilage lineages.14,15,47 These results led us to investigate the effects of differentiated cells on: (1)  a  population 

of cells  enriched in CD3+ T cells, the major effector cells of adaptive immunity;48 and (2) NK cells, as they represent the major effector of the 

innate immune response exhibiting a critical role in early host defense against infections and cancer.49 

We noticed that ELCs, and to a lesser extent WJ-MSCs, suppressed the proliferation of activated CD3+ T cells, mainly under cell–cell contact 

conditions. Inhibition of CD3+ T cells by human BM-MSCs,50–53 umbilical cord blood MSCs,50 placenta MSCs50,54 and umbilical cord 

MSCs55,56 had already been described in the literature; however, we are the first to show that endothelial differentiation of WJ-MSCs do not 

alter this capacity. 

Our subsequent goal was to determine the mechanisms by which WJ-MSCs and ELCs exert their immunosuppression. Candidate enzymes 

investigated in this context were MMPs. In addition to the important role of MMPs in the modification of the extracellular matrix, cell 

mobilization and cell–extracellular matrix interactions, MMPs act on additional substrates such as cytokines and inflammatory mediators, and 

thus have an effect on immune response regulation and cell proliferation.57,58 Ding et al.25 have found that MMP-2 and MMP-9 have a 

significant role in the immune suppressive activity of murine BM-MSCs, and that blocking these two MMPs completely restores T-cell 

proliferation. Furthermore, MMPs have been shown to be involved in the shedding of CD25. Here we have shown that downregulation of 

CD25 expression inhibits T-cell proliferation mediated by IL-2. However, although MMP-2 and MMP-9 were detected in supernatants of 

ELCs and WJ-MSCs co-cultured with T cells, we observed that (1) addition of SB-3CT did not have a major effect on restoring T-cell 

proliferation and (2) CD25 expression on T cells increased after co-culture with ELCs or WJ-MSCs. 

We hypothesized that this increase was due to proliferation of a Tregs population, as was previously demonstrated by Selmani et al.59 and 

others.30,50,60,61 This idea was subsequently confirmed by demon- strating that the population of CD4+CD25+FoxP3+ detected in direct co-cultures 

with ELCs or WJ-MSCs increased significantly relative to appropriate controls. Similarly, addition of SB-3CT decreased Tregs production, 

consistent with the idea that MMPs have a role in their generation.62 Among the other mediators identified as actors in MSCs immunomodulation, 

we observed no TGF-β, hepatocyte growth factor and COX-1 expression by ELCs and WJ-MSCs in all culture condi- tions, a result that contrast 

with previous studies.63,64 IL-6 and IL-1β were detected in T cells co-cultured with WJ-MSCs and ELCs. IL-1β has been shown to be involved 

in the proliferation of Tregs;65,66 thus, this mediator conjugated with IDO67–70 could be involved in their expansion. However, our results also 



 

 

revealed high expression levels of COX-2. This enzyme is responsible for producing PGE2, a prostaglan- din that promotes Tregs differentiation.71 

Thus, we cannot exclude the involvement of PGE2 in the generation of Tregs observed in our study. The immunosuppressive effects of ELCs 

were also confirmed on NK cells, as their proliferation was partially inhibited. Among the soluble mediators that could be involved in 

inhibition of NK proliferation, MMP-2 and MMP-9, IDO, IL-6 and IL-1β cannot be excluded, in particular after direct contact between NK 

cells and ELCs. Recently published data have revealed an autocrine loop between IDO72 and IL-6.73 More specifically, IDO-mediated aryl 

hydrocarbon receptor activation induced IL-6 expression, whereas inhibition or knockdown of the aryl hydrocarbon receptor reduced IL-6 

expression. These data explain our observation that the use of an IDO inhibitor resulted in a decrease in IL-6 concentration in NK-cell 

supernatants. As to the NK-cell phenotype after co-culture culturing with ELCs, no change in the partitioning between cell populations 

was observed. In contrast, the CD16+CD56+ population was no longer observed after co-culturing with WJ-MSCs but partially restored after 

adding IDO and MMPs inhibitors. This latter result is in agreement with studies showing that MMPs are involved in the shedding of 

CD16, which occurs after NK-cell activation and places the cells in a refractory phase.35 

We next examined the impact on NKG2D expression of co-culturing NK cells with ELCs. We focused on this receptor, because several studies have 

reported that the inhibitory effects on MSCs are closely related to the downregulation of activating receptors, especially NKG2D.72 The decrease in 

NKG2D that we observed after contact with ELCs accords with a recent publication by Chauveau et al.,74 in which it was demonstrated that ECs 

activation and proliferation modulate NKG2D activity. This may have an impact on NK-cell- mediated cytotoxicity. In the case of WJ-MSCs, we 

observed the same results as Spaggiari et al.,72 which were an inhibition of NK-cell proliferation and modification of phenotype. As Spaggiari et 

al.72 highlighted the role of IDO and PGE2 in this phenomenon, we tested whether 1MT could restore NKG2D expression. Surprisingly, addition of 

1MT did not have the expected effect, suggesting that restoration of NKG2D expression may require the inhibition of more than one mediator. 

Finally, we cannot exclude a role of adenosine in the immunosuppressive effects of ELCs that we observed on NK cells, regarding ELCs high 

expression level of CD73. In addition to the roles of adenosine in the endothelial microenvironment, it has been shown that adenosine is a potent 

immunosuppressor involved in inhibiting the expression of IL-2, CD25, interferon -γ and tumor necrosis factor-α, and that it decreases the cytolytic 

activity of cytotoxic T cells.75,76 Very recently, NK cells were shown to acquire the expression of CD73 after a co- culture with MSCs, and that 

CD73+ NK cells had the ability to convert adenosine monophosphate into adenosine.33 Our results confirm not only that NK cells are able to acquire 

CD73 on co-culture with WJ-MSCs, but that the proportion of CD73+ NK cells is higher after co-culture with ELCs. Further studies should confirm 

whether the upregulation of CD73 in NK cells is accompanied by increased enzyme activity. 

In conclusion, our results show that WJ-MSCs and ELCs share many immunomodulatory properties. Nevertheless, the extent of expression of 

soluble mediators differed according to the immune cell type with which they were co-cultured and whether direct cell–cell contact was allowed. 

Thus, this work shows overall that the immunological features of WJ-MSCs after endothelial differentiation may allow their application in 

regenerative medicine, as they appear likely to be immunotolerated by immune cells. 

 

METHODS 

Reagents were obtained from Sigma-Aldrich (Munich, Germany) and media components by from Lonza (Levallois-Perret, France), unless specified otherwise. 

 

WJ-MSCs isolation and culture 

Human umbilical cords were obtained after birth delivery and informed consent using the guidelines approved by the University Hospital Center of Nancy. WJ-

MSCs were isolated as described by Petsa et al.77 and cultured in α-minimum eagle medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 

IU ml
−
 1 penicillin, 100 μg ml

−
 1 streptomycin, 2 mM L-glutamine and 205 mg ml

−
 1 Fungizon (Life Technologies, Grand Island, NY, USA). 

 

Induction of endothelial differentiation 

After the third passage, WJ-MSCs were collected and then seeded on (PAH/PSS)4 polyelectrolyte multilayer film-coated glass slides, as described elsewhere.78 

Uncoated glass was used as control. After reaching 60% of cell confluence, the medium was replaced by EBM-2 or differentiation medium, which consisted of 

EGM-2 (EBM-2 supplemented with growth factors) and incubated for 2 weeks. EBM-2 was supplemented with 0.5% heat-inactivated FBS, 100 IU ml
−
 1 penicillin, 

100 μg ml
−
 1 streptomycin, 2 mM L-glutamine and 205 mg ml

−
 1 Fungizon. As a control, cells were cultured either on non-coated or coated glass with EBM-2. Cell 

morphology was monitored daily by optical microscopy (Nikon, UFX-DX, Tochigi, Japan). Following 15 days of culture under the differentiation conditions with 



 

 

EGM-2, cells were identified to be ELCs. WJ-MSCs and HUVEC cells were respectively used as negative and positive controls.39,79 HUVEC cells were isolated 

according to Jaffe et al.80 and cultured in EBM-2 supplemented with 10% heat-inactivated FBS. 

 

Characterization of ELCs 

Endothelial differentiation was assessed by western blotting. Cells were collected in RIPA (radioimmunoprecipitation assay buffer) lysis buffer. Twenty micrograms of 

protein lysates were subjected to SDS–PAGE (polyacrylamide gel electrophoresis) resolution and transferred to polyvinylidene difluoride membranes. Membranes 

were blocked with 5% bovine serum albumin in Tris buffered saline-Tween 20 solution and then probed with the following primary antibodies to endothelial 

phenotypic markers: CD31 (Dako Agilent Technol- ogies, Santa Clara, CA, USA, M0823), VE-cadherin (Abcam, Cambridge, UK, ab33168), VE growth factor 

receptor 2 (Cell Signaling Technology, Danvers, MA, USA, 55B11) and to glyceraldehyde 3-phosphate  dehydrogenase (Santa Cruz, Dallas, TX, USA, sc-51906) as a 

loading control. The membranes were then incubated with appropriate horseradish peroxidase-conjugated secondary antibody at room temperature and bands were 

detected by chemiluminescence. 

ECs have the ability to incorporate Ac-LDL. The functionality of the ELCs was thus assessed using an Ac-LDL uptake assay performed as described by Doan et al.81 

Analysis of capillary formation was performed with an in vitro angiogenesis assay. For this, extracellular matrix gel solution (ScienCell, Carlsbad, CA, USA) 

maintained at 4 °C was added onto μ-Slide Angiogenesis (Ibidi, Munich, Germany) and incubated for 30 min at 37 °C to allow solidification. Differentiated cells and 

controls (HUVECs and WJ-MSCs) were suspended in culture medium at a density of 2 × 105 cells per ml and 50 μl of each solution was plated on solidified 

extracellular matrix gel. After 4 h of incubation (37 °C), capillary formation was analysed by light microscopy.



 

 

Isolation and culture of PBMCs, T cells and NK cells 

Peripheral blood samples were obtained from healthy volunteers with informed consent for blood collection and biological studies, using the guidelines approved by the 

French blood collection center Lorraine Champagne. PBMCs, T cells and NK cells were collected and cultured as previously described,82 except for CD3+ T cells that 

were cultured in RPMI-1640 medium supplemented with 10% AB serum, 2 mM glutamine, 1 μg ml
−
 1 streptomycin, 1 IU ml

−
 1 penicillin and 5 μg ml

−
 1 PHA (Oxoid, 

Dardilly, France). After    3 days, 100 μg ml
−
 1 of IL-2 (Biotechne, Lille, France) was added to the culture medium until day 14, when the cells were collected. 

 

In vitro assays for testing the immunomodulatory effects of WJ-MSCs and ELCs on the proliferation of PBMCs 

One-way mixed lymphocyte reaction. To determine whether WJ-MSCs and ELCs function as alloantigen presenting cells, one-way mixed lymphocyte reactions were 

performed. For this, freshly isolated PBMCs were added to WJ-MSCs or ELCs at a 1:1 ratio and allowed to proliferate in co-culture for 3 days. PBMCs seeded alone 

were used as control. Co-cultures were performed either by putting the two cell populations in direct contact or by separating them using a TW membrane (pore size: 

0.4 μm; Millicell Inserts, Dutscher, Brumath, France). After 3 days of culture, non-adherent immune cells, adherent ELCs and WJ-MSCs, and supernatants were 

respectively collected for DNA quantification, RNA extraction and cytokine dosage. 

Mitogen-stimulated proliferation of PBMCs. To determine the effects of WJ-MSCs and ELCs on the PHA-stimulated proliferative response of allogeneic PBMCs, 

freshly isolated responder PBMCs stimulated with 10 μg ml
−
 1 PHA were added to cultures of WJ-MSCs and ELCs, as described above. Cultures of unstimulated and 

PHA-stimulated PBMCs seeded alone were used as controls. Co-cultures were performed either by putting the two cell populations in direct contact or by separating 

them using a TW. 

 

Co-culturing of WJ-MSCs and ELCs with T or NK cells 

Immune cells (expanded T or NK cells) were cultured for 3 days with WJ-MSCs and ELCs at a ratio of 1:1 in RPMI-1640 10% FBS containing 100 μg ml
−
 1 IL-2 for 

co-culturing with T cells and in α-minimum eagle medium 10% FBS IL-15 containing 50 ng ml
−
 1 for co-culturing with NK cells, either allowing for direct contact or 

keeping the cells separated by a TW. For inhibition experiments, the cells were cultured in the presence of 60 μM SB-3CT, a specific inhibitor of MMP-2 and MMP-9, 

and 1 mM of the IDO inhibitor 1MT. 

 

Measure of immune cell proliferation 

DNA from immune cells (PBMCs, T cells or NK cells) in co-culture was measured as a marker of cell quantity using Hoechst 33258 (Life Technologies, Grand 

Island, NY, USA) as shown by Poleni et al.83. 

 

Flow cytometry 

Cells were incubated in 0.5% human serum albumin in phosphate buffered saline staining buffer and stained with fluorescein isothiocyanate (FITC)-, 

phycoerythrin (PE)- or allophycocyanin-conjugated antibodies or correspond- ing isotype controls (CD25 FITC, CD45 FITC, CD90 FITC, B7H1 FITC, FoxP3 PE 

CD34 PE, CD73 PE, CD105 PE, B7H4 PE, CD3 allophycocyanin from BD Pharmingen, Franklin Lakes, NJ, USA; and CD16 FITC, HLA-DR PE, NKG2D PE, 

CD86 PE, CD56 allophycocyanin from Miltenyi Biotec, Tubingen, Germany) for 30 min at room temperature followed by two washes in staining buffer. For 

intracellular staining of FoxP3, cells were fixed with 1% parafor- maldehyde and permeabilized with phosphate buffered saline 0.5% human serum albumin, 

0.1% Triton X-100. Labeled cells were acquired by FACS Canto I (BD Biosciences, Francklin Lakes, NJ, USA) and 100 000 events were analyzed using FACS 

Diva Software (BD Biosciences). For double or triple staining performed by flow cytometry, isotype controls were used to place region and quadrants. Immune 

cells were immunophenotyped after co-culture with or without WJ-MSCs or ELCs under direct contact or TW conditions, in the presence or absence of IDO and 

MMPs inhibitors. NK cells were identified as CD16+CD56+ cells and the expression levels of NKG2D and CD73 were determined by gating this population. For 

T cells, the CD25 marker was quantified after gating the CD3+ population. Tregs were identified as CD25+ FoxP3+ cells, after gating on the CD4+ population. 

The WJ-MSCs phenotype was evaluated before and during differentiation into ELCs by verifying the expression of CD73, CD90 and CD105, and the absence 

of CD34 and CD45. Expression of two immunological markers, HLA-DR and CD86, was also monitored. 

 

Real-time quantitative PCR 

After removing the suspension of lymphocytes from co-culture, total RNA from adherent cells was isolated using QIAzol lysis reagent and RNeasy Micro Kit 

(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. One hundred nanograms of total RNA was reverse transcribed using iScript cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA, USA). Real-time PCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad) and the StepOnePlus 

system (Life Technologies, Grand Island, NY, USA). The indicated genes (Supplementary Table 1 and Supplementary Material) were analyzed by choosing 

ribosomal protein 29 (RP29) gene as the housekeeping gene for normalization. 



 

 

 

Cytokine determination in cell culture supernatants by cytokine bead array 

IL-12p70, tumor necrosis factor, IL-10, IL-6, IL-1β and IL-8 concentrations were quantitatively measured in culture supernatants using the BD Cytometric 

Bead Array Inflammation Kit (BD Biosciences) according to the manufacturer’s instructions. 

 

Detection of MMP-2 and MMP-9 

Gelatin zymography was performed on culture supernatants to assess secreted MMP-2 and -9 activities, as described previously.84 Gels were scanned with a 

calibrated GS-800 imaging densitometer (Bio-Rad) and analyzed using ImageJ (National Institutes of Health, USA). 

 

INF-γ  detection  by  enzyme-linked  immunosorbent assay  

Cultured cell supernatants were collected after 3 days of co-culture and tested in triplicate for the production of INF-γ (Peprotech, 900-M27; Neuilly sur Seine, 

France) by enzyme-linked immunosorbent assay according to the manufac- turer’s instructions. The enzyme-linked immunosorbent assay plates were read at 

OD 405 nm with a standard microplate reader (Multiskan EX, Thermo LabSystems, Helsinki, Finland). The results were expressed in ng ml
−
 1. 

 

 

Statistical analysis 

Data are presented as mean ± s.e.m. for each condition. Pairwise comparisons were performed using one-factor analysis of variance with Fisher’s correction (Statview 

IVs, Abacus Concepts Inc., Berkley, CA, USA). Differences were considered significant for P (rejection level of the null hypothesis of equal means) valueso0.05. 

CONFLICT OF INTEREST 

The authors declare no conflict of interest. 

 

ACKNOWLEDGEMENTS 

We thank Professor Kira Weissmann for the careful reading of the manuscript, Dr Cédric Boura for providing suitable controls for B7H1 and H4 staining, and Anne-

Sophie Willemin for her help in extracellular matrix gel experiment analysis. We thank the Research Federation 3209 for providing access to an accurate Flow 

cytometer, the CNRS and The Region Lorraine for funding our research. 



 

 

 

1 Kurobe H, Maxfield MW, Breuer CK, Shinoka T. Concise review: tissue-engineered vascular grafts for cardiac surgery: past, present, and future. Stem Cells Transl Med 2012; 1: 

566–571. 

2 Caplan A. Why are MSCs therapeutic? New data: new insight. J Pathol 2009; 217: 318–324. 

3 El Omar R, Beroud J, Stoltz JF, Menu P, Velot E, Decot V. Umbilical cord mesenchymal stem cells: the new gold standard for mesenchymal stem cell based therapies? Tissue Eng Part 

B ReV 2014; 20: 523–544. 

4 De Miguel MP, Fuentes-Julián S, Blázquez-Martínez A, Pascual CY, Aller MA, Arias J et al. Immunosuppressive properties of mesenchymal stem cells: advances and 

applications. Curr Mol Med 2012; 12: 574–591. 

5 Hass R, Kasper C, Böhm S, Jacobs R. Different populations and sources of  human mesenchymal stem cells (MSC): a comparison of adult and neonatal tissue-derived MSC. 

Cell Commun Signal CCS 2011; 9: 12. 

6 Mandapathil M, Hilldorfer B, Szczepanski MJ, Czystowska M, Szajnik M, Ren J et al. 

Generation and accumulation of immunosuppressive adenosine by human CD4 

+CD25highFOXP3+ regulatory T cells. J Biol Chem 2010; 285: 7176–7186. 

7 Cuerquis J, Romieu-Mourez R, François M, Routy J-P, Young YK, Zhao J et al. Human mesenchymal stromal cells transiently increase cytokine production by activated T cells before  

suppressing T-cell proliferation: effect of interferon-γ and tumor necrosis factor-α stimulation. Cytotherapy 2014; 16: 191–202. 

8 La Rocca G, Corrao S, Lo Iacono M, Corsello T, Farina F, Anzalone R. Novel immunomodulatory markers expressed by human WJ-MSC: an updated review in regenerative 

and reparative medicine. Open Tissue Eng Regen Med J 2012; 5: 50–58. 

9 Najar M, Raicevic G, Jebbawi F, De Bruyn C, Meuleman N, Bron D et al. Characteriza- tion and functionality of the CD200-CD200R system during mesenchymal stromal cell 

interactions with T-lymphocytes. Immunol Lett 2012; 146: 50–56. 

10 Pietilä M, Lehtonen S, Tuovinen E, Lähteenmäki K, Laitinen S, Leskelä H-V et al. CD200 positive human mesenchymal stem cells suppress TNF-alpha secretion from CD200 

receptor positive macrophage-like  cells.  PLoS  ONE  2012;  7: e31671. 

11 Whiteside TL, Mandapathil M, Schuler P. The role of the adenosinergic pathway in immunosuppression mediated by human regulatory T cells (Treg). Curr Med Chem 2011; 18: 

5217–5223. 

12 Yen BL, Chang CJ, Liu K-J, Chen YC, Hu H-I, Bai C-H et al. Brief report–human embryonic stem cell-derived mesenchymal progenitors possess strong immunosuppres- sive 

effects toward natural killer cells as well as T lymphocytes. Stem Cells Dayt Ohio 2009; 27: 451–456. 

13 Song H, Park H, Kim J, Park G, Kim Y-S, Kim SM et al. IDO metabolite produced by EBV-transformed B cells inhibits surface expression of NKG2D in NK cells via the c-Jun N-

terminal kinase (JNK) pathway. Immunol Lett 2011; 136: 187–193. 

14 Le Blanc K, Tammik C, Rosendahl K, Zetterberg E, Ringdén O. HLA expression and immunologic properties of differentiated and undifferentiated mesenchymal stem cells. Exp 

Hematol 2003; 31: 890–896. 

15 Liu H, Kemeny DM, Heng BC, Ouyang HW, Melendez AJ, Cao T. The immunogenicity and immunomodulatory function of osteogenic cells differentiated from mesenchymal stem 

cells. J Immunol Baltim Md 1950 2006; 176: 2864–2871. 

16 Liu C-T, Yang Y-J, Yin F, Wang X, Yu X-H, Wang Q-H et al. The immunobiological development of human bone marrow mesenchymal stem cells in the course of neuronal 

differentiation. Cell Immunol 2006; 244: 19–32. 

17 Huang X-P, Sun Z, Miyagi Y, McDonald Kinkaid H, Zhang L, Weisel RD et al. Differentiation of allogeneic mesenchymal stem cells induces immunogenicity  and limits 

their long-term benefits for myocardial repair. Circulation 2010; 122: 2419–2429. 

18 Li P, Li S-H, Wu J, Zang W-F, Dhingra S, Sun L et al. Interleukin-6 downregulation with mesenchymal stem cell differentiation results in loss of immunoprivilege. J Cell Mol Med 

2013; 17: 1136–1145. 

19 Liu S, Yuan M, Hou K, Zhang L, Zheng X, Zhao B et al. Immune characterization of mesenchymal stem cells in human umbilical cord Wharton’s jelly and derived cartilage cells. 

Cell Immunol 2012; 278: 35–44. 

20 Zhang P, Baxter J, Vinod K, Tulenko TN, Di Muzio PJ. Endothelial differentiation of amniotic fluid-derived stem cells: synergism of biochemical and shear force stimuli. Stem 

Cells DeV 2009; 18: 1299–1308. 

21 Janeczek Portalska K, Leferink A, Groen N, Fernandes H, Moroni L, van Blitterswijk C et al. Endothelial differentiation of mesenchymal stromal cells. PLoS ONE 2012; 7: e46842. 

22 Rammal H, Beroud J, Gentils M, Labrude P, Menu P, Kerdjoudj H  et  al. Reversing charges or how to improve Wharton’s jelly mesenchymal stem cells culture on 

polyelectrolyte multilayer films. Biomed  Mater  Eng  2013;  23:  299–309. 

23 Boura C, Menu P, Payan E, Picart C, Voegel JC, Muller S et al. Endothelial cells grown on thin polyelectrolyte mutlilayered films: an evaluation of a new versatile surface 

modification. Biomaterials 2003; 24: 3521–3530. 

24 Kronsteiner B, Wolbank S, Peterbauer A, Hackl C, Redl H, van Griensven M et al. Human mesenchymal stem cells from adipose tissue and amnion influence T-cells 

depending on stimulation method and presence of other immune cells. Stem Cells DeV 2011; 20: 2115–2126. 

25 Ding Y, Xu D, Feng G, Bushell A, Muschel RJ, Wood KJ. Mesenchymal stem cells prevent the rejection of fully allogenic islet grafts by the immunosuppressive activity of matrix 

metalloproteinase-2 and -9. Diabetes 2009; 58: 1797–1806. 



 

 

26 Park M-J, Shin J-S, Kim Y-H, Hong S-H, Yang S-H, Shin J-Y et al. Murine mesenchymal stem cells suppress T lymphocyte activation through IL-2 receptor α (CD25) cleavage by 

producing matrix metalloproteinases. Stem Cell ReV 2011; 7: 381–393. 

27 Benson HL, Mobashery S, Chang M, Kheradmand F, Hong JS, Smith GN et al. Endogenous matrix metalloproteinases 2 and 9 regulate activation of CD4+ and CD8+
 T cells. Am J 

Respir Cell Mol Biol 2011; 44: 700–708. 

28 Najar M, Raicevic G, Boufker HI, Fayyad Kazan H, De Bruyn C, Meuleman N et al. Mesenchymal stromal cells use PGE2 to modulate activation and proliferation of lymphocyte 

subsets: combined comparison of adipose tissue, Wharton’s jelly and bone marrow sources. Cell Immunol 2010; 264: 171–179. 

29 Fallarino F, Grohmann U, You S, McGrath BC, Cavener DR, Vacca C et al. The combined effects of tryptophan starvation and tryptophan catabolites down-regulate T cell 

receptor zeta-chain and induce a regulatory phenotype in naive T cells. J Immunol Baltim Md 1950 2006; 176: 6752–6761. 

30 Yan Z, Zhuansun Y, Chen R, Li J, Ran P. Immunomodulation of mesenchymal stromal cells on regulatory T cells and its possible mechanism. Exp Cell Res 2014; 324: 65–74. 

31 Luz-Crawford P, Kurte M, Bravo-Alegria J, Contreras R, Nova-Lamperti E, Tejedor G et al. Mesenchymal stem cells generate a CD4+CD25+Foxp3+ regulatory T cell population 

during the differentiation process of Th1 and Th17 cells. Stem Cell Res Ther 2013; 4: 65. 

32 Melief SM, Schrama E, Brugman MH, Tiemessen MM, Hoogduijn MJ, Fibbe WE et al. Multipotent stromal cells induce human regulatory T cells through a novel pathway involving 

skewing of monocytes toward anti-inflammatory macrophages. Stem Cells 2013; 31: 1980–1991. 

33 Chatterjee D, Tufa DM, Baehre H, Hass R, Schmidt RE, Jacobs R. Natural killer cells acquire CD73 expression upon exposure to mesenchymal stem cells. Blood 2014; 123: 594–595. 

34 Lee B-K, Kim M-J, Jang H-S, Lee H-R, Ahn K-M, Lee J-H et al. A high concentration of MMP-2/gelatinase A and MMP-9/gelatinase B reduce NK cell-mediated cytotoxicity against an 

oral squamous cell carcinoma cell line. VIVO Athens Greece 2008; 22: 593–597. 

35 Grzywacz B, Kataria N, Verneris MR. CD56(dim)CD16(+) NK cells downregulate CD16 following target cell induced activation of matrix metalloproteinases. Leukemia 2007; 21: 356–

359. author reply 359. 

36 Harrison D, Phillips JH, Lanier LL. Involvement of a metalloprotease in spontaneous and phorbol ester-induced release of natural killer cell-associated Fc gamma RIII (CD16-II). J 

Immunol Baltim Md 1950 1991; 147: 3459–3465. 

37 Hu Y, Davison F, Zhang Z, Xu Q. Endothelial replacement and angiogenesis in arteriosclerotic lesions of allografts are contributed by circulating progenitor cells. Circulation 

2003; 108: 3122–3127. 

38 Nowak G, Karrar A, Holmén C, Nava S, Uzunel M, Hultenby K et al. Expression of vascular endothelial growth factor receptor-2 or Tie-2 on peripheral blood cells defines 

functionally competent cell populations capable of reendothelialization. Circulation 2004; 110: 3699–3707. 

39 Chen M-Y, Lie P-C, Li Z-L, Wei X. Endothelial differentiation of Wharton’s jelly-derived mesenchymal stem cells in comparison with bone marrow-derived mesenchymal stem cells. 

Exp Hematol 2009; 37: 629–640. 

40 Vater C, Kasten P, Stiehler M. Culture media for the differentiation of mesenchymal stromal cells. Acta Biomater 2011; 7: 463–477. 

41 Prasad Chennazhy K, Krishnan LK. Effect of passage number and matrix characteristics on differentiation of endothelial cells cultured for tissue engineering. Biomaterials 2005; 26: 

5658–5667. 

42 La Rocca G, Lo Iacono M, Corsello T, Corrao S, Farina F, Anzalone R. Human Wharton’s jelly mesenchymal stem cells maintain the expression of key immunomodulatory molecules 

when subjected to osteogenic, adipogenic and chondrogenic differentiation in vitro: new perspectives for cellular therapy. Curr Stem Cell Res Ther 2013; 8: 100–113. 

43 Ferrara N. Vascular endothelial growth factor: basic science and clinical progress. Endocr REV 2004; 25: 581–611. 

44 Oswald J, Boxberger S, Jørgensen B, Feldmann S, Ehninger G, Bornhäuser M et al. Mesenchymal stem cells can be differentiated into endothelial cells in vitro. Stem Cells Dayt Ohio 

2004; 22: 377–384. 

45 Niwa K, Kado T, Sakai J, Karino T. The effects of a shear flow on the uptake of LDL and acetylated LDL by an EC monoculture and an EC-SMC coculture. Ann Biomed Eng 2004; 32: 

537–543. 

46 Fischer LJ, McIlhenny S, Tulenko T, Golesorkhi N, Zhang P, Larson R et al. Endothelial differentiation of adipose-derived stem cells: effects of endothelial cell growth supplement and 

shear force. J Surg Res 2009; 152: 157–166. 

47 Montespan F, Deschaseaux F, Sensébé L, Carosella ED, Rouas-Freiss N. Osteodiffer- entiated mesenchymal stem cells from bone marrow and adipose tissue express HLA-G and display 

immunomodulatory properties in HLA-mismatched settings: implications in bone repair therapy. J Immunol Res 2014; 2014: e230346. 

48 Duffner UA, Maeda Y, Cooke KR, Reddy P, Ordemann R, Liu C et al. Host dendritic cells alone are sufficient to initiate acute graft-versus-host disease. J Immunol Baltim Md 1950 

2004; 172: 7393–7398. 

49 Sotiropoulou PA, Perez SA, Gritzapis AD, Baxevanis CN, Papamichail M. Interactions between human mesenchymal stem cells and natural killer cells. Stem Cells Dayt Ohio 2006; 24: 

74–85. 

50 Castro-Manrreza ME, Mayani H, Monroy-García A, Flores-Figueroa E, Chávez-Rueda K, Legorreta-Haquet V et al. Human mesenchymal stromal cells from adult and neonatal sources: a 

comparative in VITro analysis of their immunosuppressive properties against T cells. Stem Cells DEV 2014; 23: 1217–1232. 

51 Chinnadurai R, Copland IB, Patel SR, Galipeau J. IDO-independent suppression of T cell  effector  function  by  IFN-γ–licensed  human  mesenchymal  stromal  cells. J Immunol 

2014; 192: 1491–1501. 

52 Le Blanc K, Rasmusson I, Götherström C, Seidel C, Sundberg B, Sundin M et al. Mesenchymal stem cells inhibit the expression of CD25 (interleukin-2 receptor) and CD38 on 

phytohaemagglutinin-activated lymphocytes. Scand J Immunol 2004; 60: 307–315. 

53 Di Ianni M, Del Papa B, De Ioanni M, Moretti L, Bonifacio E, Cecchini D et al. Mesenchymal cells recruit and regulate T regulatory cells. Exp Hematol 2008; 36: 309–318. 

54 Luan X, Li G, Wang G, Wang F, Lin Y. Human placenta-derived mesenchymal stem cells suppress T cell proliferation and support the culture expansion of cord blood CD34+
 cells: a 

comparison with human bone marrow-derived mesenchymal stem cells. Tissue Cell 2013; 45: 32–38. 

55 Tipnis S, Viswanathan C, Majumdar AS. Immunosuppressive properties of human umbilical cord-derived mesenchymal stem cells: role of B7-H1 and IDO. Immunol Cell Biol 2010; 88: 

795–806. 

56 Manochantr S, U-pratya Y, Kheolamai P, Rojphisan S, Chayosumrit M, Tantrawatpan C et al. Immunosuppressive properties of mesenchymal stromal cells derived from amnion, 

placenta, Wharton’s jelly and umbilical cord. Intern Med J 2013; 43: 430–439. 

57 Parks WC, Wilson CL, López-Boado YS. Matrix metalloproteinases as modulators of inflammation and innate immunity. Nat ReV Immunol 2004; 4: 617–629. 

58 Nissinen L, Kähäri V-M. Matrix metalloproteinases in inflammation. Biochim Biophys Acta 2014; 1840: 2571–2580. 

59 Selmani Z, Naji A, Zidi I, Favier B, Gaiffe E, Obert L et al. Human leukocyte antigen-G5 secretion by human mesenchymal stem cells is required to suppress T lymphocyte and natural killer 



 

 

function and to induce CD4+CD25highFOXP3+ regulatory T cells. Stem Cells Dayt Ohio 2008; 26: 212–222. 

60 Maccario R, Podestà M, Moretta A, Cometa A, Comoli P, Montagna D et al. Interaction of human mesenchymal stem cells with cells involved in alloantigen-specific immune response 

favors the differentiation of CD4+ T-cell subsets expressing a regulatory/ suppressive phenotype. Haematologica 2005; 90: 516–525. 

61 English K, Ryan JM, Tobin L, Murphy MJ, Barry FP, Mahon BP. Cell contact, prostaglandin E2 and transforming growth factor beta 1 play non-redundant roles in human 

mesenchymal stem cell induction of CD4+CD25Highforkhead box P3+ regulatory T cells. Clin Exp Immunol 2009; 156: 149–160. 

62 Lu L, Feng M, Gu J, Xia Z, Zhang H, Zheng S et al. Restoration of intrahepatic regulatory T cells through MMP-9/13-dependent activation of TGF-β is critical for immune homeostasis 

following acute liver injury. J Mol Cell Biol 2013; 5: 369–379. 

63 Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, Longoni PD, Matteucci P et al. Human bone marrow stromal cells suppress T-lymphocyte proliferation induced by cellular or 

nonspecific mitogenic stimuli. Blood 2002; 99: 3838–3843. 

64 Cao Y, Sun Z, Liao L, Meng Y, Han Q, Zhao RC. Human adipose tissue-derived stem cells differentiate into endothelial cells in vitro and improve postnatal neovascularization in 

vivo. Biochem Biophys Res Commun 2005; 332: 370–379. 

65 Ganesh BB, Bhattacharya P, Gopisetty A, Sheng J, Vasu C, Prabhakar BS. IL-1β promotes TGF-β1 and IL-2 dependent Foxp3 expression in regulatory T cells. PLoS ONE 2011; 6: 

e21949. 

66 Afzali B, Mitchell PJ, Edozie FC, Povoleri GAM, Dowson SE, Demandt L et al. CD161 expression characterizes a subpopulation of human regulatory T cells that produces IL-17 

in a STAT3-dependent manner. Eur J Immunol 2013; 43: 2043–2054. 

67 Curran T-A, Jalili RB, Farrokhi A, Ghahary A. IDO expressing fibroblasts promote the expansion of antigen specific regulatory T cells. Immunobiology 2014; 219: 17–24. 

68 Chung DJ, Rossi M, Romano E, Ghith J, Yuan J, Munn DH et al. Indoleamine 2,3-dioxygenase-expressing mature human monocyte-derived dendritic cells expand potent 

autologous regulatory T cells. Blood 2009; 114: 555–563. 

69 Park M-J, Min S-Y, Park K-S, Cho Y-G, Cho M-L, Jung Y-O et al. Indoleamine 2,3-dioxygenase-expressing dendritic cells are involved in the generation of CD4+CD25+ 

regulatory T cells in Peyer’s patches in an orally tolerized, collagen- induced arthritis mouse model. Arthritis Res Ther 2008; 10: R11. 

70 Curti A, Pandolfi S, Valzasina B, Aluigi M, Isidori A, Ferri E et al. Modulation of tryptophan catabolism by human leukemic cells results in the conversion of CD25- into CD25+ T 

regulatory cells. Blood 2007; 109: 2871–2877. 

71 Kalinski P. Regulation of immune responses by prostaglandin E2. J Immunol Baltim Md 1950 2012; 188: 21–28. 

72 Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F, Mingari MC, Moretta L. Mesenchymal stem cells inhibit natural killer-cell proliferation, cytotoxicity, and cytokine 

production: role of indoleamine 2,3-dioxygenase and prostaglandin E2. Blood 2008; 111: 1327–1333. 

73 Litzenburger UM, Opitz CA, Sahm F, Rauschenbach KJ, Trump S, Winter M et al. Constitutive IDO expression in human cancer is sustained by an autocrine signaling loop 

involving IL-6, STAT3 and the AHR. Oncotarget 2014; 5: 1038–1051. 

74 Chauveau A, Tonnerre P, Pabois A, Gavlovsky P-J, Chatelais M, Coupel S et al. Endothelial cell activation and proliferation modulate NKG2D activity by regulating MICA 

expression and shedding. J Innate Immun 2014; 6: 89–104. 

75 Hoskin DW, Mader JS, Furlong SJ, Conrad DM, Blay J. Inhibition of T cell and natural killer cell function by adenosine and its contribution to immune evasion by tumor cells 

(Review). Int J Oncol 2008; 32: 527–535. 

76 Häusler SFM, Montalbán del Barrio I, Strohschein J, Anoop Chandran P, Engel JB, Hönig A et al. Ectonucleotidases CD39 and CD73 on OvCA cells are potent adenosine-

generating enzymes responsible for adenosine receptor 2A-dependent suppression of T cell function and NK cell cytotoxicity. Cancer Immunol Immunother CII 2011; 60: 

1405–1418. 

77 Petsa A, Gargani S, Felesakis A, Grigoriadis N, Grigoriadis I. Effectiveness of protocol for the isolation of Wharton’s Jelly stem cells in large-scale applications. Vitro Cell DeV Biol Anim 

2009; 45: 573–576. 

78 Harmouch C, El-Omar R, Labrude P, Decot V, Menu P, Kerdjoudj H. Influence of serum percentage on the behavior of Wharton’s jelly mesenchymal stem cells in culture. Biomed 

Mater Eng 2013; 23: 273–280. 

79 Xu Y, Meng H, Li C, Hao M, Wang Y, Yu Z et al. Umbilical cord-derived mesenchymal stem cells isolated by a novel explantation technique can differentiate into functional 

endothelial cells and promote revascularization. Stem Cells DeV 2010; 19: 1511–1522. 

80 Jaffe EA, Nachman RL, Becker CG, Minick CR.  Culture of human endothelial  cells derived from umbilical veins. Identification by morphologic and immunologic criteria. J 

Clin INVest 1973; 52: 2745–2756. 

81 Doan CC, Le TL, Hoang NS, Doan NT, Le VD, Si, Do M. Differentiation of umbilical cord lining membrane-derived mesenchymal stem cells into endothelial-like cells. Iran Biomed 

J 2014; 18: 67–75. 

82 Decot V, Voillard L, Latger-Cannard V, Aissi-Rothé L, Perrier P, Stoltz JF et al. Natural-killer cell amplification for adoptive leukemia relapse immunotherapy: comparison of 

three cytokines, IL-2, IL-15, or IL-7 and impact on NKG2D, KIR2DL1, and KIR2DL2 expression. Exp Hematol 2010; 38: 351–362. 

83 Poleni P-E, Etienne S, Velot E, Netter P, Bianchi A. Activation of PPARs α, β/δ, and γ impairs TGF-β1-induced collagens’ production and modulates the TIMP-1/MMPs balance 

in three-dimensional cultured chondrocytes. PPAR Res 2010; 2010:  635912. 

84 Ernens I, Rouy D, Velot E, Devaux Y, Wagner DR. Adenosine inhibits matrix metalloproteinase-9 secretion by neutrophils: implication of A2a receptor and cAMP/ PKA/Ca2+ 

pathway. Circ Res 2006; 99: 590–597. 

 


