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Human mesenchymal stem cells (hMSC) can home to tumor sites and promote tumor growth. The effects of
hMSC on tumor growth are controversial and involvement of hMSC in tumor immunology has not been
adequately addressed. Therefore, we investigated whether injection of hMSC affects tumor appearance,
growth and metastasis, and anti-tumor immunity in an experimental animal model of metastatic breast
cancer. Injection of hMSC in BALB/c mice bearing mammary carcinoma promoted tumor growth and
metastasis, which was accompanied by lower cytotoxic activity of splenocytes, NK cells and CD8* T cells in
vitro. Tumor-bearing mice that received hMSC had significantly lower percentages of CD3*NKp46*
NKT-like, higher percentages of CD4*Foxp3* T cells, increased serum levels of Th2 and decreased serum
levels of Th1 cytokines, and significantly higher number of CD4" cells expressing IL-10. These results
demonstrate that immunosuppressive environment created by hMSC promoted breast tumor growth and
metastasis in mice.

esenchymal stem cells (MSC) have been identified in the bone marrow, connective tissue and peripheral

blood as multipotent cells that proliferate in vitro as plastic adherent cells. These cells have the capacity

to differentiate into fibroblast, osteoblast, and adipocyte lineages'”. It has been demonstrated that
human MSC, (hMSC) maintained under standard culture conditions are non-tumorigenic per se: however,
several reports indicate their capability to modulate tumor microenvironment thus having an impact on the
tumor behaviour®*. Lin ef al.> demonstrated that MSC have exerted immune protection, and, in case of breast
cancer, they can support cancer growth®. Also MSC can contribute to the tumor growth and progression through
several mechanisms including their immunomodulatory effects. These effects depend on their basic character-
istics, time and method of administration in relation to pathological conditions™®. As far as tumor modulation is
concerned, MSC can have both, stimulatory’ and suppressive effects'’. Most specifically, in an experimental
model of breast cancer it has been shown that MSC may have both of the above effects. The intravenous
administration of MSC appears to effect tumor growth indirectly by modulating the immune microenvironment
before they act by direct interaction with tumor cells. It has been shown that MSC overexpressed IFN-f3 by
affecting STAT3 signaling pathway, however, “normal“ MSC stimulated rather than suppresed 4T1 breast cancer
cells growth''.

MSC are generally thought to have immunosuppressive effects, which may be an important mechanism
through which MSC promote tumor growth or increase incidence of tumor formation also under in vivo
conditions They can impair the function of a variety of immune cells directly or by secreting different growth
factors possibly by inhibition of both, innate and adaptive immune cells'>'*. However, the immunomodulatory
effects of MSC, if any, are not well understood within tumors. Djouad et al.'* reported that the immunosuppres-
sive action of MSC led to a higher incidence of melanoma formation in a mouse model. Evidence for the effect of
MSC on tumor immunity also comes from a clinical study'® which could be explained by the creation of
immunosuppressive milieu including shifting of immune responses from Th1 to Th2'® or induction of generation
and proliferation of regulatory T cells'”. However, regulatory T cells (Tregs) are mostly immunosuppressive, and
have been shown to suppress effector T cell functions and autoimmunity*®'®. They suppress T-cell responses by
acting directly or through the inhibition of antigen-presenting cells involving cell-to-cell contact, FasL/Fas, and
PD1/B7-H1-dependent processes, or secreted factors such as IL-10, TGF-beta, IL-27, and IL-35**"*?, As a result,
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Tregs are considered to play a key role in the escape of cancer cells
from antitumor effector T cells®***. Indeed, suppressing Treg has
been shown to be effective in enhancing the immune response of
host cells to cancer cells®**. Although, the role and function of T
regulatory cells and induction of immunosuppression is well
accepted, there is still no conceivable data to explain the factors
and mediators which support the generation of T regulatory cells
during the process of malignancy. Olkhanud et al*” have reported
that expansion of Tregs was induced without the involvement of
MSC showing that FoxP3*Treg conversion from non-regulatory
CD4" T cells (non-Tregs) is mediated by a unique subset of regula-
tory B cells, designated tumor-evoked Bregs. On the other hand,
Selman et al.”” demonstrated that MSC induce the generation and
proliferation of regulatory T cells through the stimulation of IL-10
production and the release of HLA-G5. Also Patel et al.*® have
recently reported that hMSC under in vitro conditions can sup-
port breast cancer cells through TGF-bl production and Treg
augmentation.

The aim of our study was to understand the mechanisms stimu-
lating tumor growth by the intravenous administration of hMSC
population cells derived from human peripheral blood. Here we
provide evidence that injection of heterogenous population of
hMSC may profundly afect mammary tumor growth by stimulating
hosts regulatory T cells and producing immunosupressive cytokines.

Results

hMSC migrated in tumor and promoted breast tumor growth and
metastasis in dose dependent manner. To follow the biodistri-
bution of hMSC, we monitored the engraftment of hMSC by
polymerase chain reaction (PCR). Human CYPIAI gene, which
does not show cross-reactivity to mouse DNA, was detected by
PCR analysis in tumor, blood, lymph node, spleen, liver, and lung
samples at 1* and 3" day of the experiment, which suggested that
hMSC had potential to migrate to various murine tissues (Fig. 1a). To
explore whether the transplanted hMSC present in tissues of mice at
35" day of the experiment, when the mice were sacrificed, we used an
anti-human mitochondria antibody. As shown in Fig. 1c, hMSC
could retain for a long period of time in the liver of mice. On the
other hand, we did not observe the presence of hMSC in lung tissue
(Fig. 1d).

The 4T1:hMSC ratio had an impact on the incidence of tumor
growth (Figs. 1e-h). The highest incidence of tumor growth (Fig. le)
and the largest tumor volume (Figs. 1f-g) was seen in animals that
received 1 X 10° hMSC. Furthermore, as shown in Fig. 1h, linear
regression analysis showed a strong correlation (R* = 0.865) between
the number of injected hMSC and tumor volume (Fig. 1g) suggesting
that number of injected hMSC in a dose-dependent manner affected
tumor growth. It appears that initial immunosuppresive effect of
hMSC facilitate the tumor growth increasing tumor load and capa-
city to metastase.

Semi-quantitative analysis of lung and liver tissue sections showed
that the incidence of lung and liver metastasis was significantly (P <
0.05) higher in tumor-bearing mice that received hMSC (Fig. 1i)
confirming that hMSC injection promoted both, tumor growth
and metastasis.

Injection of hMSC decreased cytotoxic capacity of CD8* T
lymphocytes and NK cells in tumor-bearing mice. There was a
significant increase (P < 0.05) in total number of splenocytes in
tumor bearing mice compared to mice from control group, but
cytotoxic capacity of these cells was significantly lower (P < 0.05)
than cytotoxic capacity of splenocytes derived from healthy animals
(Fig. 2a).

The total number of CD8™ T lymphocytes (Fig. 2b) and NK cells in
the spleen (Fig. 2c) was not decreased after injection of hMSC (rep-
resentative dotplots that showed percentage of positive cells

expressed as mean * SEM, are provided in the supplemental
Figure S1) but there was a significant decrease in cytotoxic capacity
of both, CD8" T cells and CD3"NKp46™ NK cells derived from the
spleens of tumor-bearing mice treated with hMSC (P < 0.05 for
CD8* cells and P < 0.01 for NK cells).

The impact of hMSC on cellular make up of the spleen in tumor-
bearing mice. There was a significant decrease (P < 0.05) in the
percentage of CD3"NKp46* NKT-like cells (Fig. 3a) in spleens
isolated from tumor-bearing hMSC-tretaed animals. Furthermore,
hMSC injection significantly (P < 0.05) decreased number of
CD3*"NKp46* NKT like cells in the spleen of tumor-bearing ani-
mals (Fig. 3b).

Also, cellular make-up of the spleen showed that there was a
significant difference in regulatory T cells. Both, the percentage
and total number of CD4 " Foxp3™ T regulatory cells (Figs. 3e—f) were
significantly higher (P < 0.05) in spleens of tumor-bearing and
hMSC-treated animals which suggests that injection of hMSC sti-
mulated proliferation of T regulatory cells in tumor-bearing mice.

Injection of hMSC stimulated production of TGF-beta, IL-4 and
IL-10 but inhibited production of IFN-y in tumor bearing mice.
Tumor bearing mice expressed levels of IL-4 that were six times
higher than healthy control mice or mice inoculated with hMSC
cells alone. When hMSC were injected into tumor-bearing mice
the level of IL-4 was even higher reaching levels that were 10-fold
greater than that of healthy control mice (P < 0.05). Tumor bearing
mice injected with hMSC uniquely expressed high levels of IL-10 that
were nearly eight times greater those found in healthy control mice
(P < 0.01). Tumour bearing mice injected with hMSC expressed the
highest levels of TGF-8 which were nearly 4-fold higher than healthy
control mice, also significantly greater than the levels observed in
tumor-bearing mice or mice injected with hMSC cells alone (P <
0.01). The high levels of IFN-gamma observed in tumor-bearing
mice (P < 0.05), nearly five times higher than seen in healthy mice
or those injected with hMSC alone, were halved in tumor-bearing
mice injected with hMSC (Fig. 4a).

The CD4" IL-10™ cells were twice as abundant in tumor bearing
mice injected with hMSC than in mice injected with either cell type
alone (P < 0.05). The CD4" IFN-gamma ™ cell population levels were
not significantly changed either by the presence of a tumor or by
injection of hPB-MSC cells (P > 0.05), the ratio between IL-10 and
IFN-v producing CD4" splenocytes was significantly higher (P <
0.05) in tumor-bearing animals that received hMSC (Fig. 4b).

Discussion

It is known that MSC contribute to the maintenance and regenera-
tion of connective tissues® and after systematic infusion, MSC
appear to engraft; this however seem to be dependent on the secre-
tion of paracrine signals in the tissues microenvironment which are
not as yet understood™®. Solid tumor growth and invasion create a
microenvironment similar to that described in wound healing, which
also induces MSC to specifically migrate to the wound (or site of
inflammation)*"*>. The evidence suggests that solid tumors generate
a wound-like environment on their periphery as they apply physical
and chemical stress to neighboring tissues. Tumors can therefore be
regarded as sites of tissue damage or, according to Dvorak, “wounds
that never heal”'. Therefore, in the present study we examined
whether intravenously injection hMSC affects tumor growth in
experimental murine model of mammary carcinoma. With regard
of MSC ability to migrate, it does not seem that there is a specificity in
terms of organ homing as we were able to detect hMSC in tumor,
blood, lymph node, spleen, liver, and lung samples at 1* and 3rd days
of experiment, suggesting the exquisite selectivity of hMSC for
tumors. This corroborates with previous reports*>**** which have
shown that injected MSC engraft into tumor sites and can be used

| 3:2298 | DOI: 10.1038/srep02298

2



a) b)

x40 objective x100 objective
days after administration T e !
L e |
85
[ blood 23
so
| lymph nodes @4
| spleen
: 5|
| liver cZ
[s]
| lung ;E, o
£ % |
I cell injection site / tumor w

c) Example 1 Example 2 d) Example 1 Example 2
¥
o} (o]
@ @ 1
= =
T =
+ +
- c
= =
e) f) 4T1+hMSC
100 fls‘
&2 : 2
Té' 80 none w i
A R
b= % )
£ 40 2x10°hMSC N
5 4x10°"MSC ~
£ 20 s
E 1x10°hMSC
0 +—%— . . :
10. 15. 21. 25. 35.
day after implantation
9) h)
7 tumor volume (;E 7000
6 i £ 6000
5 'g 5000
4 2 5 4000
©3 S 3000
2 : 2 2000
1 2 1000 ¢ P=0.865
0 @ & o o & 0} > 0
& 0 XS N N N 1:10 11 10:1 20:1 50:1
€ g F F
N hMSC : 4T1 ratio
number of hMSC
i)
<= 18 lung s £ 18 liver *
T 16 g 184
E 1.4 o 1.4
=S 3 ]
Ewl2 Egl2
58 §8 1
SEog S ©0.8 -
o 2 ]
S Eoe L EO0B
@ 7]
£ 04 2 04
S o2 : 5 02 z
£ 0l e 2 o] e
4T1 4T1+hMSC 4T1 4T1+hMSC

4T1 4T1+hMSC 4T1 4T1+hMSC

Figure 1| hMSC migrated in tumor and promoted breast tumor growth and metastasis. (a) Representative samples of PCR analysis showing migration
and survival of hMSC. Human CYP1A1 gene, without cross-reactivity with mouse DNA, was detected by PCR analysis in tumor, blood, lymph node,
spleen, liver, and lung samples at 1** and 3" day of experiment. Photomicrographs showing the presence human mitochondrial marker in the tissues (b, c).
Positive signals were detected in human ESC control group (b) and in the livers of tumor-bearing mice that received hMSC (c), but no compelling
evidence of positively stained cells in lung mice from the same group (d). (e) Impact of 4T1: hMSC ratio on tumor growth. All animals received 2 X 10*
4T1 cells. The highest incidence of tumor growth (e) and the largest tumor volume (f-g) was seen in tumor-bearing mice that received 1 X 10° hMSC.
There is a strong correlation between the number of injected hMSC and tumor volume (Fig. 1h; R* = 0.865). (i) Semi-quantitative analysis of lung and
liver tissue sections. The incidence of lung and liver metastasis was significantly higher in tumor-bearing mice that received hMSC. Combined results of 3
experiments with total of 9 animals per group (mean * s.e.m.; *P < 0.05).
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Figure 2 | hMSC decreased cytotoxic capacity of CD8* T lymphocytes and NK cells in tumor-bearing mice. (a) There was a significant increase in total
number of splenocytes in tumor-bearing mice compared to mice from control group. The cytotoxic capacity of splenocytes derived from tumor-bearing
mice was significantly lower than cytotoxic capacity of splenocytes derived from healthy animals. Combined results of 3 experiments with at least 9

animals per group (median = s.e.m; *P < 0.05). (b) There was no significant difference in total number of CD8" T lymphocytes in tumor-bearing mice
compared to mice from control group. There was significant decrease in cytotoxic capacity of CD8" T cells derived from spleens of tumor-bearing hMSC
treated mice. Combined results of 3 experiments with at least 9 animals per group (median * s.e.m.; ¥*P < 0.05). (c) There was no significant difference in
total number of CD3"NKp46™ NK cells in tumor-bearing mice compared to mice from control group. There was significant decrease in cytotoxic capacity
of CD3 " NKp46* NK cells derived from spleens of tumor-bearing hMSC treated mice. Combined results of 3 experiments with atleast 9 animals per group

(median * s.e.m.; *P < 0.05).

as effective gene delivery vehicles. Also, similar to others, we demon-
strated that hMSC may be present for a long period of time after
administration®. In the present study, hMSC were persent at 35" day
of the experiment in the liver but not in the lung of mice. This finding
is similar to previous reports which showed abbreviation of MSC
residence in the lung in diferent disease models, accompanied with
their persistence in the liver and spleen for long time after admin-
istration®***. After evaluating hMSC tropism for tumor microenvir-
onments, we investigated the impact of hMSC on tumor growth and
metastasis. The reported effects of MSC on progression of primary
tumors have been both pro- and anti-tumorigenic, but variability in
these results, including ours, could be attributable to differences in
the sources of the MSC and the type of tumor model used for ana-
lysis”*"*”. We demonstrated that injection of hMSC promotes breast
tumor growth which was confirmed by the strong correlation be-
tween the number of injected hMSC and tumor volume. In addition,

hMSC promoted formation metastasis of tumors. By day 35, the
incidence of lung and liver metastasis was significantly higher in
tumor-bearing and hMSC-treated animals. This is similar to
Karnoub et al** who reported that MSC treatment can induce a
transient prometastatic effect on breast cancer cells but do not cor-
roborate other studies which reported that MSC suppress tumor
growth” and metastasis®®. However, MSC-mediated inhibitory
effects have only been observed in a few models including Kaposi
sarcoma®”, and colon carcinoma®. Interestingly, systemic admin-
istration of mouse MSC had no effect growth 4T1 tumor®. Pro-
tumorigenic effects of MSC described in our study are consistent
with other studies'**"** and this phenomenon could be explained
by the role of direct cell-cell contact and/or by the effects of soluble
factors in MSC-mediated stimulation on tumor cell proliferation.
Therefore, to investigate potential mechanisms of tumor promotion
by MSC, we analyzed the cytotoxic capacity of splenocytes, and

| 3:2298 | DOI: 10.1038/srep02298

4



a) CD3'NKp46°cells b) CD3'NKp46° cells
20 - 15 = =
10
10
5 -
0 - 0 -
4T1 4T1+hMSC hMSC healthy 4T1 4T1+hMSC hMSC  healthy
% of positive splenocytes no. of positive splenocytes (x10°)
c) d)
%] . L 148321 5%

14.13+1.2%

10.45+0.5%

13.30:0.4%

10 W] T i 102 0% 104 10° 10! 102 108 10 102 1 102 10? 4
NKp46 PercP NKpd§ PerCP C NKp46 PerCP
IgG PerCP 4T1 4T1+hMSC hMSC healthy
e) f)
o 8- ;, 2 45, . " *
5 7 e} 4 |
E 1 Eﬁ
S 6 To 3.5 -
22 . L% 31
88 , 8525 |
+ t ) EY)F_) 2 4
03.3 3 %91 5 |
50 o<
L 27 -.U:S 14
2 it W
s ol H B B
4T1 4T1 +hMSC hMSC  healthy 4T1 4T1+hMSC hMSC  healthy

g)

—4T1

—A4T1+hMSC

--isotype
Foxp3 PE
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in spleens of tumor-bearing mice that received hMSC. Representative histogram (g) confirms significant increase in percentage of Foxp3™ T regulatory
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(a) Measurement of cytokines

in serum. The level of TGF-f, IL-10 and IL-4 was significantly lower and level of IFN-y was significantly higher in serum samples of tumor-bearing
animals that received hMSC compared to tumor-bearing animals that were not treated with hMSC. Combined results of 4 experiments with at least 9
animals per group (mean = s.e.m.; *P < 0.05; **P < 0.01). (b) Measurement of intracellular production of cytokines. There was significant difference in
total number of IL-10 producing CD4+ splenocytes between hMSC treated and control tumor-bearing or healthy animals but no difference between
groups in the total number of IFN-y producing cells. The ratio between IL-10 and IFN-y producing CD4* splenocytes was significantly higher in tumor-
bearing animals that received hMSC. Combined results of 4 experiments with 4 animals per group (median * s.e.m.; ¥*P < 0.05; **P < 0.01).

found that these cells isolated from tumor-bearing and hMSC-
treated animals showed decreased cytotoxic activity when compared
with cytotoxic activity of splenocytes cells obtained from non-treated
tumor-bearing mice. This could be explained by the fact that MSC
can directly impair the function of a variety of immune cells, includ-
ing Band T lymphocytes, dendritic cells, and natural killer cells***4-*.
In order, to dissect which cell population is responsible for this lower
cytotoxicity, we tested CD8 T and NK cytotoxic cells activity in vitro
and found a significant decrease in cytotoxic capacity of both cells

types in tumor-bearing hMSC-treated animals. NK-cell function is
controlled by a variety of mechanisms, some of which are used by
MSC to mediate NK-cell inhibition*”. With respect to soluble factors,
in vitro studies have shown that MSC, without or after stimulation,
secrete a wide range of regulating molecules*®, including IL-15, TGF-
B1, and PGE2 and have the potential to affect NK-cell cytotoxicity
and cytokine production®. Also, MSC have a profound inhibitory
effect on activation of T cells, which affects both naive and memory
T cells and is manifested in antigen-specific proliferation, IFN-y
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production, and cytotoxic activity*’. Therefore, our findings are con-
sistent with other studies**** demonstrating that MSC treatment
mediates T-cell inhibition, suppression of NK-cell proliferation,
cytokine secretion, and cytotoxicity.

MSC were shown to exert immune protection and may affect anti-
tumor immunity, and in case of breast cancer, MSC can support
cancer growth®. NKT cells play an important role in anti-tumor
immunity. The anti-tumor potential of NKT cells has been demon-
strated in numerous models of cancer® and a selective decrease of
number of NKT cells and/or functional activity has been reported in
patients with diverse types of cancer’*>. A recent study demon-
strated that low levels of circulating NKT cells predict a poor clinical
outcome in patients with head and neck squamous cell carcinoma®.
In contrary another study showed that MSC confer immune protec-
tion of cancer cells trough the generation of FoxP3™ Tregs®. In this
regard, we estimated percentage and number of CD3"NKp46*
NKT-like cells and CD4"Foxp3™ T regulatory cells by multicolor
cytometry. Tumor-bearing animals that received hMSC have a sig-
nificantly lower percentage and number of CD3"NKp46* NKT-like
cells but CD4*Foxp3* T regulatory cells were more numerous in
tumor-bearing hMSC-treated animals. Studies suggest that Tregs
play a role in the MSC-mediated effects on components of the
immune system that normally serve to eliminate cancer cells®®.
The role of Tregs in MSC-induced immunomodulation is contro-
versial'®*>. We hypothesize that, despite the short time of hMSC
engraftment into tumor, blood, lymph node, spleen, and lung sam-
ples, but long in the liver, these cells are capable of initiating an active
immunomodulating process by interacting with the resident T cell
population favoring the generation of CD4"Foxp3™ T regulatory
cells similar to that MSC protect breast cancer cells promoting graft
tolerance by increased level of Tregs®.

The mechanism of immunosuppression, especialy cytokine invol-
ment, is critical to further understanding of the findings of our study.
Therefore we quantitated serum levels of IL-4, IL-10, TGF-f and
IFN-v. It is known that MSC are a major source of TGF-f3 and its
immunosuppressive properties generate polarization away from a
Th1 phenotype toward to Th2 phenotype®. The observed increase
inlevels of IL-4, IL-10, TGF-f and decreased level of IFN-vy favors the
argument for aberrant activation of the Th2 response. Additionally,
we found a clear difference in the number of IL-10 producing CD4*
cells in spleens of hMSC-treated animals mice when compared to
tumor-bearing or control group which was not accompanied by
different number of IFN-y producing CD4" splenocytes cells.
Interestingly, when we calculated ratio of IL-10 vs. IFN-y in indi-
vidual animals and compared tumor-bearing animals that received
hMSC and tumor-bearing or control animals, the ratios were higher
in tumor-bearing animals that received hMSC. Recently, Batten
et al.>® demonstrated that co-culture of T cells with MSC completely
change the cytokine profile of T cells decreasing production of IFN-v,
IL-100 and TNFa increasing Th2 cytokines such as IL-10, IL-5, and
IL-13 confirming the fact that MSC create an immunosuppressive
environment that promotes tumor growth.

In conclusion, the findings presented herein indicate that hMSC
stimulated sufficient production of Th2 cytokines promoting the
development of both primary and metastatic tumors by increased
CD4"Foxp3™ Tregs cells. We demonstrated that hMSC treatment
could play very important roles in tumor progression and therefore
further investigations are needed to explore the long-term biological
effects of hMSC for the breast cancer patients.

Methods

Experimental animals. Female BALB/c mice (obtained from the Military Medical
Academy Belgrade, Serbia) 8-10 weeks old, were used for this study. All of the animal
procedures were subjected to review and approval by the Ethics Committee of
Medical Faculty, Kragujevac which also complies with the National Institutes of
Health (NIH) guidelines for humane treatment of laboratory animals.

Cell lines and cell culture techniques. The mouse breast tumour cells line 4T1 was
purchased from American Type Culture Collection (ATCC, Manassas, VA). Briefly,
the cells were cultured in 25 mL tissues culture flasks (BD Falcon) in high glucose
DMEM (Sigma, UK) supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 2 mM glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin (Sigma,
UK) at 37°C in humidified atmosphere containing 5% CO.

Isolation and expansion of human mesenchymal stem cells (hMSC). Human MSC
were isolated from mononuclear peripheral blood cells using the methodology
described by Trivanovic et al.”’, and under in vitro conditions showing a multipotent
capacity to differentiate along mesenchymal lineages (osteogenic, chondrogenic,
adipogenic, and myogenic). In addition, they were fully characterized and displaying
a normal karyotype. hMSC were cultured in DMEM supplemented by 10% FBS, a-
MEM and antibiotics (penicillin 100 U/mL, streptomycin 100 pg/mL; Hyclone,
Logan, UT) at 37°C in a humidified atmosphere containing 95% air and 5% CO,. The
culture medium was changed every 3 days.

Tumour challenge and tumor volume. Mice were divided into four groups. Two
groups of BALB/c mice were injected with 50 pl of a single-cell suspension containing
2 X 10* 4T1 mammary carcinoma cells in 50 pl of PBS, orthotopically into the fourth
mammary fat-pad of mice (direct injection in the same flank on each mouse). One of
these groups was transplanted with 4 X 10° hMSC in 100 pl of PBS intravenously by
tail vein injection on the same day (4T1 + hMSC group). Group 3 received 4 X

10° hMSC in 100 pl of PBS intravenously by tail vein injection only (hMSC group);
and group 4 was used as a control (no any treatment). Tumor volumes were calculated
according to the following formula: tumor volume (mm®) = L X W?/2, where L
represents the major axis (largest cross sectional diameter) of the tumor while W
represents minor axis®. The data were presented as mean = standard error of mean
(mean * s.e.m.).

Detection of engrafted human MSC: DNA extraction and polymerase chain
reaction (PCR) analysis. The biological samples were submitted to DNA extraction
and PCR analysis to detect the presence of human genes in mice recipients. Genomic
DNA for PCR analysis was prepared from tissues (peripheral blood, lymph node,
spleen, liver, lung and tumor) using the KAPA Express Extract (Kapabiosystems,
Boston, Massachusetts, USA). Amplifications were performed using the KAPA2G
Robust HotStart ReadyMix (Kapabiosystems). Amplification of human CYPIAI gene
was used for detection of human DNA in each sample of mouse tissue after DNA
extraction. Endogenous mouse B-actin gene was also amplified, as an internal control.
The primers for human CYPIAI gene were: forward primer 5 GAA CTG CCA CTT
CAG CTG TCT 3’ and reverse primer: 5 CAG CTG CAT TTG GAA GTG CTC 3.
The primers for B-actin gene were: sense primer 5> GGACCTGACAGACTACC 3’
and antisense primer ’GGCATAGAGGTCTTTACGG. Also, human DNA was
isolated from MSC culture and used as positive controls.

Immunocytochemistry. Inmunocytochemistry was performed to explore the
presence of hMSC in the liver and lung of mice with intravenously administered
hMSC. The tissues were routinely fixed in 4% buffered formaldehyde, dehydrated
through graded alcohols, cleared in xylene, and subsequently embedded in paraffin.
The paraffin-embedded tissue samples were sectioned at 4-5 pm, then deparaffinized
by two 10 min washes in xylene and rehydrated in a series of 100%, 96%, 70% and
50% alcohol. Immunohistochemical staining was performed by the streptavidin-
biotin method. Briefly, sections were deparaffinized and incubated with 3% hydrogen
peroxide to block endogenous peroxidase activity. The sections were microwaved for
20 min in 10 mmol/L sodium citrate (pH 6.0) and incubated with mouse monoclonal
IgG1 antibody clone 113-1 targeting a 65 kD protein on the surface of intact human
mitochondria (MAB-12730, Millipore) 60 minutes, respectively. After the primary
antibody, biotinylated secondary antibodies were applied, followed by detection using
the ABC (Avidin-Biotin peroxidase Complex) method. Diaminobenzidine was used
as the chromogen. Light counterstaining was performed with haematoxylin. Negative
controls were obtained using an irrelevant antibody instead of the primary antibody.
The slides were examined by conventional light microscopy.

Histopathological analysis. Paraffin-embedded mouse extracted organs sections
(sectioned into 4 pum slides ) were prepared by a routine procedure. The sections were
stained with hematoxylin-eosin (HE) by standard protocol.

The fixed lungs and livers were examined under low-power (x100) light micro-
scopy (Zeiss Axioskop 40, Jena, Germany) equipped with digital camera. Images were
captured in a computer and the surface areas of the metastatic regions were measured
using Autodesk AutoCAD 2012 software application for design and drafting. Briefly,
the area of whole tissue section was marked as A and the area of each of metastatic
areas as B, and the surface of each specified areas was measured, and presented in
Autodesk AutoCAD program as unitless number. The metastatic lesion was assessed
in each section as the percentage of tissue parenchyma with metastasis by using the
following formula: N = Bt X 100/At where N represents the percentage (%) of
metastatic area in the whole tissue section, At (A total) is the sum of areas of the whole
tissue section (At = A1 + A2 + ....An), Bt (B total) is the sum of metastatic regions in
the whole tissue section (Bt = B1 + B2 + ....Bm).

Estimation of serum levels of IL-4, IL-10, TGF-p and IFN-y cytokines. The
cytokine production level in mouse serum was analyzed for all three inoculated and
one control group using peripheral blood. The serum samples were used to quantitate
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the serum levels of IL-4, IL-10, TGF-B, and IFN-y. Levels of these cytokines were
determined by commercially available enzyme-linked immunosorbent assay (ELISA)
kits (R&D Systems Minneapolis, MN), which were specific for mouse cytokines and
used according to the manufacturer’s instructions.

Cellular analysis of spleens. Thirty five days after 4T1 tumor cells injection, mice
were sacrificed and single-cell suspensions from spleen were obtained by mechanical
dispersion through a cell strainer (BD Pharmingen, USA) in complete growth
medium. Additionally, erythrocytes from spleen were removed using lysing solution
(BD Pharmingen). After three washes, cells were resuspended in complete growth
medium.

Flow cytometric analysis. Single-cell suspensions of spleens were incubated with
mAbs specific for mouse CD3, CD4, CD8, CD25, and NKp46 (BD Pharmingen-
eBioscience). Appropriate isotype control antibodies were used to assess the level of
specific labeling. Dead cells were excluded by gating out propidium iodide-positive
cells. The gate used for FACS analysis was the mononuclear cell region in the forward
scatter-side scatter (FSC-SSC) plot. For intracellular staining of Foxp3, cells were
fixed and permeabilized with permeabilization buffer (BD Pharmingen).
Permeabilized cells were stained with anti-mouse Foxp3 mAbs (BD Pharmingen).
Stained cells were analyzed subsequently using a FACSAria instrument (BD). Data
were analyzed using CELLQUEST software and DiVa (BD).

Intracellular cytokine staining. Single cell suspensions of spleens were stimulated
with Phorbol 12-myristate 13-acetate (50 ng/ml) (Sigma, USA) and Ionomycin
(Sigma, USA) (500 ng/ml) with GolgyStop (BD Pharmingen), and incubated 4 hours
at 37°C, 5% CO,. Cells were stained with anti-CD4 mAb or isotype-matched control.
Subsequently, cells were fixed, permeabilized and intracellular staining was done
using anti-IL-10 and anti-IFN-y mAb (BD Pharmingen) and analyzed by flow

cytometry.

NK cell and CD8* FFT cell separation. NK cells were isolated from spleen cells by
magnetic cell sorting. Single-cell suspensions of splenocytes were labeled using
microBeads conjugated to monoclonal anti-mouse CD49b (DX5) antibodies
(Miltenyi Biotec) and positively selected using MidiMACS separator (Miltenyi
Biotec). CD49b labeled cells that retained in the magnetic column were highly
enriched NK cells, and were used in the cytotoxicity study as purified NK cells. In
addition, CD8" T cells were negatively selected from single-cell suspensions of
splenocytes using aDynalmouse T cell negative isolation kit (Invitrogen) which
depletes B cells, NK cells, monocytes/macrophages, dendritic cells (DCs),
granulocytes, and erythrocytes using a mixture of rat mAbs for mouse CD45R,
CD11b, Ter-119, and CD16/32. Cell suspensions containing CD8 T cells were then
used in the cytotoxicity assays.

Cytotoxicity assays. Cytotoxic activity of splenocytes, enriched NK cells and
enriched CD8" T cells was measured using the 4 h MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide assay (Sigma) at various target-effector (T:E)
ratios. 4T1 mouse breast tumor cells were used as targets. The percentage of cytotoxity
was calculated as: cytotoxity (%) = [1-(experimental group (OD)/control group
(OD)] X 100. Data were expressed as the mean of triplicate wells = SEM. Cytotoxic
activity was also presented by lytic units, LU,0/10” cells, calculated from means of
triplicates percentages of killing obtained in four different T:E ratios™.

Statistical analysis. All data were expressed as mean * s.e.m. Statistical analysis of the
data was performed using statistical package SPSS, version 13. Comparison between
groups was made using one-way ANOVA, or nonparametric Mann-Whitney Rank
Sum and Kruskal-Wallis tests. P < 0.05 was considered significant and P < 0.01 was
highly significant.
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