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Promotes Tumor Growth and Metastasis

Ruth S. Waterman', Sarah L. Henkle?, Aline M. Betancourt®3*

1 Department of Anesthesiology, Ochsner Clinic Foundation, New Orleans, Louisiana, United States of America, 2 Tulane Center for Stem Cell Research and Regenerative
Medicine, Tulane University School of Medicine, New Orleans, Louisiana, United States of America, 3 Department of Medicine, Tulane University School of Medicine, New
Orleans, Louisiana, United States of America

Abstract

Background: Currently, there are many promising clinical trials using mesenchymal stem cells (MSCs) in cell-based therapies
of numerous diseases. Increasingly, however, there is a concern over the use of MSCs because they home to tumors and can
support tumor growth and metastasis. For instance, we established that MSCs in the ovarian tumor microenvironment
promoted tumor growth and favored angiogenesis. In parallel studies, we also developed a new approach to induce the
conventional mixed pool of MSCs into two uniform but distinct phenotypes we termed MSCT and MSC2.

Methodology/Principal Findings: Here we tested the in vitro and in vivo stability of MSCT and MSC2 phenotypes as well as
their effects on tumor growth and spread. In vitro co-culture of MSCT with various cancer cells diminished growth in colony
forming units and tumor spheroid assays, while conventional MSCs or MSC2 co-culture had the opposite effect in these
assays. Co-culture of MSCT and cancer cells also distinctly affected their migration and invasion potential when compared to
MSCs or MSC2 treated samples. The expression of bioactive molecules also differed dramatically among these samples.
MSC1-based treatment of established tumors in an immune competent model attenuated tumor growth and metastasis in
contrast to MSCs- and MSC2-treated animals in which tumor growth and spread was increased. Also, in contrast to these
groups, MSC1-therapy led to less ascites accumulation, increased CD45+leukocytes, decreased collagen deposition, and
mast cell degranulation.

Conclusion/Significance: These observations indicate that the MSCT and MSC2 phenotypes may be convenient tools for the
discovery of critical components of the tumor stroma. The continued investigation of these cells may help ensure that cell
based-therapy is used safely and effectively in human disease.
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Introduction from non-self (allogeneic) or self (autologous) donors can be used
safely since they do not elicit harmful immune responses within the
recipient host. Lastly, pre-clinical studies have demonstrated
efficacy with MSCs genetically engineered to carry various
therapeutics that reached their target with significant treatment
benefit even in the xenogeneic setting (human cells to mouse host)
(recently reviewed [3-5]).

Despite these promising features, there is a growing concern
over the clinical use of MSCs since they are also known to home to
tumors and once resident in the tumor microenvironment (TME)
to support tumor growth and spread [4-8]. Conversely, other

support healing and repair mostly through the local secretion of studies have reported that MSCs found in the TME diminish
bioactive factors and modulation of immune cells. Third, MSCs

Mesenchymal stem cells (MSCs, more accurately termed
multipotent mesenchymal stromal cells) are increasingly being
used in cell-based therapies of diseases ranging widely from graft-
versus-host to joint and cartilage disorders [1,2]. There are many
features that make these cells attractive and practical for use in
human therapy. First, MSCs are easily obtained from various
adult-derived tissues, quickly expanded, and stored ex vivo without
significant impact to their capabilities. Second, once reintroduced,
MSCs preferentially home to sites of injury or inflammation and

tumor growth, which has further generated some controversy in
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this field (reviewed in [4,5]). Other noted concerns in the clinical
use of MSCs, is the fact that we still do not have a general
consensus of what defines them, and furthermore although one of
their most profound clinical effects upon intravenous administra-
tion 1s the modulation of host immune responses, we do not yet
truly understand all of their consequences upon introduction into
the host [1,9,10]. Either way, as a result of the established clinical
properties of MSC and their added propensity for the TME,
modified MSCs that can act as “Trojan horses” and deliver anti-
cancer therapeutics into the tumor stroma are being evaluated as a
promising new targeted cell-based therapy for cancer [4,5].

MSCs targeted to cancers are expected to contribute many
soluble factors such as mitogens, extracellular matrix (ECM)
proteins, angiogenic, and inflammatory factors, as well as
exosomes or microvescicles, once resident in the TME [3-5].
MSCs are also expected to affect tumor-associated leukocytes
either directly by cell-cell contact or indirectly by the secretion of
trophic factors [3-5]. MSCs are known to affect the proliferation
and differentiation of dendritic cells, monocytes/macrophages, B
and T cells, NK cells, and even mast cells [3-5]. Many reasons
have been advanced to explain the contradictory MSC role in
cancer including but not limited to the heterogeneity of MSC
preparations, the age or health of the MSC donor, and the
experimental model or condition [3-5].

Our group established that MSCs in the ovarian tumor
microenvironment promoted tumor growth and favored angio-
genesis [7,11,12]. We also developed new methodology to induce
the conventional mixed pool of MSCs into two uniform but
distinct phenotypes, MSCI and MSC2 [13]. These phenotypes
were recently and successfully tested in the therapy of a mouse
model of painful diabetic peripheral neuropathy [14]. This study
also demonstrates the stability of these newly defined phenotypes
in cell-based treatment of an immune competent disease model.
We initially based their classification on several parallel observa-
tions reported within the monocyte literature. Like MSCs,
heterogeneous bone marrow-derived monocytes respond to stress
or “danger” inflammatory signals and home to tissue injury.
Monocyte polarization into the classically activated pro-inflam-
matory macrophages (M1) occurs early on in tissue repair, whereas
monocyte polarization into alternatively activated macrophages
(M2) follows later to help in tissue injury resolution [15,16].
Although, this is a very simplified view of what occurs in the
complex process of wound healing and repair, it provides a
convenient paradigm to begin to dissect critical components within
this complex biological process [17-19].

In this study, we similarly took advantage of this convenient
paradigm in MSCs as a way to potentially resolve some of the
controversy surrounding the complex role of MSCs in cancer.
Indeed, MSC1 and MSC2 were found to have divergent effects on
cancer growth and metastasis by & vitro and in vivo methods. In our
experiments, MSCI primarily had an anti-tumor effect, whereas
MSC2 promoted tumor growth and metastases. We suggest that
further investigation of these cells may provide some guidance in
designing safer and more efficacious MSC-based therapies.

Results

MSC1 do not Support in vitro Tumor Cell Growth
Whereas MSC2 Favor Tumor Cell Growth

To further extend our studies on the role of MSCs and ovarian
tumors we initially investigated the effect of the recently described
MSCI and MSC2 phenotypes on various cancer cell lines
[7,12,13,20]. The effect of MSCs, MSC1, or MSC2 on the growth
of various cancer cell lines was determined by traditional 2D-
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colony forming units (CFU) and 3D- tumor spheroid formation
assays (Figure 1). Please note that the ratio of cancer cells to MSCs
used was 10 to 1 respectively. As expected co-culture with MSCs
led to more breast (MDA-MB-231), pancreas (PANC-1) and
ovarian (OVCAR, SKOV3, MOSEC) cancer cell colonies and
larger tumor spheroids compared to untreated controls (Fig. 2A, B
Figures S1 and S2, and data not shown). By contrast, MSCI-
cancer co-culture consistently led to fewer colonies and much
smaller tumor spheroids. Each cancer cell line exhibited their own
unique morphology when grown in the CFU and tumor spheroids.
It is expected that at a 10:1 cancer cell to MSC ratio the body of
the colonies and spheroids are primarily composed of the cancer
cells. This is supported by the observed unique morphologies
recorded for each cancer cell line treated with the MSCs. MSC2
co-culture resulted in the greatest number of CFUs and largest
spheroids. We noted that typically the MSCs and MSC2 co-
cultures led to bigger and more diffuse colonies and spheroids
whereas the MSCI resulted in smaller, tighter, and more compact
CFUs and tumor spheroids. CellTracker green labeled MSCs and
MSC2 in the tumor spheroid assays mostly distributed throughout
the spheroids (Figure S2). These in vitro assays’ results suggest that
MSCs and MSC2 support tumor cell growth whereas MSCI seem
to diminish tumor cell growth.

We also measured the cytokines, chemokines, and other
bioactive factors secreted into the medium by the MSC-cancer
cell co-cultures as before (Table 1, [13,20]). In these experiments
we have no means of distinguishing which cell; MSC or cancer, is
contributing the bioactive factors, we can simply detect the net
effect of the co-culture conditions used here. SKOV3 ovarian
cancer cells were plated on 24-well plates until they reached 50—
70% confluence. MSC1, MSC2, (25,000 cells/insert) or medium
control were then added into 0.4 uM (no cancer cell-MSC
contact) or 8 uM transwell inserts and the co-cultures were
allowed another 72 hr prior to collecting the conditioned medium
and testing by BioPlex assay. MSCI-treated samples elaborated
higher levels of pro-inflammatory factors including IL17, IL3,
MIG, MIP1B and GM-CSF whereas MSC2-treated samples had
marked increases in ILRA, IL10, CXCL1, CCL5 and CXCLI10
(Table 1). Interestingly, TNF-related apoptosis-inducing ligand
(TRAIL) expression was dramatically induced in MSC/-treated co-
cultures when compared to MSC2-treated ones. By contrast, the
expression of GM-CSF, LIF, and TRAIL was attenuated in
MSC2-treated samples when compared to MSCI-treated ones. We
observed similar trends when we sampled the biofactor secretion
from the 3D tumor spheroid co-cultures (data not shown).

Migration and Invasion of Cancer Cells Following MSC
Phenotype Co-culture

We next examined the effect on the migration and invasion
capabilities of these cancer cells following co-culture with the
MSCs, MSC1, and MSC2. Similar to the previous report that
conventionally derived MSCs promote MDA-MB-231 breast
cancer cell migration and invasion [8], we also found that
migration and invasion was promoted by MSCs and MSCZ2 but not
by MSCI (Figure 2). We observed about a two-fold increase in
both migration and invasion assays by MSCs and MSC2 co-culture
(Figure 2A and B, respectively). In our experiments, all MSCis were
added at a 10:1 ratio of cancer cells to MSC: as before. We tested
the effect of co-culture of the cells plated in traditional 2D dishes
72 hr prior to placing the dissociated cells within the transwell
inserts. We also tested the effect of the MSCs on the 3D tumor
spheroids grown cancer cells after subsequent dissociation and
loading in transwell inserts for these assays (Figure 2A and B). We
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Figure 1. MSC7 do not support tumor cell growth whereas MSC2 favor tumor cell growth. A. Representative micrographs from colony
forming units (CFU) assays performed by culturing human tumor cells (200 cells/well) mixed with MSCs, MSC1, or MSC2 (2 cells/well) at a ratio of 10
cancer cells per 1 MSC and plated in 24-well plates in growth medium supplemented with 10% FBS as indicated in figure. Cultures were grown for 14
days at 37°C in a humidified atmosphere of 5% carbon dioxide balance air. Growth medium was changed every 3-4 days. Colonies were visualized by
staining with a crystal violet solution (0.5% crystal violet/10% ethanol). The resulting colonies were enumerated by the colony counting macro in
ImageJ software, SKOV3- ovarian adenocarcinoma cell lines. Colony counts are given below the micrographs. Data are representative of at least three
independent experiments with at least four MSC donors. B. Representative micrograph of tumor spheroids formed by culturing tumor cells
(200 cells/well) mixed without any other cells (-) or with MSCs, MSC1, or MSC2 (20 cells/well) at a ratio of 10 cancer cells per 1 MSC and plated over
1.5% agarose in 96-well plates in growth medium supplemented with 10% FBS as indicated in figure. Cultures were grown for 14 days at 37°C in a
humidified atmosphere of 5% carbon dioxide balance air. Growth medium was changed every 3-4 days. Micrographs shown represent 20Xmagnified
field of the 96-well plate. Cancer cell lines used are: HeLa-human cervical adenocarcinoma, OVCAR-human ovarian adenocarcinoma, SKOV3-human
ovarian adenocarcinoma, and MOSEC-murine ovarian surface epithelium carcinoma cells. Data are representative of at least three independent
experiments with at least four MSC donors.

doi:10.1371/journal.pone.0045590.g001

recorded similar effects by the MSCs on the invasion and
migration of the cancer cells regardless of culturing conditions.
Additionally, the effect of the MSCs, MSC1, and MSC2 in these
assays does not appear to correlate with their expression of matrix
metalloproteinases (MMPs, Figure 2C and D). We consistently
measured increased expression of several mmps following MSCs
induction into the MSCI or MSC2 phenotypes (Figure 2C). We
also observed elevated secretion of activated MMP2 (MMP2¥) into
the condition medium of co-cultures of MSCI and MSC2 with
SKOV3 when compared with medium from cultures with MSCs
or SKOV3 alone (Figure 2D). Although, these levels were slightly
lower than those of the MSCs samples without cancer cell co-
cultures (Figure 2D). These results indicate that the distinct MSC-
mediated effects on cancer migration and invasion are more
complex and perhaps not directly mediated by MMP2* in
agreement with the studies of the report described earlier [8].
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The anti-tumor MSCI and the pro-tumor MSCZ2 in vitro effects
were further supported in pilot studies with human ovarian cancer
xenograft animal models treated with the MSC-based therapies as
previously established ([7] and data not shown). We subsequently
used the immune competent MOSEC model to verify these MSC-
tumor effects (Figure 3, [21]). The tumors were established in the
mice with 1x107 MOSEC (ID8) cells. After approximately 4
weeks a single dose of CellTracker fluorescently labeled human
MSCs, MSC1, or MSC2 (1x10°/per mouse) were injected IP. The
small amount of remaining MSCs preparations within the syringes
were again plated and observed for contamination and subsequent
growth properties. No change was noted among these spent MSC
preparations in growth properties even after 2-weeks of culture.
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Figure 2. Migration and Invasion of Cancer Cells following MSC phenotype co-culture. Transwell migration and matrigel invasion assays
were performed with 3 uM Falcon fluoroblok transwell inserts as described previously [12,20,45]. MSCs were added at a 10:1 ratio of SKOV3 to MSC.
These were co-cultured on traditional 2D dishes 72 hr prior to placing the dissociated cells within the transwell inserts. Representative micrographs of
A. transwell migrating and B. matrigel invading cells were visualized and obtained on an inverted fluorescence microscope (A. 100X and B. 200X,
Olympus, MetaMorph analysis software). Data are representative of duplicates in at least three independent experiments. C. Representative bar
graph of quantitative real-time PCR (gPCR) assays carried out as previously described [39]. Gene expression of mmps among the MSC samples is
expressed by the normalized cumulative threshold method (AAC(t)). *P<<0.05 versus the normalized values for MSC. Statistically significant
differences were not measured among the other samples. Samples were run in triplicate for at least four different MSC donors. D. Representative
micrograph following gelatin zymography of the condition medium from MSC-SKOV3 co-cultures (1:10) or SKOV3 and MSC samples cultured alone as
indicated for 72 hr. Bands are of pro-MMP2 (72 kDa) and active MMP2* (62 kDa). The numbers below micrograph are the fold changes relative to
SKOV3 alone sample obtained following densitometric analysis (Imagel). Data are representative of at least three independent experiments.
doi:10.1371/journal.pone.0045590.9g002

Following 24 hr after the MSC-based treatments, one animal
was sacrificed per treatment group to measure MSC engraftment
to the primary tumor. All MSC-treated samples had similar
detectable pre-labeled fluorescence MSCs within the tumor tissue
trending towards more MSC! and MSC2 measured than MSCs
with approximately 15-25 cells versus 10-15 counted per 200X
field after 24 hr of MSC-treatment (data not shown). Based on the
literature and our previous experiments, MSC-based therapy of
the tumor typically results in very little engraftment (<0.5%) or
local proliferation of MSCs at the tumor site [10,14]. Tumor
growth was measured at weekly intervals until day of mouse
sacrifice (Day 65). At harvest, the ascites accumulated in the tumor
bearing mice was collected. The tumors and metastases were
measured and processed for flow cytometry and IHC analyses [7].

The collected ascites samples were spun down on cytospin slides
and stained with Diff Quick (Figure 3B). Notably, very little
(<0.5 mL/mice) to no ascites accumulated in MSCI-treated
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animals compared with MSCs- (1.25 mL/mice) and MSC2-treated
(>5 mL/mice) animals (Figure 3C). Furthermore, MSC2-treated
animals had the most tumor cell aggregates within the ascites
followed by the MSC-treated samples, with few tumor aggregates
found in MSCI-treated sample ascites (Figure 3B). In parallel, the
tumor size and weights were biggest i AMSC2-treated
(~1500 mm® and 375 mg) animals followed by MSCs-treated
animals (~1000 mm® and 283 mg) and MSCI-treated animals
(~500 mm® and 167 mg, Figure 3A and C). Metastasis was found
only in MSCs- and MSC2-treated mice.

Tumor-associated Leukocytes Differ among the MSC-
treated Groups

Flow cytometry and IHC analyses of harvested tumors
demonstrated some interesting differences dependent upon the
MSC-treatments (Figure 4). Based on both CD45+ flow cytometry
and IHC analyses MSCI-treated groups appeared to have the
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Table 1. Ovarian cancer cells co-cultured with MSCT differ
from MSC2 co-cultures in their secretion of bioactive factors.

Contact

dependent
Bioactive Factor effect msc1 Msc2
IL1RA = i i
IL3 - 1 l
IL10 + - 1
IL12p40 - ! 1
IL17 + 11 1
CXCL1 (Groa) - N\ T
CXCL10 (IP10) + ! (R
CCL5 (RANTES) + -/l T
MIG + 1 -
MIP1B + T T
GM-CSF + 11 !
HGF + ! -
LIF - T l
TRAIL + 11 )

SKOV3 ovarian cancer cells were plated on 24-well plates until they reached 50-
70% confluence. MSC1, MSC2, (25,000 cells/insert) or medium control were then
added into 0.4 uM (no cell-cell contact) or 8 uM transwell inserts and the co-
cultures were allowed another 72 hr prior to collecting the conditioned
medium and testing by Bio-Plex Cytokine Assays following the manufacturer’s
instructions (Human Group | & II; Bio-Rad, Hercules, CA). Arrows represent
relative normalized changes compared with the SKOV3 alone control. Biofactor
levels that were different between the MSCs grown in 0.4 uM (no cell-cell
contact) versus 8 uM transwell inserts are represented by “+.” Those biofactor
levels that were similar in both sample groups are represented by “—.” Data are
representative of triplicate measurements with 4 MSC donors in at least 4
independent experiments.

doi:10.1371/journal.pone.0045590.t001

greatest recruitment of leukocytes to the TME compared to the
other treatment groups (Figure 4A and B). MSC2-treated groups
also had an increased number of tumor-associated CD45+leuko-
cytes compared to MSC-treated groups. Representative micro-
graphs of the Image] threshold analysis with CD45+cells colorized
red demonstrate these differences (Figure 4A). Additionally,
MSCI-treated groups had elevated levels of F4/80+ leukocytes
(likely macrophages) compared to MSCs- and MSC2-treated
groups as determined by flow cytometry (Figure 4C). The
MSCs-treated groups had the most tumor-associated neutrophils
(~35%) whereas MSCI-treated groups had more monocytes
(~40%) and MSC2-treated groups had close to equivalent
numbers of neutrophils, monocytes and lymphocytes (~20%/
each) based on differential flow cytometry analyses with specific
antibodies to CD3, CD4, CD8, CD11b, CD45R, Ly-6G (Gr-1),
and NKG2D (CD314) (http://phenome jax.org/db/
g?rtn = projects/docstatic&doc = Jaxpheno6/
Jaxpheno6_Protocol).

Next, we used a proteoglycan-specific stain (safranin O-fast
green) to help visualize the mast cells (MCs) found within the
MSC-treated tumor sections (Figure 5). MCs are immune cells
that are increasingly implicated in tumor growth, spread, and
aggressiveness [22]. The metastatic potential of tumors is affected
by the composition of the tumor associated extracellular matrix
(ECM). MCs are known to promote ECM protein deposition and
are associated with various human ECM disorders [23,24]. Lastly,
MCs are also known to interact with MSGs [3,25]. Although we
did not observe obvious differences in the number of safranin O
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positive mast cells in each of the MSC-treated groups, there
appeared to be differences in the stained granules within the MCs
among them. Specifically, while MSC- and MSC2-treated tumor
sections appeared to contain mostly safranin O-positive granule
laden MCs, MSCI-treated tumor sections contained mostly MCs
that appeared degranulated (insets of Figure 5). We also noted that
the MGCs were distributed mostly throughout the stromal
fibrovascular compartments of all tumors where they may also
be acting to affect the ECM (Figures S3 and S4). These results
indicate that the anti-tumor MSCI-effects and the pro-tumor
MSC2-effects may be mediated by differences in their ability to
distinctly affect various tumor-associated leukocytes as well as
directly or indirectly affect the ECM content of the tumor
microenvironment.

Discussion

The novel finding of this study is that mesenchymal stem cells
(multipotent stromal cells, MSCs) induced into the AMSCI
phenotype attenuate cancer cell growth while MSCs induced into
the MSC?2 phenotype mostly mimic conventional MSCs in
promoting cancer cell growth and spread. Additionally, that once
the MSCI and MSC2 phenotypes are induced and reintroduced
they appear to lead to distinct tumor effects. In another
complementary study, we similarly tested for the stability of the
induced phenotypes and their distinct therapeutic effects in a
murine model of pain [14].

Recently, a shadow has been cast over the successful and
increasing use of MSC-based therapies in many diseases, by the
growing controversy of whether the MSCs used in the treatment
might promote tumor growth as some preclinical studies, including
ours, suggest [7]. By contrast, others have argued that MSCs
attenuate tumor growth and spread. However, most agree that as
a result of the propensity of MSCs to home to tumors, these cells
used in cell therapies of cancer provide ideal cancer drug delivery
vehicles [4-6,26]. In this study, we present evidence that might
shed some light over these controversies and that may provide
some guidance in the design of safer MSC-based therapies.

We extended our work on MSCs and ovarian cancer, as well as
our study describing a new approach for the induction of MSCs
into a pro-inflammatory MSC/ and an immunosuppressive MSC2
phenotype. Accordingly, we chose to focus our investigation on the
distinct effect that MSC! and MSC2 might have on tumor growth
and spread compared to the established one with conventionally
prepared MSCs [7,13]. Our initial i vitro experiments demon-
strated that MSCI co-culture with various cancer cells diminished
their capacity to form colonies in contrast to growth promoting
MSC- or MSC2-co-cultures (Figure 1 and Figures S1 and S2). This
effect remained constant even when tested by 3D tumor spheroid
models. In this study we only tested cancer cells derived from solid
organ tumors and not from leukemia or other blood-related
malignancies. We also used MSC to cancer cell ratios of 1:10
throughout the study to more closely resemble the proportions that
might be achieved in the clinic with MSC-based therapies and
different to the 1:1 ratios used by other MSC and cancer studies
(e.g. [8,27-29)).

MSCs targeted to cancers are expected to contribute many
bioactive factors once resident in the TME, such as mitogens,
extracellular matrix (ECM) proteins, angiogenic, and inflamma-
tory factors, as well as exosomes or microvescicles. MSCs are also
expected to affect tumor-associated leukocytes either directly by
cell-cell contact or indirectly by these secreted factors [3]. Most of
these parameters were measured in this study. We previously
reported that there were differences among several of these
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1° Tumor Growth

Tumor vol, mm3 >
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Figure 3. MSC7 do not support tumor growth whereas MSC2 favor tumor growth and metastasis. The established syngeneic mouse
model for epithelial ovarian cancer used is based upon a spontaneously transformed mouse ovarian surface epithelial cell (MOSEC) line ID8 that has
been previously described [21]. At approximately 4 weeks a single dose of human MSCs (MSCs), MSC1, or MSC2 (1 x10%/per mouse) were injected
intraperitonealy (IP) as indicated by red arrow. A. Tumor growth was measured at weekly intervals until day of mouse sacrifice (Day 65). Harvested
tumors and metastasis were weighed, counted and processed for flow cytometry and immunohistochemical analysis (IHC). ¥*P<<0.05 versus the MSCs-
treated tumors. B. Accumulated ascites was collected, measured, and a sample was spun on cytospin slides and stained by DiffQuick cytology stain
by standard methods. Left circles are representative micrographs of cytospin slides (20X) with enlarged areas to the right marked by green box
(100X). C. Table of average +/—SEM results among the different MSC-treatment groups. Data are representative of three independent experiments
with at least 6 mice per treatment group.

doi:10.1371/journal.pone.0045590.9g003

secreted bioactive factors following the induction of MSCs into thus it must be accordingly weighed and validated with other
MSC1 and MSC2 [13]. Co-cultures of these MSC phenotypes with supportive experiments prior to drawing too many conclusions.

the cancer cells also reflected distinct effects on the secreted factors To this end, transwell migration and matrigel invasion
as summarized on Table 1. Both contact-dependent and capabilities were also studied (Figure 2). However, though we
independent effects were observed. Increases measured in the measured fewer migrating and invading cells for the MSC/ sample
levels of CCL5 (RANTES) secreted by the pro-tumor MSC?2 groups compared to the other MSC sample groups, we could not
groups are in agreement with previous reports [8,13]. By contrast, attribute this difference to decreased expression of activated

MSCI treatment groups had elevated levels of 1117, GM-CSF, MMP2. Additionally, we have not been able to detect significant
and TRAIL that would suggest an overall inflammatory and pro- levels of either the zymogen or active forms of MMP9 in MSC

apoptotic effect by these cells. MSC2 treatment groups also had phenotype in vitro cultures or co-cultures with cancer cells. These
elevated levels of secreted ILIRA, IL10 and most chemokines results are intriguing given the documented importance of MMP2
tested, which suggests a net tumor supportive immunosuppressive and 9 in tumor spread and invasion [30]. Further studies are
effect by this treatment group [27]. However, it is important to needed to investigate this complex tumor process and how the
recognize that the expression of bioactive factors is by necessity a MSCs might affect it.

Following these  wvitro experiments, we next investigated the
effects of the MSC-based therapies in an immune competent
mouse model of ovarian cancer that has been useful in similar
studies [21,31,32]. Since the most prevalent effect of MSC-based
therapy reported in human clinical trials appears to be immune
modulation, and the profile of bioactive factors primarily
expressed by MSCs are immune modulatory, we thought it

dynamic process, quickly changing at any given time and place
and probably confined to communication across short intercellular
distances. We are also not able to distinguish the source be it MSC
or cancer cell of the factors elaborated in our established co-
culture experimental conditions. Furthermore, what we are able to
measure with the current technology is one snapshot of time and
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Figure 4. Tumor-associated leukocytes differ among the MSC-treated groups. MOSEC tumors were established in C57BL/6 mice for 4
weeks. MSCs, MSC1, or MSC2 (1x10° in 0.5 mL HBSS) were infused IP and the mice were harvested after 65 days. Tumors were excised, fixed, and cut
into 5 uM sections and processed for antibody staining by standard methods or single cell suspensions were made from the tumors and processed
for flow cytometry analysis [7]. Data are representative of three independent experiments with at least 6 mice per treatment group. A. Representative
micrographs of the tumor sections processed by IHC, stained with DAB, and then recorded with the Aperio ScanScope (40X, Aperio, Vista, CA). Shown
is the subsequent ImageJ threshold analysis with CD45+cells colorized red. B. Bar graph depicting the results from the CD45+ flow cytometry
analyses of the tumors relative to the MSC-treated tumors. *P<<0.05 versus the MSCs-treated tumors. Statistically significant differences were not
measured between MSC1- and MSC2-treated tumor samples. C. Bar graph depicting the results from the F4/80+ flow cytometry analyses of the
tumors relative to the MSC-treated tumors. *P<<0.05 versus the MSCs-treated tumors. Statistically significant differences were not measured between
MSCs- and MSC2-treated tumor samples. D. Bar graph depicting the results from flow cytometry analyses to identify neutrophil, monocyte, and
lymphocyte populations among the tumor samples as described in Materials and Methods. Flow cytometry data are representative of at least

duplicate samples from at least three independent experiments.
doi:10.1371/journal.pone.0045590.g004

important to use immune competent models [2,33]. Previous studies
with human MSCs introduced into allogeneic or xenogeneic hosts
have been similarly reported with success [1,9,34]. In this context,
we consistently observed that the MSCI-treatment groups had
smaller tumors without any detectable metastasis, and accumu-
lated little to no ascites when compared to the MSCs- or MSC2-
treated groups (Figure 3). Upon staining of the collected ascites, it
was evident that there were large tumor aggregates or spheroids
present in the MSCs- and MSC2-treatment groups but not in the
MSCI ones. MSC-based therapies of tumors or other diseased
organs typically results in very low engraftment by the delivered
MSCs. It is established that one hurdle in the translation of MSC-
based therapies remains improving their survival in the recipient

host [1,9,34].
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We used both flow cytometry and immunohistochemical
analyses to determine the changes among the treatment groups
in the tumor-associated leukocytes (Figures 4 and 5). Here, too, we
found changes among the MSC-treated groups as was expected.
The CD45+population of cells present in the tumors were more
numerous in MSCI- and MSC2- treatment groups than in MSCis-
treated groups. Additionally we measured the greatest number of
F4/80+cells in the MSCI- treated group compared to the others.
The significance of these findings remains to be elucidated.
Tumor-associated macrophages (TAMs) are known to be educated
from tumor eradicating cells to tumor promoting cells with F4/80
expression potentially changing from one population to the other
[35-37]. It will be interesting to determine in future studies
whether tumor-associated MSCs and TAMs directly affect each
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MSC1 4
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Nuclei- black
Cytoplasm-- gray green
Proteoglycans/ Mast cell
granules — orange to red

Figure 5. Proteoglycan-rich stained mast cells found in tumor sections from MSC2- and MSC-treated tumor groups but mostly
degranulated ones found in MSC7-treated tumor groups. MOSEC tumors were established in C57BL/6 mice for 4 weeks. MSCs, MSC1, or MSC2
(1x10° in 0.5 mL HBSS) were infused IP and the mice were harvested after 65 days. Tumors were excised, fixed, and cut into 5 UM sections by
standard methods [7]. Sections were processed for safranin O proteoglycan staining (www.ihcworld.com). Representative micrographs of several
MSC-treated tumor sections are included from images obtained from the Aperio ScanScope (200X, Aperio, Vista, CA). The expected color for each
tissue element is described in the inset on the lower right hand side. 400X images are included in boxed insets. Data are representative of three

independent experiments with at least 6 mice per treatment group.
doi:10.1371/journal.pone.0045590.g005

other and can be “re-educated” from one form to the other
following this interaction.

Macrophages, mast cells (MCs), and MSCs also affect ECM
proteins, yet another component of the TME important to tumor
growth and spread [23,24,30,38]. Thus, the changes in mast cells
and collagen (ECM) levels among the MSC-treated tumor groups
were measured (Figure 5 and Figure S3). Safranin O stains the
proteoglycan-rich granules of mast cells and surprisingly revealed
that the MCs of tumor sections of MSCs- and AMSC2-treated
groups were mostly loaded with these granules while the ASCI-
treated groups were not. Furthermore, we observed localization of
the MCs to the stromal compartments of the tumors, which may
suggest an association of MCs and the ECM. This association was
further implicated by comparison of the safranin O stained
sections with those of the Verhoeff-Van Gieson (VVG) collagen
stained sections, which revealed mast cells concentrated in areas
with the darkest pink/red collagen stained regions (Figure S4).
Unexpectedly, we observed the opposite effect of MSCI on
collagen levels (in vivo) than we previously reported for MSCI
induction alone (in vitro) [13]. VVG stained tumor sections from
MSCI-treated groups had less dark pink/red areas than the other
samples, whereas wm wvitro MSCI had the greatest expression of
collagen compared to the other samples. These differences may be
explained by direct i viwo interactions between the MSCs and
MCis that were recently discovered and that would be present in
the TME but lacking in the i witro setting [25]. Further
investigation of the interaction of MCs with MSCs within the
TME will have to be added to those of MSCs and macrophages
mentioned above. Adding to the complexity of the TME, MSCis,
macrophages, and MCs seem to share many properties affecting
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the secretion of bioactive factors and the tumor immunity [26,39-
43].

More detailed analyses are required to complete our under-
standing of the effect that MSC-based therapies might have on all
of the tumor-associated leukocytes including MCs and macro-
phages. In particular, it would be interesting to begin to dissect the
contributions of each leukocyte population in the MSC-affected
tumors by using specific mouse knockout models. We also expect
that the study of other solid tumor and leukemia models as well as
other strains of mice may identify subtle differences in the net
effect of the MSC-based therapies that will be useful to our
understanding of the TME and its contribution to tumor growth
and spread. Important as well will be determining the most
effective MSC-based cancer therapy. To this end, the optimal
dose, frequency, and timing of the MSC-based therapy need to be
determined for each cancer. We are encouraged that the ex viwo
induced MSC! and MSC2 phenotypes appear to remain stable
when re-introduced into various animal disease models and were
capable of mediating distinct results even 65 days after just a single
MSC injection (Figure 3).

Cell-based therapies are undoubtedly gaining ground given
their growing international use, regulatory agency approval (FDA
and European Medicines Agency-EMA), billion dollar a year
market, and proven efficacy in many human diseases [44]. Among
these, MSC-based therapies are widely used because MSCs are
thus far clinically safe, are easily obtained from adult tissues, can
be expanded as well as stored, and are unique in their immune
modulating capabilities. Additionally, their proclivity for the tumor
microenvironment makes them ideally suited for the directed
delivery of anti-cancer payloads. An ideal therapeutic approach
for the complex pathology of cancer may be a complementary one
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that employs conventional methods to target the cancer cells (seed)
combined with MSC-based therapies that target the TME (soil).
Finally, the new MSCI- and MSC2-therapy approach we have
identified provides a convenient tool with which to begin to dissect
the contribution of MSCs to tumors, and may help resolve some of
the surrounding controversies to safely advance the use of MSC-
based therapies in many human diseases including cancer.

Materials and Methods

Cells

Bone marrow-derived human MSC (MSCs) used for all studies
were obtained from the Tulane Center for Stem Cell Research
and Regenerative Medicine, New Orleans, LA or Lonza,
Walkersville, MD and are IRB exempt as previously described
[13]. MSCs from at least six different human donors were used in
these experiments and cultured as previously described [12,45]. All
experiments were conducted on MSCs at a passage =5. Hela
human cervical adenocarcinoma, OVCAR-human ovarian ade-
nocarcinoma, and SKOV3 (SKOV3AB) human ovarian adeno-
carcinoma were obtained from the American Type Tissue
Collection (ATCC, Walkersville, MD). PANC-1 human pancre-
atic adenocarcinoma, and SKOV3FM were obtained as a gift
from Dr. Frank C. Marini (Wake Forest Medical Center, NC and
are also commercially available from ATCC, Walkersville, MD).
Preparation of MSCs into a pro-inflammatory MSC7 phenotype or
an immunosuppressive MSCZ2 phenotype was described previously

([13], patent-pending US 61/391,749).

Animals

Animal care and use was pre-approved by the Tulane
University Medical Center Advisory Committee for Animal
Resources. 3—7-week-old female C57BL/6] wt mice were obtained
from Jackson Laboratories (Bar Harbor, ME). The syngeneic
mouse model for epithelial ovarian cancer based upon a
spontancously transformed mouse ovarian surface epithelial cell
(MOSEC) line ID8 has been previously described [21,46]. ID8
cells were a generous gift from Dr. Katherine F. Roby (Kansas
University Medical Center). At approximately 4 weeks post cancer
cell introduction and tumor formation, 1x10° cells/ per mouse of
CellTracker fluorescently-labeled wt MSCs, MSC1, MSC2 or mock
control was infused IP (Molecular Probes, Life Technologies,
Carlsbad, CA) [47]. The ability of the cells to reach their target
was measured by flow cytometry analyses of collected tumors
24 hr after the MSC infusions [47]. The 24 hr window was chosen
as optimal for MSC engraftment measurements based on previous
studies [47]. Mice were monitored daily for changes in weight,
morbidity, and mortality. Tumors were measured and at harvest,
ascites, tumors and any metastases were weighed and documented
as before [7]. Kaplan-Meier survival plots of mice were analyzed
by the log rank test (Prism4, GraphPad Software Inc. CA). Greater
than 6 mice per sample group was used in each of the experiments.

Flow Cytometry

Single cell suspensions of collected tumors were achieved by the
method previously described [32]. Analysis of cell surface markers
expressed from the obtained tumor samples was done by multi-
color cell surface antibody staining as in that study, or as indicated
for the specific cell subsets including anti-CD3, -CD4, -CD8, -
CDl11b, -CDllc, -CD19, -CD45R, - Ly-6G (Gr-1), and -NKG2D
(CD314) [46,48]. Intracellular cytokine antibody staining was
achieved after fixation and permeabilization of the cells. Isotype
controls and untreated or unstained samples were routinely run in
parallel as standard. End point flow cytometry analysis was
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performed on a BD LSRII analyzer and analyzed with CellQuest
software. Data are representative of at least duplicate samples from
at least three independent experiments.

Colony Forming Units (CFU) and Tumor Spheroid Assays

CFU assay was performed by culturing human tumor cells
(200 cells/well) mixed with conventionally prepared MSCs, MSC1
or MSC2 (2 cells/well) at a ratio of 10 cancer cells per MSC and
plated in 24-well plates in growth medium supplemented with
10% FBS as indicated. Cultures were grown for 14 days at 37°C in
a humidified incubator. Growth medium was changed every 3—4
days. Colonies were visualized by staining with a crystal violet
solution (0.5% crystal violet/10% ethanol). The resulting colonies
were enumerated by the colony counting macro in Image]
software. Tumor spheroids were formed by culturing tumor cells
(200 cells/well) mixed without any other cells () or with
CellTracker labeled MSCs, MSCI or MSC2 (20 cells/well) at a
ratio of 10 cancer cells per 1 MSC and plated over 1.5% agarose
in 96-well plates in growth medium supplemented with 10% FBS
as indicated. Cultures were grown for 14 days at 37°C in a
humidified incubator. Growth medium was changed every 34
days. Micrographs shown represent a 20-fold magnified field of the
96-well plate. CFU and tumor spheroid assays were performed in
at least three independent experiments with duplicate wells.

Migration and Invasion Assays

Migration and invasion assays were performed with cells loaded
on 3 uM Falcon fluoroblok transwell inserts and allowed 16 hrs in
a humified CO2 incubator as described previously [12,20,45].
Transwell migrating and matrigel invading cells were visualized on
an inverted fluorescence microscope (Olympus). Image analyses
were routinely performed with Image]. Data are representative of
duplicates in at least three independent experiments.

qPCR

Quantitative Real-Time PCR (qPCR) was carried out as
previously described using the following primers pairs [39]: matrix
metalloproteinase 1 (mmp)l-forward (F) GGA GAT CAT CGG
GAC AAC TC; mmpl-reverse (R)-ACC GGA CTT CAT ATG
TCG; mmp2-F-CAA GTG GTC CGT GTG AAG TAT G; mmp2-
R-CGT CAT CGT AGT TGG CTG TG; mmp3-F-GAC AAA
GGA TAC AAC AGG GAC C; mmp3-R-TAT CAG AAA TGG
CTG CAT CG; mmp9-F-CAA GGA TGG GAA GTA CTG
GCG; mmp9-R- TCA ACT CAC TCC GGG AAC TC; mmp15-F-
GAT ACG TTC TTA CAG AAG; mmpl53-R GAC AAA TCA
TCT TCA TCA CC; membrane-type matrix metalloproteinase-1
(mt-mmp)I-F-GTC TTC AAG GAG CGC TGG TTC TG mt-
mmpl-R- TAG CCC GGT TCT ACC TTCA G; 185 rRNA —F-
GAG GGA GCC TGA GAA ACG G, 18S 1RNA -R-GTC GGG
AGT GGG TAA TTT GC-3' (IDT, Coralville, IA). Samples from

at least three independent experiments were run in triplicate.

Histology and Immunohistochemistry

The collected ascites samples were spun down on cytospin slides
and processed for Dift Quick stain as described (http://www.
theworld.com/_protocols/special_stains/diff_quick_ellis.htm).
Tumors were fixed in 10% formalin solution and embedded in
paraffin by standard methods. Sections were cut into 5 pum
sections and stained with hematoxylin and eosin (H&E), Verhoeff-
Van Gieson (VVG)- elastic fiber/collagen staining and safranin
O- proteoglycan staining were performed also as described (www.
theworld.com). Immunostaining was performed using monoclonal
anti-hCAP-18/LL-37, -CD45, -F4/80, and other relevant markers
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as before [49]. All stained tissue sections were scanned with the
Aperio ScanScope (Aperio, Vista, CA) at an initial magnification
of 40X, and images were visualized and captured using the Aperio
ImageScope program. Image analyses were routinely performed
with Image]. For threshold analysis (percent DAB or safranin
positive), the images were digitally adjusted to remove background
and increase the contrast between the tissue and the background.
The RGB images were stacked into separate R, G, B images and
threshold determinations were used to digitally highlight all the
stained tissue while dismissing the background. Finally, the percent
of highlighted pixels (positive cells) was calculated relative to total
area of the field. A similar Image] analysis method was used to
determine collagen positive areas within the VVG stained tumor
sections as detailed in http://cardprint.ucsd.edu/
CV_Lab_Web_Page/HowToDocs/ImageJProtocol.pdf. Greater
than 10 viewing fields were recorded and analyzed after three
independent experiments for each sample group.

Statistical Analysis

Data are presented as average +/— standard error of the mean
(S.E.M.). Multiple group comparison was performed by one-way
analysis of variance (ANOVA) followed by the Bonferroni
procedure for comparison of means. Comparison between any
two groups was analyzed by the two-tailed Student’s t-test or two-
way ANOVA (Prism4, GraphPad Software Inc. CA). Values of
P<0.05 were considered statistically significant.

Supporting Information

Figure S1 MSCI1 diminish tumor growth whereas MSC2
favor tumor growth. Tumor spheroids were formed by
culturing tumor cells (200 cells/well) mixed without any other
cells (-) or with CellTracker green labeled MSCs, MSC1, or MSC2
(20 cells/well) at a ratio of 10 cancer cells per 1 MSC and plated
1.5% agarose in 96-well plates in growth medium
supplemented with 10% FBS as indicated in figure. Cultures were
grown for 14 days at 37°C in a humidified atmosphere of 5%
carbon dioxide balance air. Growth medium was changed every
3—4 days. Representative micrographs shown represent 20X
magnified bright field of the 96-well plate. Cancer cell lines used
are: Hella- human cervical adenocarcinoma, PANC-1- human
pancreatic adenocarcinoma, OVCAR-human ovarian adenocar-
cinoma, SKOV3-human ovarian adenocarcinoma, and MOSEC-
murine ovarian surface epithelium carcinoma cells.

(TIF)

Figure $2 MSCI1 diminish tumor growth whereas MSC2
favor tumor growth. Fluorescence micrographs corresponding
to those bright field micrographs presented in Figure SI.
CellTracker green labeled MSCs, MSCI, or MSCZ2 appear as the
brighter spots in the images. It appears that the cells distribute

over
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