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Abstract

Although stem cell therapy holds promise as a potential treatment in a number of diseases, the tumorigenicity
of embryonic stem cells (ESC) and induced pluripotent stem cells remains a major obstacle. In vitro prediffer-
entiation of ESCs can help prevent the risk of teratoma formation, yet proliferating neural progenitors can
generate tumors, especially in the presence of immunosuppressive therapy. In this study, we investigated the
effects of the microenvironment on stem cell growth and teratoma development using undifferentiated ESCs.
Syngeneic ESC transplantation triggered an inflammatory response that involved the recruitment of bone
marrow (BM)-derived macrophages. These macrophages differentiated into an M2 or angiogenic phenotype that
expressed multiple angiogenic growth factors and proteinases, such as macrophage migration inhibitory factor
(MIF), VEGF, and matrix metalloproteinase 9, creating a microenvironment that supported the initiation of
teratoma development. Genetic deletion of MIF from the host but not from ESCs specifically reduced
angiogenesis and teratoma growth, and MIF inhibition effectively reduced teratoma development after ESC
transplantation. Together, our findings show that syngeneic ESC transplantation provokes an inflammatory
response that involves the rapid recruitment and activation of BM-derived macrophages, which may be a crucial

driving force in the initiation and progression of teratomas. Cancer Res; 72(11); 2867-78. ©2012 AACR.

Introduction

Stem cell therapy holds an enormous potential as a treat-
ment for many diseases, including spinal cord injury. However,
embryonic stem cells (ESC) and induced pluripotent stem (iPS)
cells produce teratomas. The risk of teratoma development
represents a major obstacle to successful clinical translation of
stem cell therapies. Although teratoma formation can be
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reduced by in vitro predifferentiation of ESCs, recent observa-
tion revealed that not only undifferentiated human ESCs
(hESC) but also ESCs proliferating neural progenitors can
generate tumors (1, 2), especially under the immunosuppres-
sive treatment (3). Teratomas have been found also after injec-
tion of in vitro differentiated cells into various other tissues
including liver and myocardium (4, 5). 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 predifferentiated in vitro still formed
teratomas (6). Furthermore, some iPS-derived neurospheres
showed robust teratoma formation (7, 8). The potential tumor-
igenicity must be evaluated directly before the clinical appli-
cation of any stem cell in regenerative medicine (9, 10).
Teratoma development requires several molecular process-
es such as self-renewal, rapid proliferation, lack of contact
inhibition, and telomerase activity (11, 12). The marker genes
for hESCs and those required for the generation of iPS cells,
including Oct4, Sox2, Nanog, Lin28, Myc, and KIf4, are linked to
stem cell tumorigenesis (11). Many tumor suppresser genes are
hypermethylated and silenced in hESCs (11). In addition,
Survivin, an antiapoptotic gene, also contributes to hESC-
induced teratoma formation (13). However, the mechanisms
of teratoma development are complex and may require the
presence of supporting host cells in the ESC microenviron-
ment. Inflammation is a major driving force for the initiation
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and progression of tumor development. Macrophage migra-
tion inhibitory factor (MIF) is important in the regulation of
host inflammatory and immune responses but may be recog-
nized as a protumorigenic factor (14) that is overexpressed in
many tumors. We have previously shown that increased MIF
expression in different cancers correlated significantly with
unfavorable clinical outcomes (15, 16). Given the role of MIF in
inflammation and tumor development, MIF may be an impor-
tant link between inflammation and teratoma development.
In this study, we showed that syngeneic ESC transplantation
provokes an inflammatory response that involves the rapid
recruitment of bone marrow (BM)-derived macrophages;
these cells created a microenvironment that facilitates the
initiation and progression of teratomas. We found that ESCs
recruit and activate macrophages that deliver MIF and other
angiogenic factors to stimulate endothelial cell proliferation
and pericyte differentiation. We further showed that MIF
expressed by BM-derived macrophages (BMDM) 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/] mice "RFP mice" were purchased from Jackson
Laboratory. MIF KO mice bred onto a pure C57BL/6 back-
ground (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.

Cells

Murine ESC line F12 from C57BL/6 mice ubiquitously expres-
sing enchanced GFP (EGFP) under the control of the chicken
actin promoter was used (18). ESCs, primary endothelial cells,
and mouse BMDMs were prepared as described (18, 19) and
additional methods are provided in the Supplementary Data.

Assays for cell proliferation, ELISA, histology, and
immunofluorescence

The methodology for these assays is described in Supple-
mentary Data.

Transplantation of EGFP-ESCs and MIF KO ESCs

Cell density in transplantation solutions was adjusted to
100,000 viable cells per microliter, and a total volume of 0.5 UL
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 with a microliter syringe (Hamilton Company)
fixed in a stereotaxic frame. Mice were allowed to be sacrificed
at different time points after transplantation. Functional
assessment began on postoperative 24 hours as day 1. Hind
limb motor function was assessed by the Basso Mouse Scale
(BMS) score (20).

Angiogenesis in Matrigel plugs
Recombinant mouse VEGF-A (30 ng/mL; R&D Systems),
heparin 60 U/mL, and bovine serum albumin 50 ptg/mL were

mixed with 250 UL of regular Matrigel (BD Biosciences). The
Matrigel (250 UL each) was injected subcutaneously into
the abdominal region of WT and MIF KO mice as described
(21). 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.

BM reconstitution

Eight-week-old mice as recipients were irradiated in a
plastic box with 10 Gy. Subsequently, mice received an intra-
venous injection of 5 x 10° BM cells that had been harvested by
flushing the marrow cavity of femurs of appropriate donor
mice with Dulbecco's Modified Eagle's Medium (DMEM) sup-
plemented 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 with a 26-gauge needle. The
chimeras created by this process were defined as follows:
WT—WT: WT background irradiated, reconstituted with
RFP-WT BM cells; WT—MIF KO: MIF KO mice irradiated,
reconstituted with REP-WT BM cells; MIF KO—WT: WT mice
irradiated, reconstituted with MIF KO BM 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 monoclonal anti-
body (mAb; 20 mg/kg) or control immunoglobulin G (IgG; 20
mg/kg) intraperitoneally every second day.

Statistical analysis

Data in figures are presented as mean + SEM, with n
representing the number of experiments. One-way ANOVA
with Dunnett multiple comparison, Wilcoxon, and unpaired
Student ¢ test were used for data analysis. Statistical signifi-
cance was set at P value < 0.05.

Additional methods are described in Supplementary Mate-
rials and Methods.

Results

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 laminect-
omy. During the first week after ESCs injection, hind limb
function as reflected by the BMS score 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;
Supplementary Fig. S1A). By comparison, the BMS score
declined slowly after ESC injection in MIF KO mice (Sup-
plementary Fig. S1A). All WT mice were paralyzed at day 19
after cell transplantation (Fig. 1A). In contrast, only one out
of 14 MIF KO mice was paralyzed at day 17 (Fig. 1A). We
computed the rate of decay of BMS score from days 8 to 17
with the least squares method for each mouse in both WT
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and MIF KO groups. The 2-sided Wilcoxon test was
employed to compare these rates (P < 0.05). Histologic
examination revealed teratoma formation in the spinal cord
as a cause of the hind limb paralysis. In both WT and MIF KO
mice, the tumors consisted of structures derived from all 3
embryonic germ lineages (Fig. 1B); however, teratoma
growth was significantly less pronounced in the spinal cord
of MIF KO versus WT mice (Fig. 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 and there was
no difference in tumor size between mice injected with WT
ESCs and MIF-deficient ESC lines (ES4 and ES15; Supplemen-
tary Fig. S1B). Structures originating from 3 embryonic germ
layers were also observed in MIF-deficient tumors, indicating
that intrinsic MIF deficiency does not affect ESC pluripotency
(Fig. 1D).
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Angiogenesis is restricted in MIF KO mice

Because angiogenesis is essential for embryonic develop-
ment, 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 hours and 2
week after cell transplantation, respectively. Figure 1E shows
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 with those from MIF KO mice (Fig. 1E). 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 with those from MIF KO
mice (Fig. 1F). 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 with
teratomas from MIF KO mice (Fig. 1G).

To further explore the role of MIF in neovascularization in
vivo, MIF KO and WT mice were injected subcutaneously with
Matrigel mixed with VEGF or PBS and the Matrigel plugs were
excised at 5 days after implantation. Plugs mixed with VEGF
from MIF KO mice were transparent, while those arising from
WT mice were reddish in color, indicating a more pronounced
angiogenic response in WT mice (Fig. 1H). Angiogenesis was
further shown 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 (Fig. 1I). By contrast, plugs with PBS alone did not show
obvious angiogenic response in both WT' and MIF KO mice
(Supplementary Fig. S1C and S1D).

Teratoma angiogenesis does not require BM-derived EC
progenitor cells

Confocal microcopy showed that the CD317 endothelial
cells present in teratomas originated from the host and not
from ESC differentiation, as evidenced by their negativity for
GFP (Fig. 2A). 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 injection. The
CD31" endothelial cells did not colocalize with RFP™ cells in
the teratoma (Fig. 2B), indicating that the endothelial cells
present in newly formed blood vessels were neither differen-
tiated from ESCs nor from BM-derived cells. They were from
preexisting 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 (22). 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 (Fig. 2C). In contrast, the
blood vessels in teratomas from MIF KO mice were covered
only sparsely by pericytes (Fig. 2C), suggesting that pericyte
association with endothelium is regulated by MIF. Quantitative
analysis showed a significant decrease in NG2™" pericyte counts
in MIF KO teratomas compared with WT (Fig. 2D). 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 (Fig. 2D). 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 (Fig. 2E). These results suggest that MIF plays a role in
teratoma angiogenesis by regulating the recruitment/differ-
entiation of pericytes from 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 (23). ESCs
were injected into the spinal cord of RFP-BM reconstituted
mice at 4 weeks after BM replacement. We observed that RFP™
BM cells were not positive for NG2 staining in teratomas from
either WT or MIF KO mice (Fig. 2F). 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 BMDMs

We next examined the cellular microenvironment that
develops immediately after ESC implantation into spinal cord.
By the macrophage specific-markers IBA-1 and F4/80, we
found macrophages in the WT spinal cord as early as the first
day after ESC injection with peak macrophage infiltration
occurring after 1 to 2 weeks (Fig. 3A). Notably, there was a
significant reduction in macrophage infiltration when MIF-KO
mice were compared with 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 (Fig. 3A and B). Both percentages of
IBA-1" and F4/80" macrophages were significantly higher in
WT mice compared with 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). It
has been shown that MIF receptor CD74 (24) contributes to
MIF mediated macrophage recruitment (25) and MIF may also
act as a noncanonical ligand for CXCR2 and CXCR4 (26) and
further attract CXCR2" and CXCR4" macrophages. We
showed that majority of infiltrated macrophages were CD74
(Fig. 3C) and CCR2 positive (Fig. 3D). Only a small portion of
macrophages were CXCR4 and CXCR2 positive during terato-
ma development (Supplementary Fig. S2). Furthermore, tera-
tomas from WT mice had more CD74" and CCR2*
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Figure 2. The origin of endothelial
cells and pericytes during teratoma
development in WT mice at 2 weeks
after ESC injection.

A, immunofluorescence staining for
CD31 (red) with confocal
microscope. B, representative
photographs of immunostaining for
CD31 (purple) in teratoma sections
from WT mice after RFP™ BM cell
transplantation. C, immunostaining
of sections from WT (top) and MIF KO
mice (bottom) at 2 weeks after ESC
injection showing double staining for
NG2 (purple) and CD31 (red).

D, quantification of NG2™ 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,
2-sided Wilcoxon test). Data are D
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macrophages than those from MIF KO mice. Therefore, ESC-
induced macrophage infiltration seems to be CD74/CCR2
dependent but CXCR4/2 independent.

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 (Fig. 3E). In other words, most IBA-1- or F4/
80—positive cells colocalized with REP™ cells, and we did not
observe many F4/80" /IBA-1" but REP ™~ cells in the teratomas,

indicating that most macrophages in the teratomas are derived
from BM-derived cells rather than locally activated microglia
cells.

ESCs induce alternative activation of macrophages (M2
activation)

We next investigated the potential mechanisms of macro-
phage-ESC interaction affecting teratoma development. The
M2 macrophage phenotype ("alternatively-activated” macro-
phages) is proangiogenic and tumor promoting (27, 28). To
assess whether ESCs are able to activate infiltrated macro-
phages and skew them toward an M2 phenotype, we exposed
mature BMDMs to conditioned medium obtained from ESC
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WT MIF KO Figure 3. ESCs recruit BMDMs. A,
macrophage recruitment during
teratoma progression.

I Macrophages in the sections of
spinal cord at 2 weeks after ESC
l transplantation in WT (left) and MIF
*! KO mice (right) were detected by
v ) antibodies to IBA-1 (top) and F4/80
WT MIF KO (bottom). B, quantification of IBA-

1" macrophages (top) and F4/80"
(bottom) at 2 weeks after ESC
transplantation (n = 10; *, P < 0.05,
2-sided Wilcoxon test). Data are
represented as mean + SEM. C,
representative images of
immunostaining of sections at 2
weeks after ESC injection showing
double staining (arrows) for CD74
(red) and F4/80 (purple) in WT (left)
and MIF KO mice (right). D,
representative images of
immunostaining of sections at 2
weeks after ESC injection showing
double staining (arrows) for CCR2
(red) and F4/80 (purple) in WT (left)
and MIF KO mice (right). E, BMDM
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.

culture (ESC-M; without direct cell-cell contact) for 48
hours in the absence of macrophage colony-stimulating
factor (M-CSF) and other exogenous stimuli. Cells treated
with control medium (Con-M) exhibited the typical bipolar,
spindle-shaped morphology of BMDM. In contrast, in the
presence of ESC-M, some of macrophages showed a long,
single process or bipolar processes (Fig. 4A). In addition,
well-characterized markers for M2 macrophages such as
Yml1, PPAR-y, tyrosine kinase with Ig and epidermal growth
factor homology domains-2 (Tie-2), and arginase 1 (28-30)
were analyzed. Treatment of BMDM with ESC-M led to a
significant increase in the expression of Ym1, PPAR-y, and
Tie-2 compared with BMDM cultured with Con-M alone

(Fig. 4B). To confirm that an M2 macrophage population is
induced by ESCs, we measured arginase 1 activity using a
colorimetric assay that detects production of urea. Treat-
ment with ESC-M for 2 days significantly upregulated (5.4-
fold increase) arginase 1 activity in BMDM, compared with
treatment with Con-M (Fig. 4C). This suggests that soluble
factors produced by ESCs shift macrophages toward an M2
phenotype. Because M-CSF, interleukin (IL)-13, and IL-4
drive M2 macrophage phenotype (31), we determined
whether these cytokines were expressed by ESCs and there-
by elicit M2 polarization. M-CSF, IL-13, and IL-4 in ESC-M
were not detectable (Table 1) and ESC-M did not stimulate
macrophages to produce M-CSF, IL-13, and IL-4 (data not
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Figure 4. ESC-induced
macrophage activation. A, phase-
contrast photomicrographs of
BMDM (original magnification,
x200). BMDMs were cultured with
Con-M and conditioned medium of c
ESCs (ESC-M) for 2 days. B and C,
BMDMs from WT mice were
incubated with Con-M or ESC-M for
48 hours and M2 markers were
assessed by Western blot (B) or
colorimetric assay to test arginase 1
activity (n = 3; C). D, phosphorylation
of Stat3 (p-Stat3) and p-Stat6 in
BMDM treated with Con-M and ESC-
M. E and F, representative confocal
images of immunostaining of
sections from WT mice at 2 weeks
after ESC injection showing double
staining for Arginase 1 (red) and
F4/80 (purple, arrows). G, MIF, VEGF,
MMP-9, and MCP-1 in the
supernatants of BMDM treated with
Con-M and ESC-M for 24 hours
detected by ELISA. The presented
concentrations were equal to the
original concentrations minus the
amount in ESC-M. Data were
expressed as mean = SEM and
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shown), suggesting that ESC-elicited M2 polarization of
macrophages was M-CSF/IL-4/IL-13 independent.

M2 stimuli activate Stat3 or Stat6 which upregulates M2
gene expression and skew M2 polarization (32). We therefore
examined whether Stat3/6 participated in ESC-induced M2
activation. Treatment of BMDM with ESC-M enhanced the
activity of Stat3 within 60 minutes and also activated Stat6 at
24 hours after treatment (Fig. 4D). These data supported the
conclusion that ESCs induced macrophage M2 activation is
associated with activation of Stat3 and Stat6.

We further detected M2 macrophages in vivo with immu-
nofluorescent double-labeling and confocal microscopy. Spe-
cifically, we stained teratoma sections for arginase 1 and F4/80.
Some cells coexpressed F4/80 and arginase 1, suggesting these
macrophages were M2 phenotype (Fig. 4E). We observed

enormous F4/80" /arginase 1" macrophages in mice injected
with ESCs (Fig. 4F), while M2 macrophages were not detected
in normal spinal cord (data not shown). However, ESCs also
express arginase 1, consistent with the report from Yachimo-
vich-Cohen and colleagues (33).

ESCs induced an angiogenic switch in macrophages in
vitro and in vivo

We determined the profile of angiogenic factors secreted
by BMDM cocultured with ESC-M. WT BMDMs were incu-
bated with ESC-M and expression of angiogenic factors were
quantified by ELISA. In comparison with Con-M alone,
exposure to ESC-M significantly induced MIF, VEGF,
MMP-9, and monocyte chemoattractant protein-1 (MCP-
1; Fig. 4G). MCP-1 is potent chemotactic factor and
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Table 1. Molecules secreted by ESCs

Molecule pg/mL/1 x 10° cells
VEGF 183.40 + 11.29
MMP-9 304.19 + 18.41
MCP-1 11.10 - 1.82
IL-18 Not detected
IL-4 Not detected
IL-10 Not detected
IL-12 Not detected
IL-13 Not detected
TNF-o Not detected
M-CSF Not detected
GM-CSF Not detected

NOTE: ESCs were cultured for 48 hours and the molecules in
the supernatants were detected by ELISA. Data were
expressed as mean 4+ SEM, and similar results were obtained
from 3 independent experiments.

Abbreviation: GM-CSF, granulocyte-macrophage colony-
stimulating factor.

contributes directly to tumor angiogenesis by a mechanism
independent of monocyte recruitment (34). ESC-M also
markedly increased Tie-2 (Fig. 4B). Although recruited to
tumors in lower numbers than tumor-associated macro-
phages, Tie-2-expressing monocytes share several charac-
teristics with M2 macrophages (35) and are a more potent
source of proangiogenic signals (36). As VEGF, MIF, MMP-9,
MCP-1, and Tie-2 are well-known angiogenic factors (37, 38)
and ESC-M significantly increased the expression of these
factors, we further evaluated the role of ESC-macrophage
interaction in vivo by Matrigel plug assay. BMDMs contain-
ing plugs with ESC-M or Con-M were implanted subcuta-
neously in WT mice. As shown in Fig. 4H, 5 days after
injection into mice, Matrigel plugs containing BMDM trea-
ted with ESC-M appeared much darker and were filled with
blood, indicating that functional vasculature had formed via
angiogenesis triggered by ESCs. In contrast, BMDMs in Con-
M did not induce obvious angiogenesis (Fig. 4H). Examina-
tion of CD31 in excised Matrigel plugs revealed dramatically
more extensive vessel networks in plugs containing ESC-M
than in plugs without ESC-M (Fig. 4I). Our data clearly
indicated that ESCs govern an angiogenic switch in macro-
phages in vitro and in vivo.

Macrophages enhance proliferation of endothelial cells
and ESCs via production of MIF

Macrophages are an important source of MIF (39), and we
showed that significant macrophages infiltrated into the sites
of ESC injection (Fig. 3A). We also showed that deletion of MIF
from ESCs did not block teratoma development (Supplemen-
tary Fig. S1B). We therefore hypothesized that infiltrating
macrophages deliver substantial amounts of MIF into ESC
niches that then supports teratoma growth. We compared MIF
production from BMDMs and ESCs in vitro and observed that
over a period of 48 hours, macrophages secreted 34.63 + 2.50

ng/mL MIF per million cells (Fig. 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 whether 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 prolifer-
ation in a dose-dependent manner (Fig. 5B). Moreover, when
endothelial cells were cultured with the macrophage condi-
tioned 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 prolifer-
ation. In addition, inhibition of MIF activity by ISO-1, a small-
molecule inhibitor of MIF (40), by pretreatment of medium
from WT macrophages significantly suppressed macrophage-
induced endothelial cell proliferation (Fig. 5C). We also showed
that rMIF and WT macrophage conditioned medium signifi-
cantly enhanced proliferation of primary endothelial cells from
MIF KO mice, whereas ISO-1 decreased MIF activity (Fig. 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 prolif-
eration, rMIF or medium from WT macrophages also
enhanced ESC proliferation (Fig. 5E and F), and inhibition of
MIF by ISO-1 reduced macrophage-induced ESC proliferation
(Fig. 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 stimulate endothelial cell and ESC 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 reconstituted with WT BM (WT—KO mice; Fig. 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 (Fig. 6B) and grew significantly faster than
those in the MIF KO mice that had not undergone BM
transplantation (Fig. 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 (Fig. 6A). The chimeric
KO—WT mice showed decreased angiogenesis and reduced
teratoma growth when compared with chimeric WIT—WT
mice (Fig. 6B and C). Furthermore, rMIF administration (20
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Hg/mice/wk, i.p. restored teratoma development in KO—WT
mice (Supplementary Fig. S3A). This result indicates that
deletion of MIF expression in hematopoietic cells is sufficient
to inhibit teratoma development.

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 nonneural
sites could support the role of signals produced by macro-
phages 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 Supplementary Fig. S3B and S3C. Tera-
tomas 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

On the basis of 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 3 groups. A sham group only received
ESC injection without further treatment. Mice in the treatment
groups were administered a neutralizing anti-MIF mAb or an
isotype control antibody only by injection i.p. at a dose of 20
mg/kg q.o.d.(every other day). As shown in Fig. 6D-G, 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 versus
23.01 + 5.40 mm® in the control IgG, 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
IgG;-treated mice and sham group (Fig. 6G).

Discussion

Inflammatory cells play an important role in tumor pro-
gression (41). 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 show that
syngeneic ESC transplantation provokes an inflammatory
response that involves the rapid recruitment of BMDMs and
alternative macrophage activation. The BMDMs create a
microenvironment that facilitates the initiation and progres-
sion of teratomas. This involves the release of MIF and other
angiogenic factors to promote the formation of new capillaries
from preexisting vessels. Our data indicate that MIF released
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by BMDMs is both necessary and sufficient to drive angiogen-
esis and support teratoma progression and lead to the con-
clusion 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 BMDMs recruited by
ESCs? It was reported that MIF receptor CD74 (24) contributes
to MIF-mediated macrophage recruitment (25) and MIF also
acts as a noncanonical ligand for CXCR2 and CXCR4 (26) and
further attract CXCR2" and CXCR4" macrophages. We
showed that majority of infiltrated macrophages were CD74
positive and only a small portion of macrophages were CXCR4
and CXCR2 positive during teratoma development, suggesting
that ESC-induced macrophage infiltration may be CD74
dependent but CXCR4/2 independent. MCP-1 or CCL2 is an
essential chemokine, which acts through its receptor CCR2 to
induce the migration and activation of macrophages and thus
tumor progression (42). We showed that ESCs express MCP-1
(Table 1) and infiltrated macrophages express CCR2 (Fig. 3D),
suggesting that ESC-produced MCP-1 is involved in macro-

phage accumulation via CCR2. It has been reported that
MIF-deficient macrophages and endothelial cells (host MIF
deficiency) showed reduced leukocyte—endothelial interac-
tion. Absence of local MIF markedly reduces macrophage
chemotactic response to MCP-1 both in vitro and in vivo
(25, 43). MIF deficiency also reduced basal expression of
E-selectin, VCAM-1, and ICAM-1 (44). These data suggest
that in the presence of MCP-1 (expressed by ESCs), WT
macrophages are able to interact with endothelial cells and
infiltrate in response to MCP-1. However, macrophage—
endothelial interaction is impaired in MIF KO mice and the
chemotactic response to MCP-1 was diminished. This may
explain why MIF expression from host but not from ESCs is
responsible for ESC-induced macrophage recruitment. Once
present in the ESC injection site, ESCs induce these cells to
express more MCP-1, VEGF, and MMP-9 and to attract more
macrophages. However, more detailed studies will be nec-
essary to determine whether additional molecules either
alone or in combination contribute to macrophage recruit-
ment to the site of ESC implantation.
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Macrophages are a heterogeneous population of myeloid-
derived cells and are categorized as classically activated
(M1) or alternatively activated (M2; ref. 31). M2 type macro-
phages support tumor survival, growth, and metastasis and
seem to play a role in tumor angiogenesis and immune
evasion (27). Many questions, however, still await answers. It
would be interesting to know whether and how stem cells
induce a phenotype switch in infiltrated macrophages. Our
results showed for the first time that ESCs produced soluble
factors that not only induced the macrophage accumulation
but also play an essential role in macrophage M2 activation.
However, we found that M-CSF, IL-4, and IL-13, 3 well-
documented cytokines that drive M2 macrophage differen-
tiation (31), were not involved in ESC-induced macrophage
M2 polarization. Further studies are needed to determine
the molecular mechanisms of ESC regulating macrophage
polarization.

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 (45). This study shows that
angiogenesis during ESC proliferation and teratoma progres-
sion does not require the contribution of BM-derived endo-
thelial, ESC-differentiated endothelial cells, or BM-derived
pericyte progenitors. These results are consistent with Purho-
nen and colleagues who observed that BM-derived cells do not
contribute to vascular endothelium and are not needed for
tumor growth (46). We showed that BM-derived cells directly
contribute to teratoma vascular development through one
major mechanism, that is, the delivery of MIF and other factors.
Infiltrated macrophages produce appreciable amounts of MIF
that not only regulate angiogenesis by directly interacting with
endothelial cells but also enhance ESC proliferation. In addi-
tion to producing MIF, macrophages promote angiogenesis
and tissue remodeling by the secretion of VEGF and MMP-9
(37,47, 48). MMP-9 produced by BM-derived cells initiates the
angiogenic switch leading to tumor growth and progression
(37,49). It has been shown that MIF directly induces expression
of MCP-1, MMP-9, and VEGF in different types of cells (16, 50).
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