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Abstract
Ionizing radiation (IR) is an important medical tool. Despite the effects associated with high-dose radiation during or after
treatment, as well as in accidental exposures, the direct or indirect effect of low-dose IR in cells remain poorly documented.
IR can affect the tissue microenvironment, including mesenchymal stem cells (MSCs), which have high regenerative and
immunomodulatory capacities. This study aimed to investigate the effect of low-dose IR in association with the inflammatory
stimuli of TNF-α on the immunomodulatory capacity of MSCs. MSCs were irradiated with a low-dose IR, stimulated with
TNF-α, and cultivated in a bystander system with murine spleen cells. The results showed that TNF-R1 is expressed in MSCs
and is not affected, even in irradiated MSCs. However, irradiated MSCs produced reduced amounts of IL-6 and increased
amounts of IL-10. The levels of PGE2 and NO• in MSCs were also increased when stimulated with TNF-α. Furthermore,
conditioned media from irradiated MSCs reduced the proliferation of bystander lymphocytes and reduced the metabolic activity
of macrophages. In addition, conditioned media from irradiated MSCs modulated the profile of cytokines in bystander spleen
cells (lymphocytes and macrophages), reducing inflammatory and increasing anti-inflammatory cytokines, also increasing Treg
cells. In conclusion, low-dose IR in association with an inflammatory stimulus affects the immunomodulatory properties of
MSCs. In this way, the immunosuppressive capability of MSCs can be explored for several disease treatments where IR usually
part of the context of the treatment. However, a complete understanding of the mechanisms underlying these interactions need
further investigation.
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Introduction

Mesenchymal stem cells (MSCs) have a mesodermal origin
and play an important role in the formation and regulation of
the microenvironment of tissues. They also act as a vital com-
ponent in the reconstruction of injured tissues and in the reg-
ulation of the immune system during tissue repair [1, 2].
Moreover, MSCs produce soluble factors, especially cyto-
kines and growth factors, that act in the repair and

regeneration of damaged tissues, as well as modulate the cel-
lular components of the innate and adaptive immune re-
sponses [3–5].

Ionizing radiation (IR) is an important medical tool.
Despite numerous effects associated with high-dose radiation
during or after treatment, as well as in accidental exposures,
the direct or indirect effect of low-dose IR in cells remain
poorly documented [6–8]. Data in the literature shows that
radiation may cause damage to the microenvironment in tis-
sues, even in low doses [9], and is usually associated with
inflammation [10]. However, this subject is not completely
elucidated. It is accepted that different cytokines, especially
tumor necrosis factor alpha (TNF-α), play a pivotal role in
tissue inflammation affecting the entire microenvironment of
cells [11, 12].

Therefore, under stress conditions, MSCs are susceptible to
environmental changes, and their immunomodulatory func-
tions can be activated by exposure to pro-inflammatory cyto-
kines [13, 14], especially TNF-α, which trigger its pro-
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inflammatory effects by binding to the type 1 TNF receptor
(TNF-R1) [15, 16].

Taking into consideration that IR can affect (even in low
doses) cells of the tissue microenvironment, also that MSCs
are present in the microenvironment, and that these cells have
high regenerative and immunoregulatory capacities that are
specially regulated by inflammation, this study aimed to un-
derstand the effect of low-dose radiation in bystander cells in
association with a TNF-α stimulus on some immunomodula-
tory functions of the MSCs to provide new approaches on the
effects of IR on MSCs.

Materials and Methods

MSCs: Cell Line and Cell Irradiation

The mouse C3H/10T1/2 lineage of MSCs used in this study
were acquired from ATCC ® (Clone 8, CCL-226™;
American Type Culture Collection, Rockville, MD, USA).
The MSCs were cultured in low glucose DMEM (Corning,
Manassas, VA, USA) supplemented with 10% fetal bovine
serum (FBS) (Hyclone, Logan, UT, USA) and penicillin
(U/mL) and streptomycin (100 mg/mL) (Sigma-Aldrich,
Natick, MA, USA). The MSCSs were used between passages
7 and 9. The cells were grown at 37 °C in a humidified cell
incubator, with an atmosphere consisting of 5% CO2. Cells
were harvested and plated in 6- or 12-well culture plates and
cultivated for 24 h. After that, cells were irradiated using a
linear particle accelerator (LINAC) of 6 MeV (Varian, Palo
Alto, CA, USA) at a dose rate of 3Gy/min. Plates were placed
in a field camp of 35 × 35 cm on a 0.5 cm acrylic plate and
received a single dose of 0.5Gy (the Gantry angle rotated by
180° and in a source-to-surface distance of 100 cm). After
irradiation, cells were placed in the 37 °C humidified cell
incubator for 24 h. The control samples were treated in the
same way but were not irradiated.

TNF-R1 Expression

Flow cytometry was used to determine the expression of
TNF-R1 in C3H/10T1/2 MSCs. The antibodies used in
this study were from APC-TNF-RI (Biolegend Inc., San
Diego, CA, USA, Cat. 113,006). The cells were cultivated
as described previously and incubated with 1 μg of anti-
body/106 cells/mL, incubated for 20 min at 25 °C, and
protected from light. After this period, cells were centri-
fuged at 400 x g for 3 min, the supernatant was discarded,
and the cell sediment was washed twice with PBS
(Sigma-Aldrich, St. Louis, MO, USA). The sediment
was re-suspended in 500 μL of PBS, and the cells were
acquired in a FACS Aria flow cytometer (Becton &
Dickinson, San Jose , CA, USA). Fluorescence

measurements were obtained with at least 1 × 104 cells.
The data was analyzed using the software package
FLOW JO 7.6® (Tree Star, Ashland, OR, USA). To de-
termine the fluorescence measurements and negative con-
trols, FMO was used as the fluorochrome control [17].

Additionally, qPCR for TNF-R1 in C3H/10T1/2 MSCs
irradiated or not was performed. The total RNA was obtained
using the RNeasyMini Kit (Qiagen, Germantown,MD, USA)
according to the manufacturer’s protocol, and the total RNA
was reverse-transcribed into cDNA using the High Capacity
cDNAReverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). The samples were amplified using TaqMan
universal master for TNF-R1 (Mm 00441883_g1, Applied
Biosystems, Foster City, CA, USA), and ACTB
(Mm00607939_s1, Applied Biosystems, Foster City, CA,
USA) was used as the internal control. The expression of
TNF-R1 was evaluated by quantitative PCR using StepOne
Plus™ (Applied Biosystems, Foster City, CA, USA). The
amplification conditions were as follows: an initial 5 min at
95 °C, then 40 cycles of denaturation at 95 °C for 10 s and
annealing and extension at 60 °C for 30 s. The relative quan-
tification of TNF-R1 was conducted according to the ΔΔCt
method [18].

TNF-α Stimulus

C3H/10T1/2 MSCs were cultivated as described previously.
A total of 5 × 105 cells were plated in 6-well culture plates and
cultivated for 24 h. Irradiation was performed for the respec-
tive groups. Then, cells from both groups (irradiated and not
irradiated) were stimulated with 10 ng/mL (for each 1 × 106)
TNF-α (R & D Systems, Abingdon, OXON, UK, # 410MT),
a pro-inflammatory cytokine that acts directly in the inflam-
matory response. The dosage of TNF-α was previously stan-
dardized in our laboratory, and this concentration had the po-
tential to amplify the inflammatory response and activate the
innate immune response without resulting in a high percent-
age of cell death [19, 20].

Viability and Apoptosis

C3H/10T1/2 MSCs were cultured, irradiated and stimulated
with TNF-α as described previously. Then, cells were harvest-
ed in PBS (Sigma-Aldrich, St. Louis, MO, USA) and centri-
fuged; the pellet was resuspended with 50 μL of annexin
buffer and incubated with 3 μL of annexin-V (Becton &
Dickinson, San Diego, CA, USA, # BD 556419) and 5 μL
of propidium iodide (PI) (Becton & Dickinson, San Diego,
CA, USA, # BD 556463) for 20 min, protected from light.
After incubation, cells were centrifuged and resuspended in
200 μL of annexin buffer for data acquisition using a FACS
Aria flow cytometer. Data analysis was performed using
FLOW JO 7.6® software (Tree Star, Ahland, OR, USA).
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Cell Cycle and Proliferation

To assess the effect of 0.5Gy on the proliferation of C3H/
10T1/2 MSCs, cells were cultivated as described previously,
and after harvesting, cells were fixed with 70% ethanol for
20 min on ice. After centrifugation, the pellet of cells was
resuspended with 4 mg/mL ribonuclease A (US Biological,
Salem, MA, USA, # R2011) and 4 μL of PI for 45 min at
37 °C, protected from light. Data acquisition and analysis by
flow cytometry were performed as described above. Cell cycle
status was assessed by quantifying the percentage of histo-
gram regions corresponding to G1/G0 and S/G2/M phases.

Senescence Evaluation by β-Galactosidase (β-Gal)

C3H/10T1/2 MSCs were cultured and treated as described
previously, except the number of cells plated for this assay
was 2 × 104 in order to allow to distinguish every cell in the
plate, and after 24 h of irradiation, cells were stained for
senescence-associated β-gal activity with the use of a cell
senescence histochemical staining kit (Cell Signaling
Technology, Danvers, MA, USA, # 9860) according to the
manufacturer’s protocol. The quantification was performed by
invertedmicroscopy (Nikon TMS), using amplification of 20x
(dry objective lens, numerical aperture: 0.40). All the fields
were evaluated for the quantification of senescent cells ac-
cording to the characteristics described by Schmitt [21]: size
higher than the average, increased quantity of granules, unde-
fined borders, and vacuolized cytoplasm.

MSCs: Cytokines and Nitric Oxide Production

C3H/10T1/2 MSCs were cultivated as described previously.
Cells were harvested and the supernatant was collected to
measure the production of interleukin 6 (IL-6), interleukin
10 (IL-10) and prostaglandin E2 (PGE2) by ELISA kits
(R&D Systems, Minneapolis, MN, USA and for PGE2

Cayman Chemical, Ann Arbor, MI, USA). Additionally, ni-
tric oxide (NO•) measurement was performed using a chemi-
luminescence analyzer (NOA™ 280 Sievers, Boulder, CO,
USA) as described by Archer [22]. Moreover, the supernatant
was collected to be used in the evaluation of the immunomod-
ulatory potential on macrophages (Raw 264.7) as described
below.

Evaluation of MSCs on Immunomodulatory Properties
of Spleen Cells in a Bystander System: Cytokines and
Cellular Population Characterization

Spleens fromC57BL/10mice were used as a source of normal
immune cells composed basically by lymphocytes, especially
T cells. Three-month-old mice were used in the current study,
which was approved by the Institutional Animal Care and Use

Committee of the Faculty of Pharmaceutical Sciences at the
University of São Paulo (CEUA/465). The spleens were re-
moved and gently dissociated using needles and tweezers in
Petri dishes containing 5 mL low glucose DMEM (Corning,
Manassas VA, USA) supplemented with 10% fetal bovine
serum (FBS) (Hyclone, Logan, UT, USA) and penicillin
(U/mL) and streptomycin (100 mg/mL) (Sigma-Aldrich, St.
Louis, MO, USA). The intracapsular content was submitted to
two washes with hypertonic NaCl and hypotonic buffers for
hemolysis. A total of 2 × 106 mononuclear cells were placed in
the transwell inserts (0.45 μM porosity) inside the wells con-
taining C3H/10T1/2 MSCs that were plated and already irra-
diated (as previously described), establishing the bystander
system.

Cells were then stimulated with TNF-α (as previously de-
scribed), and 24 h after stimulation, both the cells and super-
natant were collected. The proliferation index of spleen cells
was evaluated by flow cytometry using the PKH26 Red
Fluorescent Cell Linker Kit (Sigma-Aldrich, St. Louis, MO,
USA) [23]. Additionally, spleen cell populations were charac-
terized as described below, and the supernatants were used to
measure the production of IL-6, TNF-α, IL-10 and
transforming growth factor beta (TGF-β) by cytometric bead
array (Becton & Dickinson, San Diego, CA, USA) following
the manufacturer’s instructions.

Furthermore, spleen cell populations were characterized by
flow cytometry. The cells were quantified for T cell popula-
tions [CD3+ (PE), CD3+ (PE)/CD4+ (APC) and CD3+ (PE)/
CD8+ (PECy-7)] and T suppressor cells [(CD4+ (PerCP) and
CD25+ (APC)], as well as for natural killer (NK) cells
[(NK1.1+ (PE), CD49+ (APC)] and B lymphocytes [B220+

(FITC)]. The macrophages were also quantified [Gr-1−

(PECy-7), CD11b+ (FITC), F4/80+ (APC), and MHC-II+

(PE)].
The antibodies used were purchased from BD Biosciences,

and the cells were acquired in a FACS Aria flow cytometer
(Becton & Dickinson, San Jose, CA, USA) and analyzed
using the software package FLOW JO 7.6® (Tree Star,
Ashland, OR, USA). To determine the fluorescence measure-
ments and negative controls, FMO was used as the fluoro-
chrome control [17].

Evaluation of Conditioned Media of MSCs on
Immunomodulatory Properties of Macrophages

Macrophages (mouse leukemic monocyte macrophage cell
line Raw 264.7) were cultured in high glucose DMEM
(Corning, Manassas VA, USA) supplemented with 10% fetal
bovine serum (FBS) (Hyclone, Logan, UT, USA) and peni-
cillin (U/mL) and streptomycin (100 mg/mL) (Sigma-Aldrich,
St. Louis, MO, USA) and 2 mML-glutamine (Sigma-Aldrich,
St. Louis, MO, USA) and maintained at 37 °C and 5% CO2 in
a humidified atmosphere. When 90% confluent, macrophages
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were trypsinized and resuspended in medium from C3H/
10T1/2 MSCs irradiated or not and cultivated with TNF-α
stimulus and seeded in 96-well plates at a density of 5 × 105

cells per mL and cultured for 24 h. Macrophages were cul-
tured in DMEM without conditioned medium and used as
control cultures. After this period, the production of interleu-
kin 1 beta (IL1-β), IL-6, IL-10 and interleukin 12 (IL-12) was
determined by ELISA, and the proliferation rate evaluated by
MTT assay [24].

Additionally, the expression of nuclear factor kappa B
(NFκB), signal transducers and activators of transcription 1
(STAT-1) and signal transducers and activators of transcrip-
tion 3 (STAT-3) were evaluated by Western blot.
Macrophages were cultured as previously described and were
subsequently lysed with RIPA® buffer (Pierce, Rockford, IL,
USA) containing protease and phosphatase inhibitors
(0.5 mM PMSF, 50 mM NaF, 10 μg/mL leupeptin, and
10 μg/mL aprotinin (Sigma-Aldrich, St. Louis, MO, USA).
Protein quantification was performed based on the Bradford
method, and a commercial kit (BCATM Protein Assay Kit®

Pierce, Rockford, IL, USA) was used for this aim.
Subsequently, sodium dodecyl sulfate polyacrylamide gel
electrophoresis (10%) was performed using 20 μg of protein
sample, followed by a polyvinylidene fluoride membrane
(PVDF®, Amersham Biosciences, Pittsburg, PA, USA) trans-
fer. A molecular weight standard (BioRad, Philadelphia, PA,
USA) was used to compare separated molecular weight frac-
tions. The primary antibodies from Santa Cruz Biotechnology
(Santa Cruz, CA, USA) [anti-NFκB (cat no. sc-372), anti-
phosphorylated NFκB (Ser 311, cat no. sc-33,039), anti-
STAT-1 (cat no. sc-346), anti-phosphorylated STAT-1 (cat
no. sc-135,648), anti-STAT-3 (cat no. sc-482) and anti-
phosphorylated STAT-3 (cat no sc-8001-R)] were diluted in
TBS-Tween buffer to 1:1000 and incubated overnight.
Finally, membranes were incubated for 1 h with anti-IgG rab-
bit biotin-conjugated secondary antibody (Cell Signaling
Technology, Danvers, MA, USA) diluted to 1:1000 in TBS-
Tween buffer. Immunoreactive bands were visualized using
the ECL detection system® (Amersham Biosciences,
Pittsburg, USA), and images were captured using
ImageQuantTM 400® vers ion 1.0 .0 (Amersham
Biosciences, Pittsburg, PA, USA). For standardization and
quantification, images were analyzed using the ImageQuant
TL® program (Amersham Biosciences, Pittsburg, PA, USA).
Results were normalized to the intensity of β-actin (Sigma-
Aldrich, St. Louis, MO, USA), which was diluted at 3:10000
in TBS-Tween buffer.

Statistical Analysis

All data were firstly evaluated by the normality test. For data
analysis of multiple comparisons among groups, two-way
analysis of variance and Bonferroni’s post hoc test were

performed. For comparison between two groups, sets were
analyzed using Student’s t test, and the adopted level of sig-
nificance was p < 0.05. Values were expressed asmean ± stan-
dard deviation of the mean. Statistical analyses were per-
formed using GraphPad Prism® software (GraphPad
Software Inc., La Jolla, CA, USA).

Results

Determination of TNF-R1 Expression on MSCs after
Irradiation

Immunophenotyping shows, as can be seen in Fig. 1a and b,
that the percentage of TNF-R1 expression did not differ be-
tweenMSCs irradiated and not irradiated. The mRNA expres-
sion was in agreement with the flow cytometry where no
difference was observed between the groups (Fig. 1c).

Effects of 0.5Gy of IR Combined with TNF-α Did Not
Affect Viability, Apoptosis, Senescence or Cell Cycle of
MSCs

The viability of all groups tested did not show differences
among them, showing more than 95% of viable cells associ-
ated with less than 3% of apoptotic cells. Additionally, senes-
cence did not show differences among the groups, showing
about 0.05% of senescent cells in all groups tested. The cell
cycle phases were also not different among the studied groups,
showing about 60% and 40% of cells in the G0/G1 and S/G2/
M phases, respectively (data not shown).

Effects of 0.5Gy of IR Combined with TNF-α on the
Production of Cytokines by MSCs

The dosage of soluble factors produced byMSCs showed that
these cells are affected by low-dose radiation, TNF-α, or by
the combination of both. First, we evaluated the production of
IL-6,which is a cytokine with both anti- and pro-inflammatory
activities depending on the signaling mode of its activation as
well as the target cells. Our results showed that IL-6 produc-
tion by irradiated MSCs not stimulated with TNF-α de-
creased, but when these cells were stimulated with TNF-α,
they produced higher amounts of IL-6 independent of the
radiation (Fig. 2a).

Regarding IL-10 production, it was higher in cells irradiat-
ed and not stimulated with TNF-αwhen compared to cells not
stimulated and not irradiated (Fig. 2b). Additionally, MSCs
not irradiated but stimulated with TNF-α produced higher
levels of IL-10 in comparison to cells not stimulated and not
irradiated. Although when cells not irradiated were compared
with the irradiated ones, with both being stimulated with
TNF-α, no difference in the IL-10 levels were found (Fig. 2b).
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Furthermore, PGE2, which is an anti-inflammatory media-
tor, showed the highest levels whenMSCswere irradiated and
stimulated with TNF-α. In addition, cells irradiated and stim-
ulated with TNF-α also showed higher production of PGE2

when compared to cells not irradiated and stimulated with
TNF-α (Fig. 2c). NO• production, which is also an immuno-
modulatory compound, was higher in cells stimulated with
TNF-α in both groups; however, we could not show statistical
significance (only a tendency) (Fig. 2d). These data suggest
the existence of an alternative mechanism of irradiated MSCs
to control inflammation induced by exogenous TNF-α
stimulation.

Immunomodulatory Action of Soluble Factors
Produced by MSCs: Action on Lymphocytes

The effects that condi t ioned media have on the
immunomodulation of immune cells are widely demonstrated
in the literature [2, 3, 20]. On the other hand, the impact of
low-dose radiation on MSCs and how this can affect their
immunomodulatory properties is poorly studied in the litera-
ture. So, in order to evaluate these aspects, murine spleen cells
composed basically of lymphocytes were cultured in a by-
stander system with MSCs (irradiated or not irradiated) stim-
ulated with TNF-α (referred to as conditioned media).

Firstly, we evaluated the proliferation rate of spleen cells,
and as is shown in Fig. 3a, the conditioned media from irra-
diated MSCs reduced the proliferation rate of spleen cells.
Concerning cytokine production, irradiated MSCs in the con-
ditioned media were able to reduce the production of IL-6
(Fig. 3b), TNF-α (Fig. 3d) and TGF-β (Fig. 3e), in contrast
with increased production of IL-10 (Fig. 3c).

The percentage of cells were analyzed by flow cytometry
following the gates strategies described in Figs. 4a–g.
Regarding the spleen cell profile, the percentage of CD3+, as
well as CD19+, cells did not change, regardless of treatment
(data not shown). They also showed no significant differences
in the percentage of cells double positive for CD3 and CD8, as
well as for NK cells (data not shown). However, the percent-
age of cells CD4+/CD25+ increased in the irradiated MSCs in
conditioned media in comparison to non-irradiated MSCs in
conditioned media (Fig. 4h). Additionally, the percentage of
macrophages (GR1−, F4/80+, CD11b+, MHC-II+) decreased
in the bystander model of spleens and irradiated MSCs with
conditioned media in comparison to the other group (Fig. 4i).

Immunomodulatory Action of Soluble Factors
Produced by MSCs: Action on Macrophages

To further detail the modulation of macrophages by MSCs,
the metabolic activity of macrophages was evaluated after
being cultured with different conditioned media from MSCs.
The results showed that conditioned media from irradiated

Fig. 1 Expression of TNF-R1 by flow cytometry in MSCs. (a)
Histograms of the flow cytometry analyses. (b) Percentage of TNF-R1
expression in MSCs irradiated or not irradiated. (c) Expression of TNF-
R1mRNA inMSCs irradiated or not irradiated. The results are expressed
as the mean ± SD of six independent experiments
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MSCs stimulated with TNF-α reduced the metabolic activity
of macrophages when compared to conditioned media from
non-irradiated MSCs (Fig. 5a). Additionally, the results
showed that conditioned media from irradiated MSCs stimu-
lated with TNF-α acted on macrophages by reducing the pro-
duction of IL-1β (Fig. 5b) and IL-6 (Fig. 5c), but without
statistical differences in the produced levels of IL-10 (Fig.
5d) and IL-12 (Fig. 5e).

Moreover, the analysis of transcription factors did not show
changes in the expression of NFκB and STAT-1 between the
studied groups (Fig. 6a and b, respectively). However, when
STAT-3 expression was analyzed, differences were observed.
The ratio between phosphorylated and total STAT-3 was sig-
nificantly higher for macrophages cultured in conditioned me-
dia from irradiated MSCs stimulated with TNF-α when com-
pared to the other studied group (Fig. 6c).

Discussion

It is well known that MSCs are multipotent cells, being part of
the microenvironment of tissues. They have immunomodula-
tory function [3, 4, 25, 26] and may have the ability to home
into injured tissues, assisting with regeneration [27–29].

In this context, IR, even in low dose, can modulate the
microenvironment of both directly irradiated and bystander
cells (which comprises the unirradiated cells that neighbor
irradiated cells) [30], as consequence of oxidative stress and

inflammation [7, 8, 11]. However, it is not clear how radiation
associated with an inflammatory condition can modulate the
MSCs.

In this study, MSCs were irradiated and stimulated with
TNF-α, which is a pleiotropic pro-inflammatory cytokine
[15, 16]. Firstly, we showed that MSCs expressed TNF-R1,
which is recognized as the TNF-α receptor responsible for
mediating the pro-inflammatory effects [16]. Additionally,
we also showed that 0.5Gy radiation did not affect the expres-
sion of this receptor in MSCs. Another proposition was to
understand, in part, how low-dose radiation in an inflamma-
tory state triggered by stimulation with TNF-α could act on
some of the immunomodulatory properties of MSCs.

The literature reports that the survival rate ofMSCswas not
affected by single low-dose irradiation, mainly due to the ac-
tivation of DNA repair mechanisms [7, 31]. These data are in
accordance with our results that showed irradiation with
0.5Gy associated or not with TNF-α did not affect the surviv-
al, cell cycle phases or the percentages of apoptotic and senes-
cent MSCs.

The immunomodulatory activities of MSCs have been
demonstrated in studies performed in vitro and in vivo, show-
ing the cytoprotective and reparative effects of MSCs [3, 4,
32, 33]. The exact mechanism by which MSCs regulate the
immune system is not fully understood, but it has been sug-
gested to occur via secretion of soluble factors that are depen-
dent on the microenvironment, such as the presence of
TNF-α, IL1-β or IFN-γ [3, 4, 34].

Fig. 2 Irradiation and TNF-α ef-
fects on the secretion of (a) IL-6,
(b) IL-10, (c) PGE2 and (d) NO

•

by MSCs. The results are
expressed as the mean ± SD of six
independent experiments.
Significant differences between
the treatment groups are illustrat-
ed by *(p ≤ 0.05), **(p ≤ 0.01)
and ***(p ≤ 0.001)

973Stem Cell Rev and Rep  (2021) 17:968–980



Among these soluble factors produced by MSCs, it is
highlighted that IL-10, NO• and PGE2 have roles in mediating
the immunosuppressive effects of MSCs, in addition to IL-6,
which inhibits the differentiation of monocytes into antigen
presenting dendritic cells [3, 4, 35]. In our study, we showed
that pre-activation of MSCs by TNF-α significantly increased
the concentrations of IL-6, IL-10, PGE2 and NO•.
Additionally, in MSCs irradiated and stimulated with
TNF-α, these factors were also increased, especially the pro-
duction of PGE2, which is an important soluble factor able to
act in macrophages to increase IL-10 production.

In order to test the immunomodulatory properties of
MSCs upon radiation, MSCs were stimulated with
TNF-α in a bystander cell culture system with spleen

cells (a source of lymphocytes, especially T cells). Our
data showed that the irradiated MSCs were able to re-
duce the proliferation rate of bystander spleen cells in a
more effective way when compared to MSCs not irra-
diated. Thus, interestingly, both IL-6 and TNF-α pro-
duction by spleen cells was decreased in contrast to
increased production of IL-10 and TGF-β.

Both IL-10 and TGF-β are anti-inflammatory cytokines
with a number of context-dependent effects on immune cells,
controlling excessive inflammatory responses. In other words,
IL-10 can attenuate pro-inflammatory signals by inhibiting
pro-inflammatory cytokines, and TGF-β can inhibit T cell
proliferation and stimulates the generation of CD4+/CD25+

cells [36, 37].

Fig. 3 Effects of MSC conditioned media on (a) lymphocyte
proliferation and production of (b) IL-6, (c) IL-10, (d) TNF-α and (e)
TGF-β by spleen cells from the bystander system. The results are

expressed as the mean ± SD of six independent experiments. Significant
differences between the treatment groups are illustrated by *(p ≤ 0.05)
and **(p ≤ 0.01)
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Fig. 4 Representative dot plots of flow cytometry data acquisition. (a)
Size and complexity of spleen cells (FSC x SSC); (b) B and T lymphocyte
populations: B220+ cells in R1 and CD3+ cells in R2; (c) T lymphocytes:
CD3+CD8+CD4− cells in Q1 and CD3+CD4+CD8− cells in Q3; (d)
Suppressor T cells: CD4+CD25+ in Q2; (e) Natural killer cells:
NK1.1+CD49+ in Q2; (f) Gr-1− F4/80+ cell population selected (g)

Macrophages: Gr-1− F4/80+ CD11b+ MHC-II+ in Q2 . Effect of MSC
conditioned media on the modulation of the percentage of (h)
macrophages and (i) T suppressor cells. The results are expressed as the
mean ± SD of six independent experiments. Significant differences
between the treatment groups are illustrated by *(p ≤ 0.05)
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The complexity of the immunomodulatory mechanism is
represented by the involvement of several soluble factors,
which were shown to act on both innate and adaptive immune
cells. In association with changes in dendritic cell functions,
they can act by suppressing T cell proliferation [3, 4, 32, 33],
by suppressing the proliferation of CD4+ and CD8+ T cell
populations, and by mediating a shift from the Th1 driven
response to the anti-inflammatory Th2 response, reducing
the expression of MHC-class II as well as affecting the pro-
duction of cytokines by these cells [32, 33, 38].

In this way, as described above, besides the changes in the
production of soluble factors produced by spleen cells (as well

as a decrease in the spleen’s proliferation rate) when cultivated
upon the media of irradiated and stimulated MSCs, a reduc-
tion in the percentage of macrophages was also observed, in
addition to an increase in the percentage of CD4+/CD25+

cells. However, the percentages of CD8+, B, and NK cells
were not affected.

It is known that macrophages can regulate lymphocyte
activation and proliferation, and they are essential in the
activation process of T and B lymphocytes by antigens
and allogenic cells [39, 40]. In contrast, CD4+/CD25+

regulatory T cells (Tregs), which comprise 5–10% of the
circulating CD4+ T cell population, suppress immune

Fig. 5 Effect of MSC conditioned media on Raw 264.7. (a) Metabolic
activity evaluated by MTT assay and production of (b) IL-1β, (c) IL-6,
(d) IL-10 and (e) IL-12. The results are expressed as the mean ± SD of six

independent experiments. Significant differences between the treatment
groups are illustrated by *(p ≤ 0.05)
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responses. They play a pivotal role in preventing organ-
specific autoimmune disease and in the induction of tol-
erance after allogenic organ transplantation [39–41]. The
ability of MSCs to convert conventional T cells to Tregs
has been previously observed [42, 43], and in this current
work, it was shown that radiation in association with

TNF-α stimulation led to an increase in the immunosup-
pressive capacity of MSCs. We believe that such capabil-
ity might be explored as a promising tool in regenerative
medical research.

Additionally, macrophages perform many functions in the
immune system, with a wide secretion ability, including

Fig. 6 Effect of MSC conditioned media Raw 264.7 expression of (a) p-
NFκB/NFκB ratio, (b) p-STAT-1/STAT-1 ratio and (c) p-STAT-3/
STAT-3 ratio. Results of Western blot analysis of three independent

experiments. The results are expressed as the mean ± SD of three
independent experiments. Significant differences between the treatment
groups are illustrated by *(p ≤ 0.05)
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enzymes, plasma proteins, reactive oxygen and nitrogen spe-
cies, prostaglandins, and cytokines [39, 40]. Some responses
and intracellular pathways are activated during the inflamma-
tory process, and the production of most cytokines and
chemokines is regulated primarily at the transcription level.
A scenario in which the participation of key transcription fac-
tors, STAT-1, STAT-3 and NFκB, is well known [39, 40, 44].

In macrophages, increased activation of the STAT-1 path-
way leads to improvement of the killing process of phagocy-
tized microorganisms, mainly by the high production of reac-
tive oxygen and nitrogen species [45–47]. Furthermore,
STAT-3 induces the expression of genes that have anti-
inflammatory functions. Therefore, the anti-inflammatory cy-
tokine IL-10 inhibits expression of molecules that propagate
inflammation in a manner that depends on the transcription
factor STAT-3 [48]. On the other hand, NFκB is a prominent
transcription factor involved in the immune/inflammatory re-
sponse, being the most potent activated pro-inflammatory
transcription factor, able to induce genes that control the
encoding of inflammatory cytokines and chemokines [44, 49].

In the current work, although no difference in the expres-
sion of STAT-1 and NFκB were observed in macrophages
(Raw 264.7), when these cells were cultivated with the con-
ditioned media supernatant of irradiated MSCs, an increased
level of p-STAT-3/STAT-3 ratio expression was observed.
Moreover, changes in the cytokine profile of macrophages
were also observed. It is well known that MSCs are able to
induce macrophages to acquire an anti-inflammatory M2 phe-
notype, suppressing the production of inflammatory cytokines
[3–5, 50]. The results showed that the conditioned media su-
pernatant of irradiatedMSCs reduced the metabolic activity of
these macrophages and also decreased the production of IL-
1β and IL-6, but did not affect the production of IL-10.

Besides extending the knowledge of the interactions of
MSCs with cells of the immune system, our data showed an
important immunomodulatory capability ofMSCs in response
to IR, both in steady state and upon stimulation with TNF-α.
The immunosuppression induced byMSCs can be at the back-
stage of many different pathological processes, and conse-
quently, its respective capability can be explored for several
disease treatments, especially the oncological ones, where IR
usually part of the context of the treatment. A complete un-
derstanding of the mechanisms underlying these interactions
are, however, yet to be clarified.
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