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extracellular matrix, rich in resident cellular populations (Figure 2). Moreover, vitrified WJ-tissue
appeared to be preserved properly with the current vitrification protocol; thus, no damage occurred in
the resident cells. On the other hand, CPA-free WJ-tissue was characterized by extensive damage of
the ECM, due to ice crystal formation during the storage procedure (Figure 2). The extensive WJ-tissue
damage that was observed in CPA-free samples, could negatively affect the viability of WJ-MSCs.

 

Figure 1. Isolation of MSCs derived from non-vitrified, vitrified and CPA-free WJ tissue. MSCs derived
from fresh non-vitrified WJ-tissue (n = 10) at day 7 (A), 12 (D) and 18 (G). MSCs derived from vitrified
WJ tissue (n = 10) at day 7 (B), 12 (E) and 18 (H). No MSCs were able to be isolated from CPA-free
(n = 10) WJ tissue at day 7 (C), 12 (F) and 18 (I). Original magnification 10×, scale bars 100 μm.

 

Figure 2. Histological analysis of WJ tissue. Non-vitrified (n = 5) WJ tissue (A,D,G), vitrified (n = 5) WJ
tissue (B,E,H) and CPA-free (n = 5) WJ tissue (C,F,I) stained with H&E. The black boxes in 10× images
(A–C) highlights the region that appeared in higher magnification of 20× and 40×. Black arrows in
CPA-free WJ tissue with magnification 20× and 40× indicated the extensive damage of the tissue.
Images A–C, were acquired with original magnification 10×, scale bars 100 μm. Images D–F, were
acquired with original magnification 20×, scale bars 50 μm. Images G–I, were acquired with original
magnification 40×, scale bars 25 μm.

89



Bioengineering 2018, 5, 95

3.3. Characteristics and Growth Kinetics of WJ-MSCs

WJ-MSCs from both experimental conditions exhibited multipotent differentiation potential
towards “osteogenic”, “adipogenic” and “chondrogenic” lineages as has been confirmed by Alizarin
Red S, Oil red O and Alcian blue staining, respectively (Figure 3). Specifically, under “osteogenic”
differentiation conditions, WJ-MSCs derived either from non-vitrified and vitrified WJ tissue samples
were characterized by calcium deposits, which were visible by Alizarin Red S staining (Figure 3A).
In addition, differentiated WJ-MSCs towards “adipogenic” lineages characterized by intracellular lipid
droplets, which were stained positive with Oil Red-O staining (Figure 3A). Furthermore, WJ-MSCs
differentiated successfully to chondrocytes and stained positive with Alcian blue staining (Figure 3A).

 

Figure 3. Characteristics of MSCs derived from non-vitrified and vitrified WJ tissue samples.
(A) Differentiation potential of MSCs from non-vitrified (n = 3) WJ tissue samples towards “osteogenic
(1)”, “adipogenic (3)” and “chondrogenic (5)” lineages. Differentiation potential of MSCs from vitrified
(n = 3) WJ tissue samples towards “osteogenic (2)”, “adipogenic (4)” and “chondrogenic (6)” lineages.
Original magnification 10×, scale bars 100 μm (B) CFU-F assay of WJ-MSCS obtained from non-vitrified
(n = 3) and vitrified (n = 3) WJ tissue samples. (C) Counting of CFUs. Total cell number (D), CDT (E),
PD (F), % cell viability (G) of MSCs until reaching passage 8 from non-vitrified (n = 3) and vitrified
(n = 3) WJ tissue samples.
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A CFU-F assay was performed in order to determine the clonogenic potential of WJ-MSCs.
Specifically, MSCs derived from non-vitrified WJ tissue samples presented a higher number of CFU-F
when compared to MSCs derived from vitrified tissue, but this increase was not statistically significant
(Figure 3B,C). The higher number of CFU-F of WJ MSCs from both experimental conditions was at
passage 6 (23 ± 2 and 22 ± 2 CFUs).

In addition, total cell number, CDT, PD and cell viability were calculated in order to determine
the characteristics of WJ-MSCs. The total cell number of WJ-MSCs when reaching passage 8 surpassed
the 1.1 × 108 cells (Figure 3D). The mean CDT of MSCs derived from non-vitrified and vitrified WJ
tissue samples ranged between 20 ± 7 to 70 ± 7 and 19 ± 6 to 69 ± 7 h. In addition, the mean PD
of MSCs from the first experimental condition ranged between 3 ± 1 to 14 ± 1 and from the second
experimental condition ranged between 3 ± 1 to 14 ± 2. The mean cell viability of MSCs derived
from both experimental conditions until reaching passage 8 ranged between 94 ± 1% to 95 ± 1% and
95 ± 1% to 96 ± 1%.

3.4. Immunophenotypic Analysis of WJ MSCs with Flow Cytometer

WJ-MSCs from both experimental conditions expressed positively CD73, CD90, CD105, HLA-ABC,
CD29 and CD44 (Table 2). In addition, WJ-MSCs derived either from non-vitrified or vitrified WJ tissue
samples were characterized by negative expression of CD3, CD19, CD31, HLA-DR, CD34 and CD45
(Table 2). There were no statistically significant differences in surface markers between WJ-MSCs from
both experimental conditions. A detailed list of surface marker expression is shown in Table 2.

Table 2. Flow cytometric analysis of MSCs derived from non-vitrified (n = 3) and vitrified (n = 3)
WJ-tissue samples.

Clusters of
Differentiation

MSCs Derived from Non-Vitrified
WJ Tissue (% Expression)

MSCs Derived from Vitrified
WJ Tissue (% Expression)

p-Value

CD73 97.3 ± 0.9 97.0 ± 0.8 0.7431
CD90 96.0 ± 0.6 96.7 ± 0.5 0.6338
CD105 96.3 ± 0.7 96.7 ± 0.5 0.5897

HLA-ABC 97.0 ± 0.1 96.4 ± 2.3 0.7369
CD29 96.0 ± 1.3 95.2 ± 1.5 0.6306
CD44 96.5 ± 0.6 95.2 ± 0.8 0.1489
CD3 1.6 ± 0.2 1.6 ± 0.1 0.9989

CD19 1.3 ± 0.1 1.3 ± 0.5 0.2663
CD31 1.4 ± 0.1 1.4 ± 0.1 0.9978
CD14 1.1 ± 0.2 1.1 ± 0.1 0.8419

HLA-DR 1.1 ± 0.1 1.1 ± 0.1 0.6033
CD-34 1.5 ± 1.1 1.6 ± 0.2 0.4501
CD45 1.4 ± 0.3 1.3 ± 0.1 0.7445

3.5. Immunohistochemistry of HLA-G Expression

Non-vitrified and vitrified WJ tissues successfully expressed the HLA-G, as indicated by
immunohistochemistry results. Specifically, vitrified WJ tissue was characterized by the expression
of HLA-G, even after 1 year of storage (Figure 4). In addition, non-vitrified and vitrified WJ tissues
stained positive for HLA-G in a similar way as the positive control group (Figure S5).

3.6. HLA-G Expression in WJ-MSCs

WJ-MSCs from both experimental conditions were characterized by the expression of HLA-G.
Specifically, MSCs at passage 3 derived from non-vitrified and vitrified WJ tissue samples successfully
expressed the intracellular isoform, HLA-G1 and the soluble isoforms HLA-G5 and HLA-G7 (Figure 5A).
Flow cytometric analysis indicated that 96 ± 1% of MSCs obtained from non-vitrified WJ tissue and
95 ± 2% of MSCs from vitrified WJ tissue, expressed the HLA-G (Figure 5B and Table S1).
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Figure 4. HLA-G expression in WJ tissue. Immunohistochemistry results regarding the HLA-G
expression in non-vitrified (n = 5) WJ tissue (A–C). Immunohistochemistry results regarding the
HLA-G expression in vitrified (n = 5) WJ tissue (D–F). The black boxes in 10× images (A,D) highlights
the region that was magnified in images B,C,E,F. Images A,B were acquired with original magnification
10×, scale bars 100 μm. Images B,E were acquired with original magnification 20×, scale bars 50 μm.
Images C,F were acquired with original magnification 40×, scale bars 25 μm.

Figure 5. HLA-G expression by WJ-MSCs. (A) HLA-G expression of MSCs derived from non-vitrified
(n = 5) and vitrified (n = 5) WJ tissue; (B) Characterization of HLA-G expression in MSCs derived from
non-vitrified (n = 3) and vitrified (n = 3) WJ tissue, by flow cytometric analysis. (C) Mixed lymphocyte
reaction using WJ-MSCs from both experimental conditions. Statistically significant differences were
observed between MLR and MLR coupled with MSCs from non-vitrified WJ tissue (p < 0.001) and
MSCs from vitrified WJ tissue (p < 0.001).

MLR results showed that WJ-MSCs from both experimental conditions successfully suppressed
the proliferation of PBMNCs as indicated by the mean number of proliferated cells (12 × 104 in
both experimental conditions). On the other hand, responder cells presented high proliferation
(19 × 104 cells) without the addition of WJ-MSCs (Table S2 and Figure S4). Statistically significant
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differences between MLR and MLR performed with MSCs derived either from non-vitrified (p <0.001)
of vitrified (p <0.001) WJ tissue samples, were observed. No statistically significant differences were
observed between MSCs derived from non-vitrified and vitrified WJ-tissue samples.

3.7. Indirect Immunofluorescence of HLA-G in WJ-MSCs

Indirect immunofluorescence confirmed the successful expression of HLA-G by MSCs derived
either from non-vitrified and vitrified WJ-tissue samples (Figure 6 and Figure S6). No alteration in
staining signal was observed between MSCs obtained from both experimental conditions.

 

Figure 6. HLA-G expression in WJ-MSCs. WJ-MSCs obtained from non-vitrified (n = 5) and
vitrified (n = 5) WJ tissue with light microscopy (A,B). Indirect immunofluorescence against HLA-G in
combination with DAPI in MSCs derived from non-vitrified (C,E,G) and vitrified (D,F,H) WJ tissue
samples. Images A,B were acquired with original magnification 10×, scale bars 100 μm. Images C,D
were acquired with original magnification 10×, scale bars 100 μm. Images E,F were acquired with
original magnification 20×, scale bars 50 μm. Images G,H were acquired with original magnification
40×, scale bars 25 μm.
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4. Discussion

The therapeutic applications of human MSCs towards serious life-threating disorders have been
highlighted by several reports [7–9]. MSCs are well known for their immunomodulatory properties,
which could make them ideal candidates for personalized medicine. HLA-G seems to a play crucial role
in the immunosuppression process. MSCs derived from extraembryonic tissues may be characterized
by higher expression of HLA-G than MSCs from other sources [10].

Under this scope, the WJ MSCs could possibly be used in several therapeutic strategies such as
administration of GVHD and autoimmune disorders. In most of the times, prolonging cell culture
and expansion is needed in order to obtain sufficient number of cells, which could affect significantly
the MSCs properties. A possible solution to address this problem, could be the cryopreservation by
vitrification of the entire WJ tissue and isolation of MSCs at any desired time point.

The aim of this study was to evaluate the HLA-G expression in MSCs derived from vitrified WJ
tissue after long-term storage at −196 ◦C. Initially, WJ tissues were vitrified and stored for a time
period of 1 year at −196 ◦C. Then, the tissues were thawed and MSCs were isolated. Non-vitrified and
CPA-free WJ tissues stored in liquid nitrogen, were used as control groups for this study. MSCs were
successfully isolated from vitrified WJ tissue and confluency observed after 18 days, in a similar
way as the MSCs derived from non-vitrified WJ tissues. On the other hand, no cells were obtained
from CPA-free samples. Moreover, MSCs from non-vitrified and vitrified WJ tissues characterized
by the same morphology, while total cell number, CDT, PD and cell viability did not present any
statistically significant difference. Furthermore, isolated MSCs from both experimental procedures
were successfully passaged and reached passage 8.

MSCs isolated from non-vitrified and vitrified WJ tissue samples were differentiated successfully
to “osteocytes”, “adipocytes”, and “chondrocytes”. Furthermore, MSCs formed CFUs, were positive for
CD73, CD90, CD105 and negative for CD34, CD45, HLA-DR as indicated by the ISCT [6]. Same results
have been observed in several studies, elucidating in this way the efficient storage of WJ tissue
over a long time period [15,16]. Moreover, histological analysis revealed that non-vitrified and
vitrified WJ tissues were characterized by a dense ECM with well-preserved MSCs, while CPA-free
samples exhibited extensive ECM damage. As a consequence to this, the tissue’s resident cells
were not preserved properly, were damaged and no cells were isolated from CPA-free samples.
This phenomenon could be explained by ice crystal formation during storage and thawing procedure
of CPA-free samples [14]. On the other hand, the use of a proper combination of cryoprotective agents
(low and high molecular weight) in vitrification method, resulted in the preservation of the tissue’s
ECM and resident cells [14].

Once the proper storage of WJ-tissue at low temperatures was established, the expression of
HLA-G was evaluated. HLA-G is expressed primarily in trophoblast and other extraembryonic tissues
such as the umbilical cord. Moreover, HLA-G is elevated during pregnancy, thus maintaining in this
way the immunosuppressive state towards the fetus. Moreover, the elevation of HLA-G expression
is relevant with the successful implantation of trophoblast [21,22]. WJ tissue contains MSCs, which
are part of the umbilical cord, thus expressing the HLA-G. Immunohistochemistry results showed the
positive expression of HLA-G in WJ tissue from both experimental conditions. In order to evaluate
thoroughly that MSCs from both experimental procedures expressed the HLA-G, gene expression
analysis was performed.

MSCs derived either from non-vitrified or vitrified WJ-tissue successfully expressed HLA-G1, G5
and G7 isoforms. These results were in accordance with the study of Ding et al. where similar
expression levels of HLA-G in MSCs derived from human umbilical cord were observed [20].
HLA-G1 is the membrane bound isoform, which is responsible for prevention of dendritic cell
maturation [20]. In addition, HLA-G5 and G7 are the secreted isoforms that are implicated in immune
tolerance and allograft acceptance [20]. The ability of MSCs to express both membrane-bound and
soluble secreted HLA-G isoforms is very important, making them potential cell populations for
treatment of several serious diseases where immune regulation is needed. Moreover, flow cytometric

94



Bioengineering 2018, 5, 95

analysis for HLA-G showed that MSCs from both experimental procedures expressed the HLA-G at
over 95%, further confirming the initial results from gene expression analysis.

The ability of MSCs to suppress immune cells was checked by an MLR assay. MSCs isolated
from non-vitrified and vitrified WJ tissue samples achieved immunosuppression by decreasing the
number of responder cells. On the other hand, an increase in the number of responder cells was
observed when they interacted with stimulator cells without the presence of MSCs. IFN-γ, which is
produced by PMNCs, is responsible for the activation of MSCs. In response to high levels of IFN-γ,
MSCs express Intracellular Adhesion Molecule-1 (ICAM-1) and various immunosuppressive factors
such as IDO, HLA-G and IL-10. As a result, different immune reactions can be performed either by
activation of Th1 or Th2 cells. Furthermore, MSCs can efficiently modulate the immune response by
activating T regulatory cells. In this study, where allorecognition was performed, MSCs were capable
of suppressing the immune reaction by decreasing the number of responder PBMNCs. Finally, indirect
immunofluorescence against HLA-G was performed. These results showed the positive expression of
HLA-G in MSCs derived either from non-vitrified or vitrified WJ tissues.

The immunological properties of MSCs presented in the current study seemed to be consistent with
previous published studies, where MSCs with different extraembryonic origins were evaluated [20,23–25].
In addition, several reports have focused on the evaluation of immunomodulatory properties of
MSCs derived from fresh WJ tissue [20,24,25]. In our study, an initial attempt to evaluate the HLA-G
expression in MSCs obtained from vitrified WJ tissue was performed. It is widely known that HLA-G
is an immunomodulatory molecule which can interact with tyrosine-based immunoreceptors such
as Ig-like transcript 2 (ILT2) and 4 (ILT4) and killer Ig-like receptor (KIR) 2DL4/CD158d [26–28].
Through this interaction, recruitment of Src homology 2 domain-containing tyrosine phosphatase
1 (SHP-1) and 2 (SHP-2), followed by inactivation of Protein Kinase B (PKB) signaling pathway, resulted
in cell cycle inactivation [26–29]. In addition, HLA-G can induce T and B lymphocyte apoptosis and the
activation of CD4+CD25+FoxP3+ regulatory T cells [18]. Due to these immunomodulatory properties,
MSCs are an ideal cell population for the administration of GVHD and autoimmune disorders. GVHD
and autoimmune disorders are characterized by an extensive immune reaction, where dendritic, T
and B cells play crucial roles. As a first line treatment of those patients, is the use of corticosteroids.
However, there are patients who develop severe or steroid-refractory GVHD or cannot respond
properly to corticosteroid treatment [30–32]. A treatment option might be the infusion of related or
unrelated MSCs. Due to their immunomodulatory properties, MSCs can induce tolerance or immune
suppression to the patients, avoiding in this way the morbidity and mortality which can be caused.
Future experiments will involve the use of MSCs derived from vitrified WJ tissue in animal models
with occurred GVHD or autoimmune disorders [30–32]. In addition, the expression of HLA-G can be
evaluated between MSCs from different sources such as bone marrow and adipose tissue in order to
thoroughly assess their immunomodulatory properties.

5. Conclusions

MSCs derived from vitrified WJ tissue can efficiently retain their HLA-G expression.
Cryopreservation by vitrification can be used for the proper storage of WJ tissue over a long-time period.
MSCs can be isolated from vitrified WJ tissues and expanded successfully under GMP conditions, thus
yielding a great number of cells that could be used in personalized medicine approaches.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5354/5/4/95/s1,
Figure S1: Days of first evidence of isolated MSCs from non-vitrified, vitrified and CPA-free WJ tissue samples.
Figure S2: Initial passage of MSCs to cell culture flasks. Figure S3: Passages of MSCs derived from non-vitrified
and vitrified WJ tissue samples from 1 to 8. Table S1: Flow cytometric analysis of HLA-G expression in WJ
-MSCs. Table S2: MLR results. Figure S4: Mixed Lymphocyte reaction. Figure S5: HLA-G expression in WJ tissue.
Figure S6: Indirect immunofluorescence for HLA-G expression in WJ-MSCs.
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