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Abstract

The tumorigenicity of embryonic stem cells (ESCs) and induced pluripotent stem (iPS) cells is a
major obstacle for clinical translation. Although teratoma formation can be reduced by /n vitro
pre-differentiation of ESCs, proliferating neural progenitors can generate tumors, especially under
the immunosuppressive treatment. In our present study, we used undifferentiated embryonic stem
cells as a worst-case model for teratoma formation and study if niche microenvironment of stem
cell growth is a crucial driving force in teratoma development. We demonstrate herein that
syngeneic ESC transplants recruit bone marrow (BM)-derived macrophages that produce
macrophage migration inhibitory factor (MIF), thereby stimulating angiogenesis and teratoma
development. Moreover, we show that teratoma angiogenesis relies on preexisting host endothelial
cells and does not require BM-derived endothelial progenitors or endothelial cells differentiated
from ESCs. Furthermore, ESCs differentiate into pericytes and pericyte coverage is restricted in
MIF KO Mice. Genetic deletion of MIF from the host but not from ESCs specifically reduces
angiogenesis and teratoma growth. BM cell-derived MIF contributes to teratoma development and
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blockade of MIF effectively reduces teratoma development after ESC transplantation. This is the
first study to demonstrate that syngeneic ESC transplantation provokes an inflammatory response
that involves the rapid recruitment of BM-derived macrophages. We propose that infiltrating
inflammatory macrophages form niche microenvironments that may be a crucial driving force in
the initiation and progression of teratomas.

Introduction

Stem cell therapy holds an enormous potential as a treatment for many diseases, including
spinal cord injury. However, embryonic stem cells (ESCs) and induced pluripotent stem
(iPS) cells may produce teratomas. The risk of teratoma development represents a major
obstacle to successful clinical translation of stem cell therapies. Although teratoma
formation can be reduced by /n vitro pre-differentiation of ESCs, recent observation
revealed that not only undifferentiated hESCs but also ESCs proliferating neural progenitors
can generate tumors (1, 2), especially under the immunosuppressive treatment (3).
Teratomas have been found also after injection of /n vitro differentiated cells into various
other tissues including liver and myocardium(4—7). Human iPS cells are a potential source
of patient-specific pluripotent stem cells and expected to have tremendous value for
therapeutic purposes. However, it is inevitable that these iPS cells develop teratomas even if
these iPS cells are pre-differentiated /n vitro still formed teratomas (8). Furthermore, some
iPS-derived neurospheres showed robust teratoma formation (9, 10). The potential
tumorigenicity must be evaluated directly before the clinical application of any stem cell in
regenerative medicine (11, 12).

Inflammation is a major driving force for the initiation and progression of tumor
development. Macrophage migration inhibitory factor (MIF) is important in the regulation
of host inflammatory and immune responses but may be recognized as a pro-tumorigenic
factor (13) that is over-expressed in many tumors. We have previously shown that increased
MIF expression in different cancers correlated significantly with unfavorable clinical
outcomes (14-16). Given the role of MIF in inflammation and tumor development, MIF
may be an important link between inflammation and teratoma development.

The tumorigenic potential of ESCs is considered to reflect a complex interactive process that
requires the presence of supporting host cells. In the present study, we studied the role of the
host inflammatory response in teratoma formation by syngeneic ESC transplantation. We
found that ESCs recruit bone marrow (BM)-derived macrophages that deliver MIF to
stimulate host endothelial cell proliferation and pericyte differentiation. We further
demonstrated that MIF expressed by BM-derived macrophages is essential to teratoma
growth and represents an important target to control teratoma development after ESC
transplantation.

Materials and Methods

Mice strains

Wild type (WT) C57BL/6 and C57BL/6-Tg(ACTB-mRFP1)1F1Hadj/J mice “RFP mice”
were purchased from Jackson Laboratory (Bar Harbor, Maine). MIF KO mice bred onto a
pure C57BL/6 background (generation N10) have been described previously (17). All mice
were maintained in pathogen-free animal facility at Rutgers University. Animal protocols
were approved by Animal Care and Facilities Committee of Rutgers University.

Cancer Res. Author manuscript; available in PMC 2013 September 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 3

Reagents and antibodies

ESCs

All chemicals were purchased from Sigma (St. Louis, MO) and cell culture media were from
Invitrogen (Carlsbad, CA) unless otherwise indicated. The antibody against NG2 was from
Millipore (Billerica, MA) and CD31 was from BD Biosciences (Franklin Lakes, NJ). F4/80
was purchased from American Tissue Culture Collection (ATCC, Manassas, VA) and IBA-1
(ionized calcium binding adapter molecule 1) was from Wako (Osaka, Japan). A rabbit-anti-
MIF antibody from Santa Cruz was used for ELISA, and a neutralizing anti-MIF 19G;
monoclonal antibody (anti-MIF 1gG1, source clone Monash University) was employed for
the /in vivo studies (18). The Alexa 555-conjugated goat-anti-rat IgG and HRP-conjugated
goat-anti-rabbit 1gG were from Invitrogen. Cy5-conjugated goat anti-rat 1gG was from
Novus Biologicals (Littleton, CO). Cy5-AffiniPure donkey anti-rabbit 1gG was purchased
from Jackson Immuno Research (West Grove, PA). The small molecule MIF antagonists
ISO-1 was obtained from Calbiochem (San Diego, CA).

Murine ESC line F12 from C57BL/6 mice ubiquitously expressing enhanced green
fluorescent protein (EGFP) under the control of the chicken actin promoter (19). ESCs were
cultured on a feeder free medium under an atmosphere of 5% CO» at 37°C. The EGFP-ESCs
were maintained on 0.1% gelatin-coated dishes in ESC culture medium (ESM), which is
composed of Dulbecco’s modified Eagle medium (DMEM) with high glucose, 15% fetal
bovine serum (FBS, Hyclone, Logan, UT), 0.1mM 2-mercaptoethanol, 1nM sodium
pyruvate, 1% non-essential amino acids solution (MEM), 1% penicillin-streptomycin, 1%
nucleoside solution, and 1000 U/ml murine leukemia inhibitory factor (LIF) (Chemicon,
MA).

Endothelial cells

Primary lung endothelial cells were prepared from WT and MIF KO mice using CD146
MicroBeads (Miltenyi Biotec, Germany), according to the manufacturer’s protocol, cultured
in DMEM/F-12 containing 10% FBS, heparin sulfate (90 pg/ml), and endothelial cell
growth supplement (ECGS, 450ug/ml), and used within three passages.

Mouse BM-derived macrophages (BMDM)

Mouse BM-derived macrophages (BMDM) from WT and MIF KO mice were prepared as
described (20). Briefly, BM cells from mice 6-8 weeks of age were collected from femoral
shafts by flushing the marrow cavity of femurs of with DMEM supplemented with 1% FBS.
The cell suspensions were passed through an 18-gauge needle disperse cell clumps. Cells
were cultured for 7 days at a cell density of 1 x 105/ml in 100 mm polystyrene tissue culture
dishes (BD) containing in DMEM supplemented with 20% conditioned medium from L929
cells (a source of M-CSF) and 10% FBS.

Histology and immunofluorescence

Mice were transcardially perfused with 0.9% saline followed by 4% paraformaldehyde. A
segment of spinal cord encompassing the transplantation site was removed and fixed in 4%
paraformaldehyde for 3h and then cryoprotected in 20% sucrose overnight at 4°C. For
histologic examination, the sections were stained with hematoxylin and eosin (H&E). For
immunofluorescent staining, the sections were incubated with primary antibodies overnight
at room temperature (RT) followed by secondary antibodies at RT for 2h. Primary antibody
omission controls were performed to exclude nonspecific binding. Samples were examined
and microphotographs were taken using Zeiss AxioCam microscope and AxioPhot image
collection system (Carl Zeiss, Germany) and confocal Laser Scanning Microscopy (Nikon,
Japan). Two to three sections containing the largest teratoma area of each mouse were used
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to calculate the tumor size and positive areas using LSM 510 software (Nikon, Japan).
Positive density was calculated by counting of positive areas per pm?.

Proliferation assay

Endothelial cells and ESCs were seeded in 96-well plates at a concentration of 4000 cells
and 1500 cells per well, respectively. Cells were cultured with mouse recombinant MIF,
which was prepared as described by Bernhagen et a/(21) and with an endotoxin content of
<1.9EU/ug of content of protein or with culture supernatants from macrophages in the
presence or absence of ISO-1. After 72 h of culture, plates were fixed with ice-cold 10%
trichloroacetic acid (TCA) for 1h and stained with 0.4% sulforodamine B (SRB, w/v) in 1%
v/v acetic acid for 30 min. The mean absorbance at 570 nm was measured using a Universal
Microplate Reader (EL800, BIO-TEK Instruments, USA).

Transplantation of EGFP-ESCs and MIF KO ESCs

Cell density in transplantation solutions was adjusted to 10,000 viable cells per pl, and a
total volume of 0.5 pl was stereotaxically injected into the spinal cord of adult WT and MIF
KO mice (8-12 weeks) at T9-T10 vertebrae by a T10 laminectomy using a microliter
syringe (Hamilton Company) fixed in a stereotaxi frame. Mice were allowed to be sacrificed
at different time points after transplantation. Functional assessment began on post-operative
24 hrs as day 1. Hindlimb motor function was assessed using the Basso Mouse Scale (BMS)
score (22).

Angiogenesis in Matrigel plugs

Recombinant mouse VEGF-A (30ng/ml, R&D Systems), heparin 60 U/ml and BSA 50ug/ml
were mixed with 250 ul of regular Matrigel (BD Biosciences). The Matrigel (250 pl each)
was injected subcutaneously into the abdominal region of WT and MIF KO mice as
described (23). Each Matrigel plug was harvested on day 5 and fixed in 4%
paraformaldehyde and then cryoprotected in 20% sucrose overnight at 4°C before being
sectioned for immunohistochemistry.

Enzyme-linked immunosorbent assay (ELISA)

The supernatants of cells were collected for detection of mouse MIF by ELISA (24).

Bone marrow reconstitution

Eight week old mice as recipients were irradiated in a plastic box with 10 Gy. Subsequently,
mice received an intravenous injection of 5 x108 bone marrow cells that had been harvested
by flushing the marrow cavity of femurs of appropriate donor mice with DMEM
supplemented with 1% FBS. The BM cells were washed several times with PBS and then
contaminating red blood cells were lysed. The BM cells were resuspended in DMEM and
injected intravenously via a tail vein using a 26-gauge needle. The chimeras created by this
process were defined as follows: WT - WT: WT background irradiated, reconstituted with
RFP-WT bone marrow cells; WT - MIF KO: MIF KO mice irradiated, reconstituted with
RFP-WT bone marrow cells; MIF KO - WT: WT mice irradiated, reconstituted with MIF
KO bone marrow cells.

Treatment groups

WT mice inoculated with ESCs were randomly allocated into control and treatment groups.
In the treatment groups, mice were administrated neutralizing anti-MIF mAb (20 mg/kg) or
control 19gG (20mg/kg) intraperitoneally every second day.
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Statistical analysis

Results

Data in figures are presented as mean £ SEM, with n representing the number of
experiments. One-way analysis of variance (ANOVA) with Dunnet’s multiple comparison,
Wilcoxon and unpaired student t-test were used for data analysis. Statistical significance was
set at P value < 0.05.

Deletion of MIF from the Host but not from ESCs Inhibits Teratoma Growth

Undifferentiated EGFP-ESCs were stereotaxically injected into the spinal cord of mice
exposed by a T9-T10 laminectomy. During the first week after ESCs injection, hindlimb
function as reflected by the Basso mouse scale (BMS) was normal in both WT and MIF KO
mice. The BMS score in WT mice decreased rapidly 10 days after injection and reached
zero (paralysis). By comparison, the BMS score declined slowly after ESC injection in MIF
KO mice. All WT mice were paralyzed at day 19 after cell transplantation (Figure 1A). In
contrast, only one out of 14 MIF KO mice was paralyzed at day 17 (Figure 1A). We
computed the rate of decay of BMS from day 8 to day 17 using the least-squares method for
each mouse in both WT and MIF KO groups. The two-sided Wilcoxon test was employed to
compare these rates (P<0.05). Histological examination revealed teratoma formation in the
spinal cord as a cause of the hindlimb paralysis. In both WT and MIF KO mice, the tumors
consisted of structures derived from all three embryonic germ lineages (Figure 1B);
however, teratoma growth was significantly less pronounced in the spinal cord of MIF KO
versus WT mice (Figure 1C). These data suggest that lack of host MIF is associated with
reduced teratoma growth without affecting the evident pluripotency of ESCs.

We next investigated whether the genetic deletion of MIF from ESCs influenced teratoma
development. MIF-deficient ESC lines were generated from the individual blastocysts of
MIF KO mice. Two undifferentiated MIF-deficient ESC lines (ES4 and ES15) were injected
into the spinal cords of WT mice. MIF-deficiency in ESCs did not affect teratoma
development as all mice injected with these cells developed paralysis at a similar rate as
those injected with WT ESCs (BMS score was 0, data not shown). Structures originating
from three embryonic germ layers also were observed in MIF-deficient tumors, indicating
that intrinsic MIF deficiency does not affect ESC pluripotency (Figure 1D).

Angiogenesis is Restricted in MIF KO Mice

Since angiogenesis is essential for embryonic development, we hypothesize that the rapid
teratoma formation in WT mice depends on enhanced angiogenesis. ESCs were injected into
the spinal cord and images were taken at 24 hrs and 2 week after cell transplantation,
respectively. Figure 2A showed the ESCs grew quickly in the WT compared with those in
MIF KO mice. Furthermore, newly formed blood vessels were significantly more abundant
in teratomas obtained from WT mice compared to those from MIF KO mice (Figure 2A).
We stained teratomas grown either in WT or MIF KO mice, for CD31, a marker of
endothelial cells. Teratomas from WT mice had more blood vessels compared to those from
MIF KO mice (Figure 2B). By contrast, injection of PBS alone in the spinal cord did not
produce neovascularization in WT or MIK MO mice (data not shown). Blood vessel density
was quantified by counting the area of vessels per unit area (um#) across entire teratoma
sections. The ratio of vessel area/tumor area was significantly higher in teratomas from WT
mice compared to teratomas from MIF KO mice (Figure 2C).

To further explore the role of MIF in neovascularization 7 vivo, MIF KO and WT mice
were injected subcutaneously with Matrigel and the Matrigel plugs were excised at 5 days
after implantation. Plugs from MIF KO mice were transparent, while those arising from WT
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mice were reddish in color, indicating a more pronounced angiogenic response in WT mice
(Figure 2D). Angiogenesis was further demonstrated by staining of the Matrigel sections
with CD31 antibody. MIF KO mice exhibited a clear and significant decrease in blood
vessel density when compared with WT mice (Figure 2E).

Teratoma Angiogenesis does not Require Bone Marrow (BM)-Derived EC Progenitor Cells

Confocal microcopy showed that the CD31 positive endothelial cells present in teratomas
originated from the host and not from ESC differentiation, as evidenced by their negativity
for GFP (Figure 3A). To assess whether the recruitment of BM-derived endothelial cells is
required for teratoma growth, we lethally irradiated WT mice and transplanted red
fluorescent BM cells from C57BL/6-Tg(ACTB-mRFP1)1F1Hadj/J“RFP mice”. ESCs then
were injected into the spinal cord of these RFP-BM reconstituted mice at 4 weeks after BM
replacement. Teratomas developed after 2 weeks of ESC transplantation. The CD31*
endothelial cells did not co-localize with RFP* cells in the teratoma (Figure 3B), indicating
that the endothelial cells present in newly formed blood vessels were neither differentiated
from ESCs nor from BM-derived cells. They were from pre-existing endothelial cell
proliferation.

ESCs Differentiate into Pericytes and Pericyte Coverage is Restricted in MIF KO Mice

Angiogenesis not only requires endothelial cell proliferation but also depends on pericytes
that support vessel stabilization and maturation (25). The origin of pericytes and the
molecular mechanisms that regulate their differentiation are not well understood, however.
We therefore assessed whether the pericytes present in the teratoma vasculature came from
host tissue or from the differentiation of ESCs themselves. This was determined by
expression of the pericyte marker NG2 and its localization to capillary vessels. Blood
vessels in teratomas from WT mice had abundant NG2* pericytes that appeared closely
apposed to the capillaries (Figure 3C). In contrast, the blood vessels in teratomas from MIF
KO mice were covered only sparsely by pericytes (Figure 3C), suggesting that pericyte
association with endothelium is regulated by MIF. Quantitative analysis demonstrated a
significant decrease in NG2* pericyte counts in MIF KO teratomas compared to WT (Figure
3D). Furthermore, the pericyte density of vessels, as determined by the total number of
pericytes divided by the density of CD31* vessels, was significantly higher in teratomas
from WT mice than from MIF KO mice (Figure 3D). Moreover, NG2* pericytes in WT and
MIF KO mice were derived in part from both host and the transplanted ESCs because a
portion of these cells were GFP positive (Figure 3E). These results suggest that MIF plays a
role in teratoma angiogenesis by regulating the recruitment/differentiation of pericytes from
implanted ESCs and host cells.

We also explored whether BM is the source of the pericyte progenitors in newly formed
teratoma vessels as it is accepted that BM cells give rise to pericyte precursor cells (26).
ESCs were injected into the spinal cord of RFP-BM reconstituted mice at 4 weeks after BM
replacement. We observed that BM-derived cells (7.e. RFP*) were not positive for NG2
staining in teratomas from either WT or MIF KO mice (Figure 3F). Taken together, our
results suggest that teratoma angiogenesis does not require BM-derived endothelial cells or
pericytes and that non-BM-derived progenitors contribute to teratoma vascularization.

ESCs Recruit BM-Derived Macrophages

In tissues such as the heart, the presence of local inflammation is critical for the successful
engraftment of intravenously administrated ESCs (27). We therefore examined the cellular
microenvironment that develops immediately after ESC implantation into spinal cords. By
using the macrophage specific-markers IBA-1 and F4/80, we found macrophages in the WT
spinal cords as early as the first day after ESC injection with peak macrophage infiltration
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occurring after 1 to 2 weeks (Figure 4A). Notably, there was a significant reduction in
macrophage infiltration when MIF-KO mice were compared to WT mice. The mean density
of macrophages (IBA-1*) recruited to the ESC injection site at 1 day in MIF KO mice was
0.18+ 0.09 versus 2.55 + 1.24 in WT mice (n=10, P<0.05). A similar pattern was observed
at 2 weeks after ESC injection (Figure 4A, B). Both percentages of IBA-1* and F4/80*
macrophages were significantly higher in WT mice compared to MIF KO mice. By contrast,
surgery alone (injection of PBS) did not cause evident macrophage infiltration in both WT
and MIF KO mice (data not shown).

To determine whether the macrophages within these sites represented locally activated
microglia or BM-derived cell infiltration, the ESCs were injected into the spinal cord of
RFP-BM reconstituted mice at 4 weeks after BM replacement and the spinal cords were
examined at 2 weeks after ESC injection. Most RFP™ cells were IBA-1 or F4/80 positive
within the teratoma tissue, suggesting that these BM-derived cells were macrophages
(Figure 4C). In other words, most IBA-1 or F4/80 positive cells co-localized with RFP* cells
and we did not observe many F4/80*/IBA-1* but RFP~ cells in the teratomas, indicating that
most macrophages in the teratomas are derived from BM-derived cells rather than locally
activated microglia cells.

Macrophages Enhance Proliferation of Endothelial Cells and ESCs via Production of MIF

Macrophages are an important source of MIF (28) and our own data showed that significant
macrophages infiltrated into the sites of ESC injection. We also showed that deletion of MIF
from ESCs did not block teratoma development (Figure 1E). We therefore hypothesized that
infiltrating macrophages deliver substantial amounts of MIF into ESC niches that then
supports teratoma growth. We compared MIF production from BMDM and ESCs in vitro
and observed that over a period of 48 hrs, macrophages secreted 34.63 + 2.50 ng/ml MIF per
million cells (Figure 5A), while 1.23 £ 0.06 ng/ml MIF was produced by same number
ESCs. These data indicate that macrophages are a major source of MIF; accordingly, we
reasoned that infiltrating macrophages may deliver MIF into ESC niches to impart a direct
effect on endothelial cells or ESCs. To address this point, endothelial cells were incubated
with recombinant mouse MIF (rMIF) and their proliferation was assessed. We ran the least-
squares regression to see if there is a linear trend on the dose effect. The P-value was 0 with
degree of freedom 47 and the multiple R*2 was 0.3484, revealing that MIF stimulates
endothelial cell proliferation in a dose-dependent manner (Figure 5B). Moreover, when
endothelial cells were cultured with the macrophage conditioned medium from WT or MIF
KO mice, the medium from the WT macrophages caused a 90.10% * 10.60% increase above
control in endothelial cell proliferation, while medium from MIF KO macrophages did not
significantly stimulate proliferation. In addition, inhibition of MIF activity by ISO-1, a small
molecule inhibitor of MIF (29), by pretreatment of medium from WT macrophages
significantly suppressed macrophage-induced endothelial cell proliferation (Figure 5C). We
also demonstrated that rMIF and WT macrophage conditioned medium significantly
enhanced proliferation of primary endothelial cells from MIF KO mice, whereas 1SO-1
decreased MIF activity (Figure 5D), suggesting that cell proliferation could be rescued in the
MIF KO group by the addition of rMIF. These data suggest that macrophages are a major
source of the MIF that supports angiogenesis. In addition to stimulated endothelial cell
proliferation, rMIF or medium from WT macrophages also enhanced ESC proliferation
(Figure 5E, 5F), and inhibition of MIF by 1SO-1 reduced macrophage-induced ESC
proliferation (Figure 5F).

BM-Derived Cells Produce MIF that Contributes to Teratoma Angiogenesis and Growth

We showed that macrophages infiltrating into teratomas are derived from the BM and
produce significant amounts of MIF that directly stimulates endothelial cell and ESC
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proliferation. To better substantiate that BM-derived cells are indeed the major producer of
MIF within ESC niches in vivo, ESCs were injected into the lethally irradiated MIF KO
mice that had been previously re-constituted with WT BM (WT - KO mice, Figure 6A). The
appearance and timing of teratoma formation in these mice were similar to that observed in
fully WT host mice. Furthermore, the teratomas appeared hemorrhagic in WT — KO mice
(Figure 6B) and grew significantly faster than those in the MIF KO mice that had not
undergone BM transplantation (Figure 6C), suggesting that transplantation of WT BM-
derived cells in MIF KO mice restored teratoma development.

We also investigated whether BM-derived cells from MIF KO mice are sufficient to
suppress teratoma development by ESCs implanted into WT mice. We lethally irradiated
WT mice and reconstituted their BM with either BM cells from WT (WT - WT) or MIF KO
(KO - WT) mice (Figure 6A). The chimeric KO - WT mice showed decreased
angiogenesis, and reduced teratoma growth when compared to chimeric WT - WT mice
(Figure 6B, C). This result indicates that deletion of MIF expression in hematopoietic cells
is sufficient to inhibit teratoma development. Furthermore, rMIF administration (500 pg/kg/
week, 7p. restored teratoma development in KO — WT mice (Figure 6D). Taken together,
we conclude that BM-derived cells produce MIF that contributes to teratoma angiogenesis
and growth.

Teratoma Development outside of Spinal Cord

To better exclude the effect of neighboring neural and glial cells on teratoma growth and
differentiation, an examination of teratomas induced by ESC transplantation in non-neural
sites could support the role of signals produced by macrophages versus other tissue types.
ESCs were injected into liver and leg muscle of WT and MIF KO mice, respectively, and
representative sets of teratoma that developed in each group at week 3 are shown in Figures
6E, 6F. Teratomas that developed after ESC injection were significantly smaller in the MIF
KO mice compared with those in WT mice. By 3 weeks after injection, the mean teratoma
size in the liver and muscle was 5.5% and 36.6% smaller in MIF KO mice than WT mice
(n=8, p<0.05). These results not only confirmed that MIF is crucial for teratoma
development, but also excluded the role of resident cells in the spinal cord in teratoma
development.

Targeting MIF Pharmacologically Inhibits Teratoma Growth

Based on the above observations, we reasoned that selective inhibition of MIF activity
would inhibit angiogenesis and teratoma growth. Mice that received an injection of ESCs
were randomized into three groups. A sham group only received ESC injection without
further treatment. Mice in the treatment groups were administered a neutralizing anti-MIF
mADb or an isotype control antibody only by injection 7.p. at a dose of 20 mg/kg g.0.d. (every
other day). As shown in Figure 7A-D, mice that received anti-MIF showed a significant
inhibition of blood vessel formation and teratoma progression, with a mean teratoma size of
6.88 + 1.84 mm? in the anti-MIF group vs. 23.01 + 5.40 mm?3 in the control 19G4 group
(n=8, p<0.05). Moreover, the anti-MIF treated mice teratomas had fewer numbers of CD31-
positive vessels than those from the control 1gG; treated mice and sham group (Figure 7D).

Discussion

Inflammatory cells play an important role in tumor progression (30). However, it is not clear
whether ESCs have the potential to generate the inflammatory environment necessary for
supporting their growth. This is the first study to demonstrate that syngeneic ESC
transplantation provokes an inflammatory response that involves the rapid recruitment of
BM-derived macrophages and alternative macrophage activation. The BM-derived
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macrophages create a microenvironment that facilitates the initiation and progression of
teratomas. This involves the release of MIF to promote the formation of new capillaries
from preexisting vessels. Our data indicate that MIF released by BM-derived macrophages
is both necessary and sufficient to drive angiogenesis and support teratoma progression, and
lead to the conclusion that MIF is a key regulator in the link between inflammation and
teratoma development. Although ESCs are not oncogenically transformed, they still have the
ability to recruit BM-derived cells. How are these BM-derived macrophages recruited by
ESCs? ESCs are known to express monocyte chemoattractant protein-1 (MCP-1 or CCL2)
(31), which acts through its receptor CCR2 to induce the migration and activation of
macrophages and thus tumor progression (32). Macrophage released MIF also may act as a
non-canonical ligand for CXCR2 and CXCR4 (33) and further attract CXCR2* and
CXCR4* macrophages, which have been shown to mediate proangiogenic effects in various
models of angiogenesis (34). However, only a small portion of macrophages were CXCR4
positive during teratoma development (data not shown), suggesting that ESC-induced
macrophage infiltration may be CXCR4-independent. Molecules other than chemokines also
may promote monocyte recruitment. However, more detailed studies will be necessary to
determine whether additional molecules either alone or in combination contribute to
macrophage recruitment to the site of ESC implantation.

BM-derived cells have been shown to play an important role in tumor neovascularization
and the recruitment of BM-derived endothelial and pericyte progenitors participates in tumor
vascular development (35). The present study demonstrates that angiogenesis during ESC
proliferation and teratoma progression does not require the contribution of BM-derived
endothelial, ESC-differentiated endothelial cells or BM-derived pericyte progenitors. These
results are consistent with Purhonen e a/who observed that BM-derived cells do not
contribute to vascular endothelium and are not needed for tumor growth (36). We showed
that BM-derived cells directly contribute to teratoma vascular development through one
major mechanism, i.e. the delivery of MIF Infiltrated macrophages produce appreciable
amounts of MIF that not only regulate angiogenesis by directly interacting with endothelial
cells but also enhance ESC proliferation. In addition to producing MIF, macrophages
promote angiogenesis and tissue remodeling by the secretion of VEGF and
metalloproteinase-9 (MMP-9) (37-39). MMP9 produced by BM-derived cells initiates the
angiogenic switch leading to tumor growth and progression (37, 40, 41). It has been shown
that MIF directly induces expression of MCP-1, MMP-9 and VEGF in different types of
cells (16, 42). Targeting MIF may also suppress release of MCP-1, VEGF and MMP9,
thereby inhibiting angiogenesis and impairing teratoma growth.

In conclusion, ESCs induce BM-derived macrophage accumulation and thus accelerate
teratoma development, at least in part, by facilitating angiogenesis. Macrophage-derived
MIF can directly or indirectly promote angiogenesis and thus contribute to the teratoma
development. A better understanding of the regulation and function of different types of
cells in the tumorigenicity of ESCs may yield useful therapies for the safe transplantation of
ESCs. In addition to inhibiting MIF expression, the targeting of the host microenvironment
of the transplantation site rather than ESCs directly could be a more efficient approach for
suppressing angiogenesis and teratoma progression without affecting the pluripotency of
ESCs. Nonsteroidal anti-inflammatory agents such as COX-2 inhibitors may be candidates
for this purpose as they inhibit angiogenesis by direct effects on endothelial cells (43).
MCP-1 may also be a valuable therapeutic target in teratomas as it is reported that inhibition
of MCP-1 production reduces tumor angiogenesis /n vivo (44). It is of further interest that
human MI/Fis encoded by a functionally polymorphic locus (45, 46) and that M/~ promoter
polymorphisms that are associated with increased systemic MIF expression have been linked
to increased clinical disease severity (46, 47). Thus, teratoma development also may have an
important genetic basis that could affect the clinical selection of patients for therapy.
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Figure 1. Deletion of MIF from the host inhibits growth of teratomas

(A) Kaplan Meier analysis was used to indicate limb paralysis in groups of WT and MIF KO
mice after ESC injection in spinal cord. ESCs were stereotaxically injected into the spinal
cord in WT and MIF KO mice and the function of the hindlimbs was evaluated by BMS
score. A score of 0 indicates complete paralysis of the hind limbs. (B) Histological staining
of spinal cord sections at 2 weeks after ESC injection showing structures derived from three
embryonic germ lineages in both WT (left) and MIF KO mice (right). (C) Teratoma growth
in the spinal cord from MIF KO and WT mice at 2 weeks after ESC injection (n=10,
*P<0.05, two-sided Wilcoxon test). Data are represented as mean + SEM. (D) HE staining
of spinal cord sections at 2 weeks after injection of ESCs generated from MIF KO mice
showing three embryonic structures.
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Figure 2. MIF enhancesteratoma angiogenesis and development

(A) Representative micrographs showing strong EGFP expression in the spinal cord at 24 h
(upper panel) and 2 weeks (middle panel) after ESC injection and the presence of associated
blood vessel development at 2 weeks after ESC injection (lower panel). A representative
teratoma growth from a WT mice (left panel) and MIF KO mice (right panel) is displayed.
(B) Immunostaining of endothelial marker, CD31 (red) in sections from WT (left) and MIF
KO mice (right) at 2 weeks after ESC injection. (C) Quantification of CD31 positive
endothelial cells in teratomas from WT and MIF KO mice (n=5). (D) Representative gross
morphology of Matrigel plugs (upper panel) excised 5 days postinjection in WT and MIF
KO mice and CD31 staining for endothelial cells (lower panel). (E) Quantification of CD31
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positive endothelial cells in Matrigel plug from WT and MIF KO mice (n=6). *p<0.05,
**p<0.001, two-sided Wilcoxon test. Data are represented as mean = SEM.
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Figure 3. Theorigin of endothelial cellsand pericytes during teratoma development in WT mice
at 2 weeks after ESC injection

(A) Immunofluorescence staining for CD31 (red) using confocal microscope. (B)
Representative photographs of immunostaining for CD31 (purple) in teratoma sections from
WT mice after RFP* BM cell transplantation (enlarged structure on the right). (C)
Immunostaining of sections from WT (upper panel) and MIF KO mice (lower panel) at 2
weeks after ESC injection showing double-staining for NG2 (purple) and CD31 (red). (D)
Quantification of NG2 positive pericyte density (left), and normalized pericyte density of
vessels (right, density of pericytes divided by the density of CD31* vessels (n=10, *p<0.05,
two-sided Wilcoxon test). Data are represented as mean + SEM. (E) Representative confocal
microscopic images of CD31/NG2 double-stained vessels within teratomas of WT (left
panel) and MIF KO mice (right panel) at 2 weeks after ESC injection. (F) Representative
confocal microscopic images of NG2* pericytes (purple) and RFP* BM-derived cells (red)
within teratomas of WT (upper panel) and MIF KO mice (lower panel) that received RFP*
BM transplantation.
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Figure 4. ESCsrecruit bone marrow-derived macr ophages

(A) Macrophage recruitment during teratoma progression. Macrophages in the sections of
spinal cord at 2 weeks after ESC transplantation in WT (left panel) and MIF KO mice (right
panel) were detected by antibodies to IBA-1 (upper panel) and F4/80 (lower panel). (B)
Quantification of IBA-1* macrophages (left) and F4/807 (right) at 2 weeks after ESC
transplantation (n=10, *p<0.05, two-sided Wilcoxon test). Data are represented as mean +
SEM. (C) BM-derived macrophage recruitment during teratoma progression. Representative
confocal microscopic images of sections of spinal cord from RFP-BM reconstituted mice at
2 weeks after injection were stained with IBA-1 (purple, left) and F4/80 (purple, right),
respectively.
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Figure 5. Macrophages enhance proliferation of endothelial cellsand ESCsvia production of
MIF

(A) Secretion of MIF into culture supernatants of BMDM or ESCs as measured by ELISA.
Supernatants were collected after 48 hrs and the values expressed as ng/ml per million cells
(n=3, *p<0.05, Student’s ttest). (B) Effect of MIF on endothelial cell proliferation.
Endothelial cells were incubated with rMIF at the indicated concentration for 3 days and cell
proliferation was assessed by SRB assay (n=3, *p<0.05, **p<0.001, ANOVA). (C) Effect of
conditioned macrophage medium on endothelial cell proliferation. Endothelial cells were
incubated with control medium, conditioned WT macrophage medium (WT BMDM),
conditioned MIF KO macrophage medium (MIF KO BMDM), WT BMDM pretreated with
DMSO or I1SO-1 (500nM), respectively. (n=3, **p<0.001, ANOVA). (D) Effect of rMIF on
proliferation of endothelial cell from MIF KO mice. Primary endothelial cells from MIF KO
mice were incubated with rMIF, WT BMDM, WT BMDM pretreated with DMSO or ISO-1
(250nM), respectively for 3 days. (n=3, *p<0.05, ANOVA). (E) Effect of MIF on ESC
proliferation. ESCs were incubated with rMIF at the indicated concentration for 3 days.
(n=3, **p<0.001, ANOVA). (F) Effect of conditioned macrophage medium on ESC
proliferation. ESCs were incubated with control medium, WT BMDM, MIF KO BMDM,
WT BMDM pretreated with DMSO and or 1SO-1 (500nM), respectively (n=3, **p<0.001,
ANOVA). All data are represented as means + SEM of three independent experiments done
in duplicate.
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Figure 6. BM-derived cells produce MIF that contributesto teratoma growth

(A) Groups of mice used for BM reconstitution. ESCs were injected into the spinal cord in 5
groups of mice (WT, MIF KO, WT - WT, WT - KO, KO - WT). (B) Representative images
of teratomas in the spinal cord harvested from the indicated groups at 3 weeks after ESC
transplantation. (C) Average teratoma size at 3 weeks after ESC transplantation from the
indicated groups (n=4, *p<0.05, **p<0.001, ANOVA). (D) rMIF or PBS were administrated
into KO — WT mice and representative images of teratoma harvested from each group (left
panel) and teratoma size (right) at 3 weeks after ESC transplantation (n=>5, two-sided
Wilcoxon test). (E) Representative images of teratomas in the liver (left panel, arrows) and
leg muscle (right penal) at 3 weeks after ESC transplantation (1x108 cell/injection) in WT
(upper penal) and MIF KO mice (lower penal). (F) Average teratoma size at 3 weeks after
ESC transplantation from liver (left) and leg muscle (right) (n=8, *p<0.05, **p<0.001, two-
sided Wilcoxon test).
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Figure 7. Targeting MIF with a neutralizing anti-M | F antibody suppr esses teratoma growth
(A) Representative images of teratomas harvested from control group (sham surgery and
control antibody) and treated groups (anti-MIF mAb) at 3 weeks after ESC transplantation.
(B) Kaplan Meier analysis was used to indicate limb paralysis (n=8). (C) Average teratoma
size at 3 weeks after ESC transplantation in the indicated groups (n=8, *p<0.05, ANOVA).
Data are represented as mean = SEM. (D) Representative photographs of teratoma sections
at 3 weeks postinjection revealing CD31 staining in sham surgery group, control antibody
treated group and anti-MIF mAb treated group.
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