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Recent evidence has unveiled the critical role of tumor cells with
stem cell activities in tumorigenicity and drug resistance, but how
tumor microenvironments regulate cancer stem/initiating cells
(CSCs) remains unknown. We clarified the role of tumor-associated
macrophages (TAMs) and their downstream factor milk-fat globule-
epidermal growth factor-VIll (MFG-E8) in the regulation of CSC
activities. Bone marrow chimeric systems and adoptive cell trans-
fers elucidated the importance of MFG-E8 from TAMs in conferring
to CSCs with the ability to promote tumorigenicity and anticancer
drug resistance. MFG-E8 mainly activates signal transducer and
activator of transcription-3 (Stat3) and Sonic Hedgehog pathways
in CSCs and further amplifies their anticancer drug resistance in
cooperation with IL-6. Thus, the pharmacological targeting of key
factors derived from tumor-associated inflammation provides a
unique strategy to eradicate therapy-resistant tumors by manipu-
lating CSC activities.

chemoresistance | tumor progression

Because tumor cells acquire multiple layers of anticancer drug
resistance through the alteration of genetic and epigenetic
profiles (1, 2) and activation of multidrug resistance transporters
(3), it is extremely difficult to treat tumors in which multiple drug
resistance is achieved systematically. Recent evidence has clari-
fied the critical role of rare tumor cell populations, termed
cancer stem/initiating cells (CSCs), in restraining the drug sen-
sitivities of tumor cells (4). However, the molecular mechanisms
whereby CSCs acquire tumorigenicity and drug-resistant ma-
chineries remain largely unknown.

Besides intrinsic genetic and epigenetic signatures in tumor
cells, the tumorigenicity is regulated by extrinsic signals delivered
from microenvironments or niches, which are composed of en-
dothelial cells, stromal fibroblasts, and inflammatory cells (5-7).
In addition, accumulating evidence has validated the critical role
of tumor-associated myeloid cells in tumor progression and
metastasis (5, 6). Thus, the molecular events linking intrinsic
oncogenic signals with tumor-associated microenvironments may
play an important role in rendering CSCs with the ability to
modulate tumorigenicity and drug responses.

Milk-fat globule EGF-8 (MFG-ES8) has been identified as
a growth factor involving phagocytosis, angiogenesis, and im-
mune tolerance (8-10). MFG-ES8 was also highly produced from
tumor-associated macrophages (TAMs) (11), but it remains
largely unknown whether TAM-derived MFG-ES regulates CSC
activities. Here we found that TAMs produced large amounts of
MFG-ES in stimulation with CSCs. The MFG-ES increased tu-
morigenicity and anticancer drug resistance in CSCs derived
from murine and human tumor cells and primary tumor samples.
MFG-ES triggered anticancer drug resistance through the co-
ordinated activation of Stat3 and Sonic Hedgehog signals in CSC
populations. Furthermore, MFG-ES8 and IL-6 from TAMS syn-
ergistically mediate tumorigenicity and drug resistance in subsets
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of CSCs including primary human tumors. These findings pro-
vide evidence that TAM serves as a source of key components in
inflammatory microenvironments, such as MFG-E8 and IL-6,
which trigger tumorigenicity and resistance to anticancer thera-
peutics by regulating CSC activities.

Results

Tumor-Infiltrating Macrophages Produce Large Amounts of MFG-ES.
MFG-ES is produced in large amounts by myeloid cells such as
follicular dendritic cells and tangible macrophages and tumor-
infiltrating myeloid cells (11, 12). However, it remains largely
unknown which tumor cell subset is responsible for inducing
MFG-ES8 in tumor microenvironments. Because accumulating
evidence demonstrates that CSCs are responsible for rendering
tumor cells with the ability to promote tumorigenicity and drug
resistance (4, 13-16), we examined the role of CSCs for the
MFG-ES expression in tumor microenvironments.

We inoculated CD44*ALDHI1™" colon tumor cells (MC38-
CSCs) and CD133"ALDH1" lung cancer cells (3LL-CSCs),
which have been validated as CSCs by the in vivo serial trans-
plantation procedures (Fig. S1) and their nonstem cell counter-
part (non-CSCs) into C57BL/6 mice. Various cell types were
isolated from established tumors and splenocytes at the time
when each tumor reached 100 mm?, and the MFG-ES expression
was quantified by RT-PCR. MFG-ES8 expression was largely
confined into CD11b™ and F4/80* populations in MC38-CSC-
challenged sites but not spleen, and other populations did not
express MFG-ES (Fig. S2). Furthermore, MFG-E8* populations
were enriched in F4/807CD11b* macrophages derived from
MC38- or 3LL-CSCs—derived tumors but not those from their
non-CSC counterparts, tumor-draining lymph node (TDL), or
splenocytes (Fig. 1 A and B and Fig. S3). MFG-ES8 proteins were
detected at much higher levels in TAM than splenic macro-
phages isolated from MC38-CSCs bearing wild-type mice, as
quantified by ELISA (Fig. S44). Furthermore, F4/80* splenic
macrophages expressed MFG-E8 when directly cocultured with
MC38-CSCs in vitro, whereas those cultured with MC38-non-
CSCs, the macrophages, or MC38 alone did not trigger MFG-ES8
induction (Fig. 1C). The supernatants from CSCs, but not other
tumor cells, were sufficient for MFG-ES expression in splenic
macrophages, suggesting that soluble factors specifically released
from CSCs are responsible for MFG-ES8 induction (Fig. S4B).
Furthermore, the inhibitors for IL-4, IL-10, TGF-p, CCL-2, and
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arginase-I, which are critical for M2 macrophage differentiation
and activities (17), and GM-CSC, which is responsible for MFG-
E8 production by peritoneal macrophages (9), had little effect on
CSC-mediated MFG-ES8 induction by TAM (Fig. S4B). To-
gether, these results validate the CSC-specific role in MFG-E8
induction of macrophages.

To evaluate MFG-E8 expression in primary human tumor
samples, we used pleural effusion cells isolated from stage IV
nonsmall cell lung cancer (NSCLC) patients. Notably, most of
the EpCAM™ epithelial cells in pleural effusions represent
CD133*ALDH1" populations (~90%) (18), indicating that
CSC-enriched conditions have been established in the pleural
environments of advanced NSCLC (Fig. S5). MFG-E8 was
highly detected in CD68" human macrophages isolated from
pleural effusion at much higher levels than EpCAM™* tumor cells
or CD68* macrophages from peripheral blood mononuclear
leukocytes (PBMC) of the same donors (Fig. 1D and Fig. S5).

TAMs expressed genes characteristic of tumor-promoting
functions, such as hypoxia-inducible factor-1la, arginase-II, and
Ets-2 (17, 19, 20). However, CSC-derived TAMs expressed these
effectors at levels similar to those from tumors depleted of CSCs
(Fig. S6). In addition, the macrophage mannose receptor
(MMR) and TIE-2, which served as a marker for alternative
(M2) and angiogenic subsets of TAMs (21, 22), was expressed on
TAMs from wild-type and MFG-E8-defieicent mice at similar
levels. However, MFG-E8 was highly detected in TAM ex-
pressing MMR or TIE-2 (Fig. S7), indicating that tumorigenic
macrophages characterized by M2 and angiogenic profiles may
regulate CSC activities in an MFG-E8-dependent manner.
Collectively, these results demonstrate that CSCs are responsible
for triggering MFG-ES induction from macrophages.

TAM-Specific MFG-E8 Renders CSCs with the Ability to Promote
Chemoresistance. Although MFG-E8 has been reported to ac-
celerate tumorigenicity of certain spontaneously arising tumors
(23), it remains unknown whether MFG-E8 modulates CSC
functions. Thus, MC38-CSCs or 3LL-CSCs were inoculated into
MFG-ES8-deficient mice or their wild-type counterparts, and the
CSC frequencies in established tumors were evaluated by mea-
suring CSC-specific marker expression 1 mo after in vivo tumor
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Fig. 1. CSCs induce MFG-E8 expression from
TAM. (A) F4/80*CD11b* macrophages were
isolated from tumors, tumor-draining lymph
nodes (TDLs), and splenocytes in mice bearing
CD44*ALDEFLOUR* M(C38-CSCs, or CD133*
ALDEFLOUR* 3LL-CSCs, or their non-CSC
counterparts (n = 3 per group). Murine MFG-
E8 mRNA was quantified by RT-PCR. The

& "-'--f-a‘-’o\-%(‘- C
QQ«“ j LQ\,«L & results are shown as fold induction of target
genes relative to a reference gene (GAPDH).
MC33  F4isht  F4/s0- (B) MFG-E8 expression in F4/80*CD11b* mac-
MC38/Mac rophages isolated from MC38-CSCs or non-
Pt2 (PE) CSCs was evaluated by intracellular flow

Pt-1(PE)

cytometry. The splenic macrophages from
CSC-bearing mice (spleen) serve as negative
control. (C) MC38-CSCs or non-CSCs, bulk
MC38 cells were cultured with F4/80* splenic
macrophages (Mac) for 24 h, and MFG-E8 in
macrophages (F4/80*) or MC38 tumor cells (F4/
807) were quantified by flow cytometry.
Splenic macrophages or MC38 tumor cells
without coculture served as a negative control.
The expression was shown as mean fluores-
cence intensity (MFI). (D) MFG-E8 in CD68*
macrophages (Mac) isolated from pleural ef-
fusion (PE) or peripheral blood (PBMC) of two
nonsmall cell lung cancer patients (Pt-1and Pt-
2). The MFG-E8 mRNA (Left) or protein (Right)
levels were analyzed by RT-PCR or flow
cytometry, respectively. Data are representa-
tive of three independent experiments.

MFG-ES8

CD68
CD68+Mac (Pt-1)

Pleural effusion PBMC

MFG-ES

challenge. The CSC markers in established MC38-CSCs and
3LL-CSCs were largely lost but still detectable 1 mo after in vivo
inoculation, consistent with previous finding that CSCs differ-
entiate into heterogeneous cell populations (4). In contrast, the
frequencies of original CSC populations were largely undetect-
able in tumors grown into MFG-E8-deficient mice (Fig. 24).
The CSC growth in MFG-E8-deficient mice was compatible to
that in wild-type mice, excluding the possibility that the different
growth kinetics in MFG-E8-deficient and wild-type mice have an
impact on the CSC frequencies (Fig. S8).

To further define whether TAM influences CSC activities in
an MFG-E8-dependent manner, we evaluated the role of TAM-
derived MFG-ES in modulating anticancer drug sensitivities. To
do so, CD11b*F4/80* macrophages were isolated from estab-
lished tumors from wild-type or MFG-E8-deficient CD45.1*
mice and were injected along with MC38-CSCs or their non-CSC
counterparts into CD45.2% MFG-E8-deficient mice. We first
confirmed that there were little differences between wild-type and
MFG-E8-deficient TAMs in the recruitment in tumor tissues
(Fig. S9). Transfer of wild-type TAMs resulted in the impaired
antitumor effect of chemotherapeutic agent cisplatin (CDDP)
against MC38-CSCs, but the same regimens regressed tumor
growth when MFG-E8-deficient TAM was transferred with
MC38-CSCs (Fig. 2B). In contrast, neither wild-type nor MFG-
E8-deficient TAMs had any effect on the drug sensitivities of non-
CSC—derived tumors (Fig. 2B).

We next evaluated the role of TAM-derived MFG-ES in the
in vitro drug-induced apoptosis. The supernatant of wild-type
TAM or splenic macrophages infected with MFG-ES retrovirus
suppressed CDDP-induced caspase-3 activation in MC38-CSCs,
but that of MFG-E8-deficient TAM or splenic macrophages
infected with control retrovirus sensitized MC38-CSCs to apo-
ptotic cell death by CDDP treatment (Fig. 2C). The role of MFG-
ES8 in anticancer drug resistance was also confirmed in other hu-
man tumor cells (melanomas, breast carcinomas, and NSCLC
cells) expressing CSC markers, whereas MFG-ES has little effect
with chemotherapy on their bulk populations (Fig. S10).

Together, these results demonstrated that TAM-derived
MFG-ES plays an indispensable role in rendering CSCs with the
ability to restrict anticancer drug responses.

Jinushi et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106645108/-/DCSupplemental/pnas.201106645SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106645108/-/DCSupplemental/pnas.201106645SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106645108/-/DCSupplemental/pnas.201106645SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106645108/-/DCSupplemental/pnas.201106645SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106645108/-/DCSupplemental/pnas.201106645SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106645108/-/DCSupplemental/pnas.201106645SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106645108/-/DCSupplemental/pnas.201106645SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106645108/-/DCSupplemental/pnas.201106645SI.pdf?targetid=nameddest=SF10
www.pnas.org/cgi/doi/10.1073/pnas.1106645108

uy)

A In vivo tumor

MFG-E8 KO

1000 —0O-PBS
—-PBS

800 7 —A—TAM (WT)

MC38-CSC WT

600

400
JLL-CSC

CD133

WT MFG-ES KO
% 28 12

.

4] 0 -

200 -

Tumor diameter (mm?)

2)

1000

(=T SRS - N = N]

|=~PBS
g00 | —E—PBS
—A—=TAM (WT)

mMC38-CSC
3LL-CSC

400 -

iT

WT MFG-E8 KO

CSC frequency (%o)

200 A

Tumor diameter (IMm

O

CDDP

SPM TAM

‘\IF( -E8 KO

UL

|(] 10

Ml'( -E8 control

% H
10 10

Active caspase-3

0.6
0.4
0.2

]

Caspase-3 activity (OD450nm)

CDDP
| =t=TAM (MFG-E8 KO)

MC38-CSC—MFG-E8 KO " . . .
‘ Fig. 2. TAMs contribute to triggering

tumorigenicity and anticancer drug re-
sistance in an MFG-E8-dependent
manner. (A) MC38-CSCs or 3LL-CSCs
were inoculated into wild-type (WT) or
= MFG-E8-deficient (MFG-E8 KO) mice
for 1 mo, and the frequencies of CSCs
were determined in established tumors
by quantifying each CSC marker. Rep-
resentative dot plots (Upper) and data
from three experiments (Lower) are

15 20 25 30 35 40

‘ Non-CSCs—MFG-E8 KO

shown. (B) TAMs were isolated from

CDDP
600 {=2=TAM (MFG-E8 KO)

tumors of wild-type (WT) or MFG-E8-
deficient CD45.1* mice (MFG-E8 KO).
MC38-CSCs or non-CSCs were injected
into CD45.2" MFG-E8-deficient mice
(CSCs or non-CSCs—MFG-E8 KO; n = 4
per group) either alone or with TAM,
treated with CDDP after tumor in-
oculation, and tumor growth was
measured on the indicated days. (C)
CD44*ALDH1* MC38-CSCs were treated
with CDDP in the presence or absence
* of TAM supernatant (1:10 dilution)
from wild-type (WT) or MFG-E8—deficient
(MFG-E8 KO) mice, or splenic macro-
phages infected with control, or MFG-
E8 retrovirus. After 24 h of treatment,
cell viability was quantified by cleaved
caspase-3 intensities by colorimetric
assay. Data are representative of three

Days

TAM
(WT)

Mac Mac
(MFG-ES8) (control)

TAM
(MFG-ES
KO)

TAM-Specific MFG-E8 Renders CSCs with the Ability to Promote
Tumorigenicity. Because long-term sphere-forming capacity is a
common characteristic of CSCs, we evaluated the role of MFG-
ES8 in tumor sphere-forming activities. The supernatant of wild-
type, but not MFG-E8-deficient TAM increased sphere numbers
and diameters in bulk MC38 cells. In addition, the recombinant
murine MFG-ES8 protein promoted sphere formation in a con-
centration-dependent manner (Fig. 34). The addition of human
MFG-ES protein also accelerated sphere formation of human
colon cancer cells (HCT116) (Fig. S11). MFG-ES also regulates
the PKH-26 dye-retaining ability of HCT116 cells, suggesting that
MFG-E8 maintains CSCs as quiescent-state populations linking
with their chemoresistant phenotype (24-26) (Fig. S12).

To further define the contribution of TAM-derived MFG-ES8
in self-renewal in vivo, TAM isolated from wild-type or MFG-
E8-deficient mice were injected along with MC38-CSCs into
MFG-E8-deficient mice, and the isolated tumor cells were se-
rially transplanted with wild-type or MFG-E8-deficient TAM
into tumor-free MFG-E8—deficient mice. TAMs from wild-type
mice accelerated tumor formation with hlgh potency even when
small amounts of tumor cells (1 x 10* per mouse) were in-
oculated, whereas TAMs from MFG-E8-deficient mice could
not stimulate tumorigenicity even at more than 1 x 10° cells
inoculated (Fig. 3B).

The tumorigenic activities induced by TAM-derived MFG-ES8
were also observed in primary human tumors because CD68*
TAMs isolated from NSCLC patients stimulate sphere-forming
activities of autologous CD133*EpCAM™ CSCs in an MFG-ES8-
dependent manner (Fig. S13). To further evaluate whether TAM-
derived MFG-ES plays a critical role in accelerating tumorigenic
activities of CSCs in clinically relevant settings, EpCAMJ'CD1’3’3+
primary NSCLC- CSCs were injected s.c. into NOD-SCID mice at
small doses (1 x 10% per mouse) in conjunction with autologous
CD68* macrophages isolated from pleural effusions (TAMs) or
peripheral blood (PBM), and the tumor formations were evalu-
ated in vivo. In this experiment, NOD-SCID mice were pretreated
with clodronate liposome to remove endogenous macrophages.

Jinushi et al.

CDDP independent experiments.

TAMs elicited large tumor formation in NOD-SCID mice,
whereas EpCAM*CD133* CSCs alone or that inoculated with
peripheral blood-derived macrophages (PBM) formed small
tumors at final evaluation periods (28 d). Importantly, TAM-
mediated CSC tumorigenesis was suppressed by the human
MFG-ES8 blocking Ab (Fig. 3C). Overall, these results demon-
strate that TAM-derived MFG-E8 may be responsible for regu-
lating self-renewal and tumorigenic activities of CSCs of mice and
human origins.

MFG-E8 Mediates Tumor Drug Resistance by Activating Stat3 and
Hedgehog Signals. We next evaluated how MFG-E8 modulates
oncogenic signals and triggers chemoresistance in CSCs. We
found that MFG-ES induced Stat3 phosphorylation and smoo-
thened (SMO) expression, the downstream regulator of Sonic
Hedgehog (shh) pathways, to a greater extent in CSCs than non-
CSCs in stimulation with supernatant of wild-type but not MFG-
E8-deficient TAMs (Fig. 44). The up-regulation of Stat3 and
shh activities was also confirmed in CSCs stimulated with su-
pernatant of wild-type TAM by flow cytometry, but MFG-E8-
deficient TAM or splenic macrophage (SPM) had little effect on
Stat3 and shh activation in CSCs (Fig. 4B). Moreover, the target
gene expression for Stat3 (SOCS3, myeloid cell leukemia pro-
tein, and vascular endothelial growth factor-A) and shh (GLil,
PTCH1, and GAS1) were up-regulated in CSCs stimulated with
wild-type, but not MFG-E8-deficient, TAM (Fig. S14). These
results demonstrate that TAM-derived MFG-ES8 plays an im-
portant role in Stat3 and shh activation of CSCs.

We next examined whether Stat3 and shh signals are re-
sponsible for regulating CSC activities in TAM-derived MFG-
E8-dependent manner. The importance of Stat3-mediated sig-
nals in MFG-E8-mediated tumorigenic activities have been
validated by the observation that a constitutively active form of
Stat3 (Stat3C) abrogated the tumor suppressive effects of anti—
MFG-E8 Ab in MC38-CSCs stimulated with wild-type TAMs
(Fig S15). The transcriptional activation of the Hedgehog ef-
fector Gli-1 was also increased in MC38-CSCs treated with wild-
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Fig. 3. MFG-E8 plays a critical role in
tumor self-renewal. (A) MC38 cells were
treated with TAM supernatant (1:10
dilution) from wild-type (WT) or MFG-
E8—deficient (MFG-E8 KO) mice or
recombinant murine MFG-E8 protein
(1 or 10 pg/mL) in ultra-low attachment
plates. The cells were then cultured for
three passages, and the numbers of
formed spheres generated per 10,000
cells were determined. (B) In vivo serial
tumor passages were performed to
evaluate the frequency of CSCs. TAM
from wild-type or MFG-E8-deficient
mice was injected along with MC38-
CSCs s.c. into MFG-E8-deficient mice
(n = 4 per group) at 1 x 10° per mouse.
After 30 d, single cell suspensions were
prepared from growing tumors and
further transplanted with each TAM
into tumor-free MFG-E8-deficient mice
using the indicated number of cells.
Tumor growth was measured on the
indicated days. (C) EpCAM*CD133* tu-
mor cells obtained from patients with
advanced NSCLC (1 x 102 per mouse)
were inoculated into clodronate-pretreated NOD-SCID mice (n = 4 per group)
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type TAM supernatant, which was abrogated by anti-MFG-ES8
blocking Ab (Fig. S16).

To further evaluate the functional relevance of MFG-E8-
mediated stat3 and shh regulation, we used siRNA knockdown
for each signal and assessed cell viability of MC38-CSCs after
treatment with TAM supernatant and CDDP. The combined
inhibition of Stat3 and shh pathways substantially increased
CDDP-mediated CSC apoptosis even in the presence of wild-
type TAM (Fig. 4C). In contrast, CDDP alone was sufficient to
reduce CSC viability irrespective of the Stat3 and/or shh in-
hibition when either MFG-E8-deficient TAM or anti-MFG-ES8
blocking Ab was added during the in vitro cultures (Fig. 4D).

To define the contribution of TAM-derived MFG-ES in acti-
vating Stat3 and shh pathways in vivo, lineage negative and c-Kit/
Sca-1" hematopoietic stem cells (HSC) generated from wild-
type or MFG-E8—deficient mice were used to reconstitute le-
thally irradiated MFG-E8-KO recipients. Two months after
transplantation, mice were challenged with MC38-CSC and
treated with CDDP in the presence or absence of JAK?2 inhibitor
AG490 and/or shh inhibitor cyclopamine. The combined treat-
ments of CDDP with cyclopamine and/or AG490 had greater
antitumor effects than CDDP alone on MC38-CSC tumor
growth in wild-type bone marrow (BM) chimeric mice. In con-
trast, CDDP alone was sufficient to reduce tumor burden in
MFG-E8-deficient BM chimeric mice independently of AG490
and cyclopamine treatments (Fig. 4D).

Together, these findings highlight the role of distinct onco-
genic pathways mediated by Stat3 and shh in orchestrating the
TAM-dependent CSC activities.

IL-6 Plays a Critical Role in Amplifying MFG-E8-Mediated Tumori-
genicity of Human CSCs. TAMs secrete large amounts of IL-6,
which serves as a key player to activate Stat3 and promote tu-
morigenesis in cooperation with inflammatory signals (27-29).

We therefore addressed the involvement of TAM-derived IL-6
in modulating CSC activities. IL-6 coordinates with MFG-ES8 to
further increase Stat3 activation and SMO expression in human
primary NSCLC-CSCs (Fig. 54). However, the MFG-ES8 block-
ade did not influence the IL-6 expression in primary human
TAM and vice versa, indicating that MFG-ES8 and IL-6 does not
regulate each other (Fig. S16).
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We found that the combined inhibition of MFG-ES8 and IL-6
increased CDDP-induced apoptosis (Fig. 5B) and suppressed
sphere-forming activities (Fig. 5C and Fig. S18) at greater
degrees than anti-MFG-E8 Ab or anti-IL-6 Ab alone in primary
NSCLC-CSCs stimulated with TAM supernatant but not PBM.
In contrast, MFG-ES serves as a main factor for tumorigenic
activities of murine MC38-CSCs (Figs. 2D and 4D). These results
indicate that coregulation of MFG-ES8 and IL-6 may be required
for the tumorigenicity and drug resistance in subsets of CSCs
including primary NSCLCs.

We finally examined the interplay between MFG-ES8 and IL-6
in regulating CSC tumorigenic activities in vivo. The combined
blockade of MFG-E8 and IL-6 markedly suppressed primary
NSCLC-CSC—derived tumor growth in coinjection with autolo-
gous TAM, whereas the anti-MFG-E8 Ab or anti-IL-6 Ab alone
had partial antitumor effects (Fig. 5D). These results demon-
strate that IL-6 amplifies MFG-E8-mediated activities in in-
creasing tumorigenic activities in subsets of CSCs including
primary human tumors.

Discussion

Recent evidence has revealed that tumorigenic cells are in-
frequent and heterogeneous populations as measured by CSC
marker expression (30). However, the identification of tumori-
genic cells, including CSCs, has been largely based on the tumor
formation of purified patient-derived cell suspensions in immu-
nodeficient animals, and it is difficult to clarify the role of en-
vironmental differences between tumors in modulating tumori-
genicity and anticancer drug sensitivities. Therefore, it is urgent
to elucidate the possibility that extrinsic signals delivered by
distinct microenvironments may regulate the plasticity of CSC
phenotypes and functions.

Because inflammatory cells in tumor microenvironments play
an important role in affecting tumor progression via inflam-
matory and angiogenic signals (5, 6, 24), they may have a role in
modulating tumorigenicity and stem cell activities.

MFG-ES8 has been identified as a growth factor that signals
through integrin-avp3 and avp5. Although MFG-ES exerts vari-
ous physiological processes, such as apoptotic cell phagocytosis
and angiogenesis (8, 9, 31), it also plays a critical role for tumor
progression through coordinated interplay of oncogenic and
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immune-dependent mechanisms (10, 11, 23). In this study, we
have identified that MFG-ES, mainly derived from CSC-associated
macrophages, is a major contributor in triggering the tumorige-
nicity and resistance to anticancer drugs of CSCs. Interestingly,
av-integrins, which serve as MFG-ES receptors, were expressed
on CSCs at higher levels than non-CSCs (Fig. S19), implying that
MFG-ES interaction with av-integrins may be critical for trig-
gering tumorigenic activities and drug resistance in a CSC-specific
manner. Thus, it is of great interest to clarify whether av-integrins
serve as functional markers of particular CSC subsets that spe-
cifically communicate with tumor-associated myeloid cells.

A 1 2 3 4 B

We also demonstrated that IL-6 coordinates with MFG-ES in
further amplifying anticancer drug resistance by boosting specific
oncogenic signals, the Stat3 and Hedgehog pathways, in subsets of
CSCs including primary NSCLCs. Together, these findings clarified
the indispensable role of inflammatory signals in tumor micro-
environments to determine the clinical efficacy of various anti-
cancer modalities against therapy-resistant tumor cells (Fig. S20).

There is a growing appreciation that myeloid cells, including
macrophages and dendritic cells, are composed of several distinct
populations that may influence the quality of tumor microen-
vironments. Recent genetic profiling and phenotypic analyses
have also revealed that tumor cells manipulate tumor-infiltrating
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CSCs were inoculated into clodronate-pretreated NOD-
SCID mice (n = 4 per group) with CD68* macrophages
isolated from primary tumors (TAM), treated with iso-

* type-matched 19G (Isotype), anti-MFG-E8 Ab and/or
anti-IL-6 mAb, or both, and tumor growth was mea-
sured on the indicated days. The NSCLC-CSCs without
TAM serve as a negative control (-). The differences in
tumor growth were compared between monotherapy
(either anti-MFG-E8 or anti-IL-6 alone) and combined
regimens. Data are representative of three independent
experiments.
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macrophages to induce distinct factors, such as versican and IL-
13, which differentiate myeloid cells into specialized subsets with
tumor-promoting capacities (32, 33). Because MFG-ES and IL-6
were up-regulated in macrophages infiltrating the microenviron-
ment formed by CSCs, the genetic and phenotypic profiles in
CSCs distinct from bulk tumor cells may manipulate macrophages
to induce tumorigenesis and drug resistance in a paracrine fash-
ion. Thus, it is of great interest to clarify the molecular pathways
and identify the distinct factors induced by CSCs.

Tumorigenic cells possessing anticancer therapy resistance, in
particular CSC, have unique characteristics with which to ma-
nipulate complex signal cascades leading to oncogenic addiction,
stem cell maintenance, and angiogenesis (4). Several oncogenic
pathways, including PI3K/Akt, f-catenin, mnTOR, TGF-p/FOXO,
etc., regulate anticancer drug responsiveness and tumorigenicity
in chemotherapy-resistant tumor cell populations (34, 35). Stat3
also plays a critical role in positively regulating self-renewal of
embryonic stem cells stimulated with leukemia inhibitory factor
(36). Hedgehog signals have been identified as sentinel in linking
oncogenic aberration with the developmental programs of nor-
mal and cancer stem cells (37). Consistent with the importance
of Stat3 and Hedgehog signals in stem cell activities, our findings
clarify the coordinated interplay between Stat3 and Hedgehog
signals in rendering CSCs tumorigenic and resistant to antican-
cer drugs. Although the molecular interplay that connects two
different signaling pathways in CSCs remains largely unresolved
and must necessarily be further clarified, recent studies have
unveiled the critical role of epigenetic alterations in generating
tumorigenic cells in NF-kB-dependent inflammatory signals
(27). Thus, it is possible that tumor-associated inflammation may
modify chromatin structure and epigenetic signals, leading to the
transcriptional activation of subsets of target genes in CSCs.

In summary, we have unveiled the critical role of MFG-E8 and
IL-6 in combination with inflammatory tumor environments in
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determining the clinical efficacies of anticancer therapeutics
against therapy-difficult CSC populations. Recent breakthroughs
in comprehensive approaches along with the progress of stem
cell biology have led to the identification of CSC-specific mark-
ers and multiple genetic pathways suitable for specifically tar-
geting cancer stem cells (38). In addition to the novel therapeutic
candidates identified from CSCs, our findings demonstrate that
the targeting of components derived from tumor microenviron-
ments may provide new therapeutic strategies, in combination
with inhibitors of CSC-specific pathways, to eradicate treatment-
difficult tumors across the different genetic and epigenetic
alterations.

Materials and Methods

MFG-E8 KO mice, C57BL/6, and NOD-SCID animals were used as hosts of tumor
inoculations. Pleural effusion cells and PBMCs were obtained from advanced
NSCLC patients according to the protocols approved by the institutional
review board (no: 10-0114). Tumor-associated macrophages isolated from
tumors inoculated into wild-type or MFG-E8 KO mice, or from pleural effusion
of advanced NSCLC patients were used for assessing MFG-E8 expression
and role of CSC activities. Detailed information is provided in S/ Materials and
Methods.
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