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Abstract

Mesenchymal stromal cells (MSCs) are promising candidates for cell-based therapies, mainly due to their unique biological
properties such as multipotency, self-renewal and trophic/immunomodulatory effects. However, clinical use has proven complex
due to limitations such as high variability of MSCs preparations and high number of cells required for therapies. These challenges
could be circumvented with cell immortalization through genetic manipulation, and although many studies show that such
approaches are safe, little is known about changes in other biological properties and functions of MSCs. In this study, we
evaluated the impact of MSCs immortalization with the TERT gene on the purinergic system, which has emerged as a key
modulator in a wide variety of pathophysiological conditions. After cell immortalization, MSCs-TERT displayed similar
immunophenotypic profile and differentiation potential to primary MSCs. However, analysis of gene and protein expression
exposed important alterations in the purinergic signaling of in vitro cultured MSCs-TERT. Immortalized cells upregulated the
CD39/NTPDasel enzyme and downregulated CD73/NTS5E and adenosine deaminase (ADA), which had a direct impact on their
nucleotide/nucleoside metabolism profile. Despite these alterations, adenosine did not accumulate in the extracellular space, due
to increased uptake. MSCs-TERT cells presented an impaired in vitro immunosuppressive potential, as observed in an assay of
co-culture with lymphocytes. Therefore, our data suggest that MSCs-TERT have altered expression of key enzymes of the
extracellular nucleotides/nucleoside control, which altered key characteristics of these cells and can potentially change their
therapeutic effects in tissue engineering in regenerative medicine.
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Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12015-020-09986-5) contains supplementary

material, which is available to authorized users. Mesenchymal stromal cells (MSCs) represent a subject of

great interest for therapeutic applications in a wide array
of pathological conditions, such as tissue injury syn-
dromes, degenerative disorders and immune diseases [1].
MSCs have unique biological properties, such as
multipotency, self-renewal capacity and paracrine activity,
especially trophic and immunomodulatory effects [2, 3],
along with the ability to migrate to injured sites [4].
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Altogether, these characteristics make MSCs suitable for
cell-based therapies, either to replace dead or defective
cells or to act as delivery agents for genes and drugs that
need to be carried to the damaged tissues. Our group has
addressed some of the major aspects of MSCs biology in
previous works, investigating the impact of these cells in
tumor cells and in tissue repair [5—11].
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However, despite the enthusiasm based on these potentials,
the translation of MSCs to the clinic has proven more complex
than previously thought. More than 1000 clinical trials using
MSCs have been performed (http://clinicaltrials.gov, search
date 4/01/2020), according to data collected by NIH, and
most of these trials are still in phases I and II with few
conclusive results [1, 12]. One of the main hurdles in the
way to the clinic relates to the high variability of MSC
preparations, that can be associated to the different sources
from which they are obtained, the methods of isolation and
culture conditions used to maintain the cells, and even to
donor characteristics such as age and gender [12—-14].

Furthermore, as the number of cells required for therapies
is usually high, another challenge in the use of MSCs in clin-
ical applications involves their limited lifespan for ex-vivo
expansion. Despite their initial good proliferative rates in cul-
ture, MSCs significantly decrease cell proliferation and under-
go replicative senescence [15—17]. A possible solution to cir-
cumvent both MSCs heterogeneity and limited expansion is-
sues is cell immortalization through genetic manipulation. To
this end, several methods have been described, of which the
most common is the introduction of specific genes to the target
cell genome, such as the viral early region genes of simian
virus 40 (SV40) [18, 19], the E6/E7 oncogenes of human
papilloma-virus (HPV) [20] and the telomerase gene
(TERT) [21-23].

Most of the reports in the literature show that such ap-
proaches are safe (non-tumorigenic) and that immortalized
MSCs present high proliferation rates while maintaining their
differentiation capacity and expression of the same markers of
their non-immortalized counterparts [24-28]. Nevertheless,
very few studies run side by side experiments to compare
immortalized and primary MSCs, and there is still limited
information regarding alterations in biological properties and
function of MSCs other than differentiation potential and sur-
face marker expression. It is becoming more clear, however,
that the introduction of genes such as TERT into MSCs may
exert effects on cells beyond extension of proliferative poten-
tial [29]. In this scenario, the present work aimed to immor-
talize murine MSCs and compare their behavior and biologi-
cal features to primary MSCs in order to determine whether
this approach is worth pursuing in therapeutic applications.

More specifically, here we investigated the purinergic sys-
tem, which has emerged as a key modulator in a wide variety
of pathophysiological functions [30]. This system comprises
signaling mediated mainly by extracellular nucleotides / nu-
cleosides - purines (adenosine, AMP, ADP, and ATP) and
pyrimidines (uridine, UMP, UDP and UTP) - that are con-
trolled by a wide range of enzymes, including E-NTPDases
(ecto-nucleoside triphosphate-diphosphohydrolases), E-NPPs
(ecto-nucleotide pyrophosphatase / phosphodiesterases), alka-
line phosphatase, NT5E (Ecto-5"-nucleotidase / CD73) and
ADA (adenosine deaminase). In the context, CD39/

NTPDasel enzyme, which degrades ATP and ADP, and the
CD73/NTS5E enzyme, one of the MSCs surface markers that
degrades AMP to adenosine, are the main metabolizing en-
zymes. These enzymes are expressed in different types of
MSCs and, through the control of extracellular nucleotides
levels, they can interfere with proliferation and migration
rates, cell fate, immunosuppressive properties, and other im-
portant MSCs functions [31-34]. For instance, it has already
been shown that ATP decreases the proliferation of MSCs
through P2Y1 receptors [35] and also downregulates the
levels of genes involved in proliferation, while upregulates
genes involved in cell migration and potentiates their chemo-
tactic response to CXCL12 [34]. In addition, ATP appears to
stimulate adipogenic differentiation of MSCs through P2Y'1
and P2Y4 receptors, while adenosine contributes to osteogen-
ic differentiation by engaging A2B receptors [36].

Our results demonstrate that although TERT-immortalized
MSCs are able to maintain their differentiation capacity as
well as the expression of MSC-related cell surface markers,
the in vitro nucleotide metabolism profile is altered. Changes
in the expression of purinergic enzymes, and in adenosine
uptake, resulted in less nucleoside accumulation in the extra-
cellular space, which may have influenced the reduction of the
MSCs-TERT immunosuppressive potential. In this way, these
data have important implications for the use of immortalized
MSCs in experimental research and on its way to clinical
settings.

Materials and Methods

Isolation and Culture of Adipose-Derived
Mesenchymal Stromal Cells

Adipose-derived mesenchymal stromal cells (MSCs) were ex-
tracted from adipose tissue of Wistar rats (6—8 weeks). Briefly,
the abdominal fat tissue was washed with phosphate-buffered
saline (PBS) and fragments were digested with collagenase
type I (2 mg/mL) in a water bath at 37 °C for 45 min. Next,
the sample was diluted by addition of an equal volume of
Dulbecco’s Modified Eagle Medium Low Glucose (DMEM-
LG) (Sigma-Aldrich, MO, USA) supplemented with 10% of
fetal bovine serum (FBS), centrifuged for 5 min at 500 g and
the supernatant was discarded. Cells were resuspended in
complete medium (DMEM-LG + 10% FBS supplemented
with 1.0% penicillin / streptomycin and 0.1% amphotericin
B) (Sigma-Aldrich, MO, USA), seeded in six-well dishes
and kept at a temperature of 37 °C with humidity of 95%/
5% CO, in air. All the experimental procedures were per-
formed according to institutional guidelines and were ap-
proved by the Animal Use Ethics committee (CEUA) from
UFCSPA at number 166/15.
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Retroviral-Mediated Transduction of MSCs with TERT
Vector

Retroviruses were generated by co-transfecting the pBABE-
neo-hTERT (Addgene plasmid, #1774) [37] together with the
helper plasmids pRSVREV, pVSVG and pMDLgRRE in sub-
confluent HEK293, as described previously [38]. The media
containing recombinant retroviruses were collected, filtered
through 0.45 pm membranes, mixed with polybrene up to
9 pg/mL (Sigma-Aldrich, MO, USA) and used to gene trans-
fer on MSCs. Twenty-four hours posttransduction, transfected
MSCs (MSCs-TERT) were selected using 1 mg/mL Geneticin
Sulfate (G418) (Sigma-Aldrich, MO, USA) for two weeks
and cultured as described above.

RNA Isolation, cDNA Synthesis and RT-qPCR

Total RNA was extracted with Trizol® Reagent (Invitrogen,
Carlsbad, CA) and reverse transcribed with the M-MLV re-
verse transcriptase (Promega, Madison, WI) and using ran-
dom and oligo-dT primers. mRNA levels for target genes
were detected by real-time quantitative PCR (RT-qPCR)
using the primer sets detailed in Table S1 and the Actb gene
was used as reference gene. Reactions were performed in
12.50 pl final volume containing 6.25 pul SYBR™ Select
Master Mix (Applied Biosystems). RT-qPCR was performed
on a StepOne Plus System (Applied Biosystems) and the am-
plification program consisted of an initial denaturation step at
50 °C for 2 min, initial denaturation 94 °C for 5 min, then
40 cycles at 94 °C for 30 s, 60 °C for 30 s, 72 °C for 45 s; and
72 °C for 15 min, and the melting curves were performed at
incrementing temperatures of 0.3 °C, from 70 °C to 95 °C to
generate a denaturation curve of amplified products. Relative
quantification of mRNA expression was performed based on
amplification of a standard curve method with five successive
ten-fold dilution points of a pool of cDNA samples. In Fig. 1,
the relative gene expression was determined using the formula
10,000/2" 2, as described previously [39].

Proliferation and Cellular Senescence Assay

To measure proliferation rates in a long-term culture, cells
were evaluated by the cumulative population doublings
(cPD) method. Cells were plated in 6 well-microplates at a
concentration of 2 x 10* cells/well and, when reached cellular
confluence, were trypsinized and counted with Trypan blue
(Invitrogen, Carlsbad, CA). Population doublings (PD) were
determined according to the formula PD =log, (Nf) — log,
(Ni), in which Nf is the number of cells per well at the time
of passage and Ni is the number of cells seeded at the previous
passage. The sum of PDs was then plotted against time of
culture. Cells were followed for approximately 3 months.
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Cell senescence was determined using the
Senescence Cells Histochemical Staining Kit (Sigma-
Aldrich, MO, USA), following the manufacturer’s
recommendations.

MSCs and MSCs-TERT Immunophenotyping

Immunophenotypic characterization to evaluate the MSCs
markers profile was performed by flow cytometry using
the following antibodies: CD90-PERCP, CD29-PE
(Molecular Probe, Waltham, MA), CD45-PE and
CDI11b-FITC (Invitrogen, Carlsbad, CA) (dilution
1:200). To characterize the purinergic system enzymes
on the cell surface, the following antibodies were used:
Rabbit or Guinea Pig anti-rat NTPDasel (rN1-6LI5),
NTPDase2 (rN2-6 L), NTPDase3 (rN3-1LI5), CD73
(rNu-9LI5) and NPP1 (mNPP1-2cL5) (dilution 1:100)
(http://ectonucleotidases-ab.com).

For staining, 1 x 10° cells (MSCs or MSCs-TERT) were
dissociated with trypsin, washed once with PBS, centrifuged,
incubated for 60 min at 4 °C with the antibodies and washed
twice with PBS. For primary antibodies, after washing with
PBS, cells were incubated with anti-rabbit or Guinea Pig sec-
ondary antibody Alexa Fluor 488 (Invitrogen, Carlsbad, CA)
for 30 min, with a minimum of two washes after each
incubation.

In all analysis, at least 10,000 events were acquired on a
FACS Calibur flow cytometer (Becton-Dickinson, Mountain
View, CA). The following excitation (Ex) / emission (Em)
wavelengths were used: PERCP (Ex: 482 nm / Em:
695 nm), PE (Ex: 496 nm / Em: 578 nm), FITC (Ex:
494 nm / Em: 520 nm) and Alexa fluor 488 (Ex: 495 nm /
Em: 519 nm).

For cellular analysis, unlabeled cells or labeled only
with the secondary antibody were used as a negative con-
trol and acquired in order to set the forward and side scatter
parameters to center the cell population on the scatter plot,
excluding dead cells and doublets. Fluorescence intensity
was adjusted to set negative control cells within 10°-10'
on the log scale axis and cells were then acquired with an
event count set. Cells were considered as positive when
fluorescence intensity was above the maximum fluores-
cence of the negative control, and reported as percentage
of positive cells, or used geometric mean fluorescence in-
tensity (MFI). Data analysis and representative histograms
were created using FlowJo V10 software.

The cell size of MSCs and MSCs-TERT was evaluated by
measurement of forward scatter (FSC) from flow cytometry
data. In order to normalize the expression levels of purinergic
enzymes considering cell size, the ratio between fluorescence
intensity and forward scatter (FSC) values was calculated for
individual cells.
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Fig. 1 Characterization of the TERT-immortalized MSCs. a Rat primary
MSCs were stably transfected with the TERT gene (MSCs-TERT) and its
insertion confirmed by RT-qPCR, as demonstrated by representative aga-
rose gel and melting curve peak chart collected using the StepOnePlusTM
(Applied Biosystems) (7 =3). The TERT gene was not detected in non-
immortalized MSCs (non-detected = ND). mRNA levels were normal-
ized by Actb gene expression. Results are expressed as mean+SD. b
MSCs-TERT and primary MSCs cell proliferation were evaluated by

MSCs and MSCs-TERT Differentiation

After cell transduction, both MSCs and MSCs-TERT
were induced to differentiate into adipogenic and osteo-
genic lineages, as previously described [6]. Briefly, cells
were plated at a density of approximately 3 x 10* cells in
24-well plates and cultured with osteogenic or adipogenic
medium. For the adipogenic differentiation, medium
consisted of high-glucose DMEM (DMEM-HG) + 10%
FBS, 10 uM dexamethasone, 200 mM indomethacin and
10 pg/mL insulin and the cells were cultured for 21 days.
Next, samples were fixed in 3.7% (w/v) formaldehyde and
photographed to identify lipid vacuoles. For the osteogen-
ic differentiation, medium consisted of minimal alpha es-
sential medium (xMEM), 10% FBS, 0.1 uM dexametha-
sone, 200 uM ascorbic acid, 10 mM [3-glycerophosphate
and the cells were cultured for 30 days. After, cells were
fixed in 3.7% (w/v) formaldehyde, washed once with
PBS, and incubated with alizarin red (40 mM, pH 4.2)
for 45 min in the dark to stain calcium deposits.

All experiments were analyzed by phase microscopy using
an inverted microscope Olympus IX51 equipped with a digital
camera Olympus DP71®.

cumulative population doubling (cPD). Cells were expanded for 84 days
and a significant increase was detected in MSCs-TERT proliferation po-
tential. The experiment was carried out in triplicate (* P <0.05). ¢ At the
end of cPD, both cells were evaluated to senescence signals.
Representative photomicrographs performed after staining with 3-
galactosidase solution demonstrate blue color, which is characteristic of
cellular senescence, only in non-immortalized MSCs (x40 magnification)

Immunocytochemistry

For the CD73 staining, cells were seeded on coverslips, cul-
tured for 48 h and fixed with 4% paraformaldehyde solution in
PBS for 30 min at 4 °C. Next, cells were stained with Rabbit
anti-rat CD73 (rNu-9LI5) (1:200) (http://ectonucleotidases-
ab.com) for 60 min, followed by the anti-rabbit secondary
antibody Alexa Fluor 488 for 30 min, with a minimum of
two washes after each incubation. The nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI) (Molecular
Probe, Waltham, MA) for 20 min at 4 °C in a dark room.
Images were obtained with inverted microscope Olympus
IX51 equipped with a digital camera Olympus DP71®.

Ecto-Nucleotidases Assay

To determine the activity of ecto-nucleotidases in MSCs and
MSCs-TERT, cells were cultured in 24-well microplates until
confluence and washed three times with incubation medium
(IM) containing (final concentration) 120 mM NaCl, 5 mM
KCl, 10 mM glucose, 20 mM Hepes and 2 mM CaCl, (for
ATP and ADP) or 2 mM MgCl, (for AMP) (Sigma-Aldrich,
MO, USA) (pH 7.4). The reaction was started by the addition
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of 200 uL of the IM containing ATP, ADP or AMP (1 mM)
(Sigma-Aldrich, MO, USA) for 20 min at 37 °C [40]. To stop
the reaction, an aliquot of the cell incubation medium
(150 pL) was transferred to a tube containing trichloroacetic
acid (TCA) to a final concentration of 5% (w/v). The produc-
tion of inorganic phosphate (Pi) was measured using the
Malachite green method [41]. To determine the spontaneous
hydrolysis of nucleotides during the incubation, the medium
was incubated with its respective nucleotide without cells.
Cells in the 24 well-microplates were dried and solubilized
with 100 uL of NaOH 1 N and the protein was measured by
the Coomassie blue method [42], using bovine serum albumin
as standard. ATP, ADP and AMP hydrolysis are expressed as
nmol Pi/min/mg protein.

The profile of extracellular nucleotide metabolism was
also analyzed by HPLC. Cells were cultivated as de-
scribed above and incubated with ATP or AMP in a final
concentration of 100 uM at 37 °C. Aliquots (150 uL) of
the samples were collected at different times of incubation
(0, 10, 30, 60, 120 and 180 min) and the reaction was
stopped on ice. All samples were centrifuged at
16,000 g in a refrigerated centrifuge at 4 °C for 15 min
and frozen at —80 °C. To investigate the uptake of aden-
osine by cells, MSCs and MSCs-TERT were previously
treated with 10 uM dipyridamole, a pharmacological in-
hibitor of adenosine transport, 30 min before AMP expo-
sure and the assay was performed as described above.

Aliquots of 20 uL were applied to a reverse phase HPLC
system using a C18 Shimadzu column (Shimadzu, Japan)
with absorbance measured at 250 nm. The mobile phase was
60 mM KH,PO,4, 5 mM tetrabutylammonium chloride,
pH 5.0, in 30% methanol (Sigma-Aldrich, MO, USA) as de-
scribed [40]. Retention times were assessed using standard
samples of nucleotides and nucleoside, and concentrations
are expressed as pmol of nucleotide.

Adenosine Deaminase (ADA) Activity

ADA activity in MSCs and MSCs-TERT was determined
spectrophotometrically using the colorimetric method de-
scribed by Giusti&Galanti [43], which is based on the indirect
measurement of the formation of ammonia, using adenosine
as a substrate. Briefly, cells were cultured in 24-well micro-
plates until confluence, washed with PBS and incubated with
sodium phosphate buffer (pH 7,4) for 10 min. Next, 2.5 mM
adenosine was added and incubated for 60 min at 37 °C. To
stop the reaction, 500 puL of “Solution A” (50.4 mg/mL phe-
nol +0.4 mg/mL Sodium nitroprusside) and 500 pL of
“Solution B” (0.125% NaClO +0.6 M NaOH) were added,
respectively. The samples were incubated for 15 min at
37 °C and read in a spectrophotometer (635 nm). Ammonia
was used as standard and the results are expressed as nmol
NHs/min/mg protein.

@ Springer

T Cell Suppression Assay

To evaluate the capacity of MSCs and MSCs-TERT to
modulate lymphocyte proliferation, 1x 10> cells were
seeded into 24-well plates overnight. Next, Jurkat cells
were incubated with 5 uM of carboxyfluorescein diacetate
succinimidyl ester (CFSE) (Invitrogen, Carlsbad, CA) for
15 min and washed twice with PBS. 1 x 10° Jurkat cells
were co-cultured with MSCs or MSCs-TERT (ratio of
1:1) for a period of 5 days in RPMI-1640 complete me-
dium supplemented with 2 pg/mL phytohemagglutinin-M
(PHA-M) (Invitrogen, Carlsbad, CA). Fluorescent Jurkat
cells were analyzed in FACS Calibur flow cytometer
(Becton-Dickinson, Mountain View, CA).

Statistical Analysis

Student’s T-test was performed to compare two groups
while one-way ANOVA with post-hoc Tukey was used
to compare three or more groups. Results were considered
significant when p <0.05 (*), p <0.001 (**%) and p <
0.0001 (**%*).

Results

Establishment and Characterization of MSCs
Immortalized with the TERT Gene

MSCs cultures were obtained from rat adipose tissue and
characterized before the cellular transduction to confirm
their MSCs profile, as already published [44]. To extend
the life span of these cells, the TERT gene was transduced
into MSCs by retroviruses and its expression was con-
firmed by RT-qPCR analysis, whereas non-immortalized
MSCs were negative to the TERT gene (Fig. 1a). After
immortalization, both cells (MSCs and MSCs-TERT)
were expanded for about 3 months and a significant dif-
ference was detected in proliferation potential, in which
non-immortalized MSCs exhibited slower growth when
compared to MSCs-TERT (Fig. 1b). At the end of the
assay, cellular senescence features, such as irregular mor-
phology, larger cell size and granular cytoplasm, could be
observed in MSCs, but not in MSCs-TERT, which was
confirmed by the presence of higher activity of the acidic
[3-galactosidase (Fig. 1c).

In addition, MSCs-TERT maintained their in vitro charac-
teristics of MSCs, such as differentiation potential into osteo-
genic and adipogenic lineages (Fig. 2A), expression of MSCs
markers (CD90 and CD29) and absence of hematopoietic sur-
face markers (CD11b and CD45) (Fig. 2B).
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Fig. 2 Differentiation potential and MSCs markers expression after cell
immortalization. A MSCs and MSCs-TERT were induced to differentiate
to osteogenic or adipogenic lines. Osteogenic induction was characterized
by alizarin red staining (c-g) and adipogenic induction by the presence of
lipid vacuoles (d-h), as observed by representative photomicrographs

Immortalized MSCs Display Changes in Expression of
the CD39/NTPDase1 and CD73/NT5E Enzymes

The purinergic signaling plays important roles in key mecha-
nisms of MSCs, such as potentiating the chemotactic response
to the chemokine CXCL12 and increasing their migration [34,
45, 46], immunosuppression [47, 48] and stem cell

(x40 magnification). Control cells did not show any differentiation (a,
b, e and f). B The representative histograms of flow cytometry showing
the immunophenotypic profile of MSCs: White histograms represent
isotype controls

maintenance and differentiation [49, 50]. Thus, we evaluated
the expression of the purinergic enzymes after cell immortal-
ization. As shown in Fig. 3a, both cells exhibited gene expres-
sion of Entpdl, Entpd5, Entpd6, NtSe, Nppl and Npp3.
Interestingly, MSCs-TERT showed significant upregulation
of Entpdl and downregulation of Nt5e, genes that encode
two of the major enzymes involved in ATP degradation and
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Fig. 3 Expression of genes involved in the metabolism of extracellular
nucleotides and nucleosides. a Quantitative RT-qPCR showed significa-
tive alterations in gene expression of two of the main enzymes of the
purinergic system, Entpdl and NtSe (n=06), while Entpd 2, 3, 8 and
Npp2 genes were not detected (ND) (n=3). mRNA levels were normal-
ized by Actb gene expression and results are expressed as mean = SEM. b
Representative histograms of flow cytometry demonstrating absence of
NTPDase2 and NTPDase3 enzymes and presence of CD73/NTSE marker
in both cells, while CD39/NTPDasel immunoreactivity was increased in
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MSCs-TERT. ¢ Analysis of flow cytometry data confirmed a significant
increase in the percentage of total cells expressing CD39/NTPDasel
marker, but no difference in the medium fluorescence intensity (MFI)
between them (n =4). d For CD73 marker, both cell populations exhib-
ited high percentage of positive cells. However, MFI analysis reveals a
significant decrease in fluorescence intensity of CD73 marker in MSCs-
TERT (n=4). Results are expressed as mean + SD and T-test was used to
determine the statistical difference with the paired samples
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adenosine (ADO) formation, CD39/NTPDasel and
CD73/NTSE, respectively. Entpd2, Entpd3, Entpd8 and
Npp?2 genes were not detectable by RT-qPCR.

In order to verify the expression of these proteins on the
cell surface we performed flow cytometry analysis. The rep-
resentative histograms revealed low expression of the
NTPDase2 and NTPDase3 enzymes in both cells (Fig. 3b).
In addition, a significant increase in the number of CD39/
NTPDasel positive cells was observed in the MSCs-TERT
(19.2% + 7.6%) when compared to MSCs (7.8% +4.4%), al-
though there was no statistical difference in medium fluores-
cence intensity (MFI) (MSCs=31.6+7.8 and MSCs-
TERT =37.6 +6.3) (Fig. 3c). When CD73 protein expression
was evaluated, we did not observe any difference in the per-
centage of positive cells CD73 (MSCs=98.3% +0.9% and
MSCs-TERT =95.9% + 1.1%). However, a significant de-
crease in MFI was detected (MSCs=353.6+100.5 and
MSCs-TERT = 124.4 + 54.0) (Fig. 3d).

In addition, after cell immortalization, we observed a re-
duction in the cell size of MSCs-TERT in comparison to non-
immortalized MSCs (Fig. 4A). To rule out the possibility that
this cell size difference would be affecting the quantification
of CD73, we normalized the expression of this protein by the
cell size of each cell and confirmed that MSCs-TERT still had
a significant reduction in the MFI of the CD73 marker (Fig.
4B). Immunocytochemistry analysis confirmed this decrease
in CD73 labeling in MSCs-TERT cells (Fig. 4C).

To ensure that these observed results did not come from a
random insertion event, we performed a second transfection
with the TERT gene in another primary rat MSCs. The TERT
gene insertion was confirmed with RT-qPCR (Supplementary
Fig. 1a) and similarly to previous results, we observed a re-
duction in the MFI of the CD73 marker in TERT-transfected
MSCs (Supplementary Fig. 1B).

Immortalized MSCs Quickly Degrade Extracellular ATP
and Promote Adenosine Uptake

Corroborating the data of gene and protein expression, we
observed a significant increase in the degradation of ATP
and ADP, in agreement with the increased expression of
CD39/NTPDasel, and decrease in AMP hydrolysis, con-
trolled by CD73/NTS5E, in MSCs-TERT, as shown in the spe-
cific enzymatic activity assay (Fig. 5a). This reduction in
CD73/NTS5E enzymatic activity was also observed in a second
TERT-transfected MSCs experiment (Supplementary
Fig. 1C).

To further investigate the pattern of nucleotides hydrolysis
in these cells, we also evaluated their metabolism through
HPLC assay. Figure 5b shows the degradation profile when
exogenous ATP was added, demonstrating that non-
immortalized MSCs slowly hydrolyzed ATP, producing a
small accumulation of ADP over 180 min. On the other hand,

MSCs-TERT hydrolyzed ATP almost completely in 30 min,
displaying accumulation of inosine and hypoxanthine in
180 min. Although the hydrolysis pattern of ATP was consis-
tent with our previous findings, we did not observe accumu-
lation of ADO by MSCs and AMP by MSCs-TERT and there-
fore we investigated the AMP metabolism by both cells. After
addition of exogenous AMP, MSCs rapidly degraded the nu-
cleotide accumulating ADO up to approximately 120 min,
subsequently producing inosine and hypoxanthine.
Surprisingly, we observed a complete degradation of AMP
by the MSCs-TERT within 30 min and there was no accumu-
lation of ADO in the supernatant of these cells (Fig. 5¢).

To investigate the fate of this nucleoside in MSCs-TERT,
we incubated both cells with dipyridamole, which is a phar-
macological inhibitor of nucleoside transporters in the cell
membrane. As observed in the Fig. 6a, AMP hydrolysis
profile by MSCs was similar in cells previously incubated
with dipyridamole and those without treatment. On the other
hand, the treatment with dipyridamole in the MSCs-TERT,
produced an increase in extracellular ADO, due to the
blockade of ADO uptake generated from AMP hydrolysis
(Fig. 6a). In addition, we evaluated the gene expression of
the adenosine deaminase enzyme (Ada) and its ligand CD26
(Dpp4), which are responsible for the hydrolysis of ADO into
inosine. As observed in Fig. 6b, MSCs-TERT exhibited a
significant decrease in gene expression of this enzyme.
Similarly, a decrease in enzymatic activity of ADA was de-
tected in MSCs-TERT (Fig. 6¢).

Immortalized MSCs Have Impaired
Immunosuppressive Capacity

MSCs can suppress T cell proliferation via adenosinergic sig-
naling [47]. Since there is no accumulation of ADO in the
supernatant of the MSCs-TERT culture, we investigated
whether this nucleoside metabolism profile could alter their
in vitro immunosuppressive role. The co-culture assay with
lymphocytes demonstrated that MSCs-TERT exhibited a low-
er capacity of inhibiting lymphocyte proliferation when com-
pared to non-immortalized MSCs (Fig. 7a-b). Curiously, gene
expression data revealed that adenosinergic receptors
(AdoraA;, As, Ay, and Aj), were also downregulated in the
MSCs-TERT (Fig. 7c).

Discussion

The ability to release anti-inflammatory factors and modulate
immune responses is a fundamental feature of MSCs. It is
necessary for several of its potential therapeutic applications,
including hematological diseases, organ transplantation, in-
flammatory diseases, musculoskeletal regeneration, autoim-
mune diseases, among others [51-53]. However, their limited
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Fig. 4 CD73 immunocytochemistry in MSCs and MSCs-TERT. A The
comparison of the cell size between MSCs and MSCs-TERT was evalu-
ated by measurement of forward-scatter (FSC) in flow cytometry. A
significant decrease in cell size was observed in MSCs-TERT, as ob-
served by the representative histogram (n=4). B Paired analysis of cell
size and CD73 MFI was evaluated by the ratio between fluorescence

proliferation rate and the possibility to reach cellular senes-
cence after long periods of culture, limit the use of MSCs in
clinical applications [15].

In this study, we investigated the purinergic signaling in
MSCs after immortalization with TERT, which has been an
alternative to overcome the replicative constraints from prima-
ry MSCs and prolong their lifespan. We found that the im-
mortalization process with the TERT gene may lead to in vitro
alterations in the purinergic metabolism in MSCs, especially
in the adenosinergic pathway. The results show an upregula-
tion of gene and protein expression of the CD39/NTPDasel
and a reduction of CD73/NTS5E, which impacted their enzy-
matic activities when compared to non-immortalized cells.
More importantly, immortalized MSCs had a reduction in

@ Springer

intensity and forward scatter (FSC) values calculated for each cell in both
MSCs and MSCs-TERT, confirming that immortalized MSCs have a
CD73 lower expression. Four independent experiments were carried
and T test was used, *p <0.05. C Representative photomicrographs of
CD73 immunocytochemistry show a lower labeling intensity of this en-
zyme in MSCs-TERT (x40 magnification)

gene expression and enzymatic activity of the ADA enzyme,
but an increase in adenosine uptake, decreasing the nucleoside
concentration in the extracellular space and consequently re-
ducing its immunosuppressive function.

Immortalized MSCs have been used to replace primary
MSCs in different diseases models, such as bone repair [24,
54, 55], ischemia [56-58], treatment and monitoring of diabe-
tes [59, 60], muscle [61] and neural [62] regeneration, as well
as, in strategies that could use these cells as a therapeutic
vehicle with controlled cell death through inducible caspase
9 (iCasp9) [63]. In this context, the changes in the purinergic
pathway observed here could result in different therapeutic
properties of the immortalized MSCs when compared to
non-immortalized MSCs.
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Fig. 5 Nucleotides metabolism by the MSCs and MSCs-TERT. a
Specific enzymatic activities from MSCs and MSCs-TERT measured
by release of inorganic phosphate after incubation with ATP, ADP or
AMP (Malachite Green). Data are expressed as nmol Pi/min/mg of pro-
tein, using mean + SD of six independent experiments. b-¢ Kinetics of the

Purinergic signaling plays an important role in MSC-
based therapies, as suggested by the large number of stud-
ies that link MSCs release of ATP and other nucleotides to
their functions and effects on the microenvironment [33].
Ferrari and collaborators [34] demonstrated that ATP en-
hances the secretion of IL-2 and the proinflammatory Thl
cytokines in bone marrow-MSCs, while downregulates IL-
10 secretion, partially reverting the well-known inhibitory
activity of MSCs on T cell proliferation. However, the
main role of ATP in these cells is to stimulate their mobi-
lization, increasing the proliferation and migration rates
and effectiveness of differentiation capacity [32, 33]. On
the other hand, MSCs can also mediate kidney allograft
tolerance through secretion of the T cell suppressor IDO
[64], whose expression can be triggered by ATP [65].
Similarly, this nucleotide can control the secretion of nitric
oxide (NO) and prostaglandin E2 (PGE2) [66, 67], which,
via MSCs, suppressed graft-versus-host disease (GVHD)
[68] and ameliorated myocardial fibrosis in diabetic car-
diomyopathy [69].

metabolism of both cells after adding 100 uM ATP (b) or 100 uM AMP
(c) was evaluated during the time of 0, 10, 30, 60, 120 and 180 min. The
presence of nucleotides and nucleosides was determined by HPLC.
HPLC data are represented as tMol of nucleotide and expressed as mean
+ SD of three independent experiments carried out in duplicate

However, it is mainly through the CD73/adenosine path-
way, mediating the crosstalk between MSCs and immune
cells, that researchers have demonstrated the importance of
the purinergic pathway on the immunosuppressive effects
from MSCs [31, 33]. Through this pathway, MSCs can inhibit
T cell proliferation and activation [47, 48, 70] and modulate
Treg lymphocytes [71], NK cells [72], Th17 cells [73] and
monocytes [74]. Amarnath and collaborators [75] showed that
MSCs were effective in reversing the lethal mouse GVHD
model through immunomodulatory effects mediated by aden-
osine. Also, in a model of myocardial ischemia/reperfusion
injury, adenosine secreted by implanted MSCs strongly re-
duced the inflammatory response and facilitated cardiac re-
covery [76].

We observed that TERT-immortalized MSCs, which ex-
hibited a reduction in the extracellular adenosine concentra-
tion, had less potential to inhibit the in vitro T cell prolifera-
tion. A similar result was described with peritoneal macro-
phages (pM¢) co-cultured with MSCs obtained from CD73
knockout mice, in which a decrease of their anti-inflammatory
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Fig.6 Adenosine uptake and ADA activity in MSCs and MSCs-TERT. a
Kinetics of the adenosine metabolism by both cells with or without pre-
incubation with dipyridamole, an inhibitor of nucleoside transporters,
demonstrating the adenosine uptake by MSCs-TERT. Data are represent-
ed as Mol of nucleotide/nucleoside and expressed as mean + SD of three
independent experiments carried out in duplicate. b RT-qPCR showed a

potential was observed, in comparison to those co-cultured
with normal MSCs [77]. Rodriguez and collaborators [78]
also showed that human MSCs can lose in vitro and in vivo
immunosuppressive and anti-inflammatory function after
spontaneous or induced oncogenic transformation. Although
in their analysis these results were not associated with the
CD73/adenosine pathway, our data suggest that the immortal-
ization / transformation process could alter this signaling path-
way, which appears to be responsible for the immunosuppres-
sive properties of MSCs. Indeed, many of the upregulated pro-
inflammatory cytokines, chemokines and receptors in
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significative decrease in gene expression of Ada (Adenosine deaminase)
and Dpp4 (CD26) in MSCs-TERT (n=3). mRNA levels were normal-
ized by Actb gene expression. ¢ Specific enzymatic activity of adenosine
deaminase in MSCs and MSCs-TERT (n=3). Results are expressed as
mean = SD and T-test was used to determine the statistical difference

transformed MSCs [78] are influenced by adenosine and its
receptors [79, 80]. In addition, even though it is one of the
classical markers of MSCs [81], we and others have already
shown that there is no uniform pattern of expression and ac-
tivity of CD73/NTSE in cultivated MSCs, which can vary
depending on tissue source and species [77, 82—84], and this
can result in different immunosuppressive and reparative
properties [77, 85, 86].

Still on the adenosinergic pathway, another interesting
point observed in our work is that even with a downregulated
expression and activity of CD73/NT5SE, TERT-immortalized
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Fig. 7 Immunosuppression potential by MSCs and MSCs-TERT in co-
culture with Jurkat lymphocytes. a Representative photomicrographs of
the co-culture between MSCs or MSCs-TERT with Jurkat cells (x40
magnification). b Jurkat lymphocytes were pre-incubated with CFSE
marker and co-cultured with MSCs or MSCs-TERT (ratio 1:1).
Representative histograms show that two lymphocyte populations can
be seen when co-cultured with MSCs-TERT, demonstrating the increase
in lymphocyte proliferation and consequent decrease in CFSE dye. CFSE
medium fluorescence intensity (MFI) confirms this significant difference

MSCs still slowly hydrolyze the AMP nucleotide, which
could be the result of the action of alkaline phosphatases, for
example. However, the generated nucleoside is quickly taken
up by the cell. In this context, although the role of intracellular
adenosine is not yet fully understood, it is possible that this
mechanism is being used for replenishing the intracellular
ATP pool through complex phosphotransferase reactions
[87], considering the energy expenditure by the rapidly divid-
ing cells. Rodriguez-Serrano and collaborators [88] showed
that exogenous nucleosides appeared to be a major factor for

between MSCs and MSCs-TERT regarding the potential to inhibit lym-
phocyte proliferation. Lymphocytes without or with Phytohemagglutinin
(PHA) were used as control. Data are expressed as mean + SD of three
independent experiments carried out in quadruplicate. One-way ANOVA
was used to determine the statistical difference. **#%p <0.0001. ¢ Gene
expression of adenosinergic receptors in both cells was analyzed by RT-
gPCR. Data are expressed as mean = SEM (n = 3) and T-test was used to
determine the statistical difference

optimizing the cell population doubling time of MSCs, stim-
ulating protein synthesis activity and concentrations of RNA
and DNA. Indeed, a study of proteomic analysis in TERT-
immortalized MSCs demonstrated that the TERT gene affects
many aspects of cellular functions, such as energy generation,
protein folding and binding, transcription, translation, antiox-
idant functions, intermediary metabolism and Ca®* binding
[29].

On the other hand, researchers recently described a new
family of multifunctional purine enzymes (FAMIN) with
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activities analogous to ADA, purine nucleoside phosphory-
lase (PNP) and methylthioadenosine phosphorylase
(MTAP), which are conserved in prokaryotes and eukaryotes
[89]. In this way, we cannot rule out the possibility that other
enzymes present in MSCs may cleave adenosine, which
would also lead to the reduction of this nucleoside in the
extracellular space. Further analysis will be necessary to clar-
ify the role of intracellular adenosine and other possible purine
metabolism enzymes. However, it is increasingly accepted
that this nucleoside mediates crucial biological effects beyond
their extracellular role, as recently reviewed [87].

Parallel to changes in the adenosine pathway, we also iden-
tified alterations on ATP metabolism, which can influence
other properties of MSCs-TERT in addition to changes in their
immunosuppressive capacity. The expression and activity of
CD39/NTPDasel enzyme were upregulated in MSCs-TERT
when compared to non-immortalized MSCs. Similarly, we
also observed a slight increase in NPP1 expression, which
could contribute to the reduction of extracellular ATP levels.
In vivo, this modulation could impact, for example, the hom-
ing and engrafting capacity of MSCs-TERT to injured tissues
[34, 90, 91], considering that this nucleotide modulates the
migration potential of MSCs [45, 46].

Although these results only reflect in vitro alterations in
enzymes expression and nucleotides / nucleoside concentra-
tion from immortalized MSCs, these changes may have im-
portant implications for the use of these cells, both in the field
of regenerative medicine and in tissue engineering. The ob-
served disturbances in the purinergic pathway and expected
alterations in the immunomodulatory potential of MSCs-
TERT may become a setback to implement cell-based thera-
pies with these immortalized cells, and the role of this signal-
ing in the in vivo microenvironment complexity has to be
taken into account.

In conclusion, our results indicate that although TERT-
immortalized MSCs are able to maintain some of the major
MSC hallmarks and circumvent replicative limitations, their
purinergic metabolism profile is altered. In this context, as the
adenosinergic pathway has been emerging as a key mechanism
by which MSCs exert hemostatic and immunomodulatory func-
tions, our data may have strong implications for the risk and
benefit assessment regarding the use of immortalized MSCs.
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