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ABSTRACT
The cancer stem cell (CSC) paradigm posits that specific cells within a tumor, so-called CSC-like cells, have
differing levels of tumorigenicity and chemoresistance. Original studies of CSCs identified them in human
cancers and utilized mouse xenograft models to define the cancer initiating properties of these cells,
thereby hampering the understanding of how immunity could affect CSCs. Indeed, few studies have
characterized CSCs in the context of cancer immunoediting, and it is currently not clear how immunity
could impact on the levels or stem-like behavior of CSCs. Using the well-studied 30methylcholanthrene
(MCA) model of primary sarcoma formation, we have defined a CSC-like population within MCA-induced
sarcomas as expressing high levels of stem cell antigen-1 (Sca-1) and low levels of CD90. These
Sca-1CCD90¡ CSC-like cells had higher tumor initiating ability, could spontaneously give rise to
Sca-1-negative cells, and formed more sarcospheres than corresponding non-CSC-like cells. Moreover,
when examining MCA-induced sarcomas that were in the equilibrium phase of cancer growth, higher
levels of CSC-like cells were found compared to MCA-induced sarcomas in the escape phase of cancer
progression. Notably, CSC-like cells also emerged during escape from anti-PD-1 or anti-CTLA4 therapy,
thus suggesting that CSC-like cells could evade immune therapy. Finally, we demonstrate that
paradoxically, interferon (IFN)-g produced in vivo by immune cells could promote the emergence of CSC-
like cells. Our findings define the existence of a Sca1CCD90¡ CSC-like population in the MCA-sarcoma
model capable of differentiation, tumorsphere formation, and increased tumor initiation in vivo. These
cells may also act as mediators of immune resistance during cancer immunoediting and immune therapy.
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Introduction

Over the two last decades, the heterogeneity of cancers has been
documented and dissected. From these studies, the cancer stem
cell (CSC) paradigm emerged, stipulating that within tumors, a
subset of cells endowed with stem-like properties initiates,
maintains and propagates cancers.1–3 The requirement for
CSCs in cancer formation4–6 and relapse7 has made the eradica-
tion of CSCs a paramount goal in cancer therapy.8–10 Cancer
stemness may refer to both the cell of origin of tumors11–13 and
cell reprogramming induced by oncogenesis.14,15 CSCs initiate
and sustain tumor progression and are responsible for tumor
metastasis via the expression of the transcription factor Twist5

among other genes. They resist conventional treatments such
as radiation and chemotherapy and are believed to account for
tumor resurgence after therapy.2,12 Importantly, many studies
defining CSCs used xenograft models, and thus the interaction
between CSCs and immune cells has not been well explored or
defined.

Only a few reports document the interaction between CSCs and
the immune system, resulting in no clear consensus on CSC immu-
nogenicity. Some reports show that CD8C T cells and NK cells can
destroy CSCs,16,17 whereas others show their resistance to cancer
immune surveillance.10,18 CSCs also secrete immunomodulatory
cytokines19 and can take advantage of tumor promoting immu-
nity.20,21 In a recent elegant study, antitumor immune responses
mediated the dedifferentiation of melanoma cells towards a “stem-

like” state via the cytokine tumor necrosis factor (TNF).18 In addi-
tion, type I and type II IFNs have been demonstrated to activate
hematopoietic stem cells (HSCs) and CSCs in chronic myeloid leu-
kemia.22–24 Thus, whereas multiple studies have shown that CSCs
clearly promote cancer progression and resist conventional chemo-
therapy, whether CSCs resist immune therapy and how the
immune system impacts on CSCs remains to be further defined.

Cancer immunoediting refers to the process by which tumor
cells and immune cells interact with one another, leading to a
sculpting of the cancer cell repertoire.25–27 Immunoediting begins
on a substrate of highly immunogenic “unedited” cancer cells that
can be completely eliminated by the immune system. In some
instances a mixture of edited and unedited cancer cells are not
completely eliminated and in fact can co-exist over long periods of
time in the presence of immune pressure, representing an equilib-
rium phase.28,29 From this phase “edited” cancer cells can emerge,
and these escaped cells can proceed to grow and become clinically
significant. Edited cancer cells presumably have evaded immunity,
but whether they have accumulated stem-like properties compared
to unedited cells is not known.

Elimination, equilibrium, and escape phases of immunoedit-
ing27 have been modeled extensively using 30methylcholanthrene
(MCA) primary carcinogenesis rodent models.30 In this system,
MCA induces sarcomas whose immunogenicity can be defined
by transplanting them as tumor chunks31 into syngeneic recipi-
ents. Notably, MCA-induced sarcomas can also be easily
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adapted to culture to generate MCA-induced sarcoma cell lines,
which can be transplanted at defined doses into syngeneic ani-
mals of varying levels of immunity, thereby allowing for more
quantitative estimates of their immunogenicity.26,32,33 Since
MCA sarcoma cell lines already have mesenchymal features, the
CSC-like cells within MCA sarcomas have not been defined.
We previously generated a panel of MCA sarcoma cell lines32

and herein define the CSC-like cell population within these cell
lines. We found that high Sca-1 expression and low CD90
expression defined a CSC-like cell population that had increased
cancer initiating properties and could be enriched during equi-
librium or escape from immune therapy. Our studies therefore
suggest that CSCs could emerge from immune pressure and
imply that successful immune therapy of cancer will also need
to target CSC-like cells.

Results

MCA sarcoma CSC-like cells could be defined
by Sca-1CCD90¡ expression

To identify MCA sarcoma CSC-like cells, we first examined the
expression of mesenchymal stem cell (MSC) markers
(CD45¡CD31¡CD44CSca-1CCD29CCD105CCD90C)34,35 as well
as other CSC and iPS markers in several MCA sarcoma cell lines.
Table 1 and Supplementary Fig. 1 show that all the testedMCA sar-
coma cell lines had co-expression of the MSC markers CD44 and
CD29, but these markers did not show heterogeneity. CD105,
CD117 and CD133 were absent in most cell lines. iPS proteins
(Oct4, Sox2, Nanog) were expressed but their expression lacked
heterogeneity. CD90 and Sca-1 expression appeared to be the most
heterogeneousmarkers and displayed an expression profile varying
in the different cell lines tested (Table 1, Supplementary Fig. 1).
Additionally, we analyzed the phenotype of primaryMCA-induced
sarcoma tumors (Supplementary Fig. 1). They displayed heteroge-
neity in a number of MSC and stemness markers. It was not possi-
ble to attribute this phenotype solely to the tumor cells as the
tumor mass contained a variety of cells from the microenviron-
ment which could not be excluded from the analysis. To alleviate
this problem, we chose to focus our studies on MCA sarcoma cell
lines, which provided a more robust and reliable model to study
CSC-like cells.

Since the most heterogeneous phenotype in our panel of
MCA-sarcomas was CD90 heterogeneity in a context where

Sca-1 expression was positive, we tested these as potential
markers of MCA sarcoma CSC-like cells. First, we examined
the F244 cell line, which had Sca-1C and Sca-1¡ populations.
Figure 1A shows that sorted Sca-1C populations are capable of
giving rise to Sca-1¡ populations, suggesting that Sca-1 marked
a CSC-like population. In the F535 MCA-sarcoma cell line,
Sca-1C cells could further be subdivided into CD90¡ and
CD90C populations. In this scenario, the Sca-1CCD90¡ cells
had CSC-like features because they could give rise to the other
populations but not vice versa (Fig. 1A, right panel). Isotype
controls for Fig. 1A are shown in Supplementary Fig. 2A. This
result was seen with other cell lines (Supplementary Fig. 2B),
thus confirming that the Sca-1CCD90¡ population had a CSC-
like repopulation capacity by reconstituting the initial tumor
heterogeneity in vitro in an active process involving prolifera-
tion and differentiation. Given that Sca-1C and Sca-1¡ as well
as Sca-1CCD90¡ and Sca-1CCD90C fractions have a similar
growth rate in 2D culture (data not shown), we speculate that
the regeneration of the initial tumor cell line heterogeneity is
not due to the outgrowth of a contaminant Sca-1¡ and Sca-1C

CD90C fraction after sort.
We next tested the stemness of Sca-1CCD90¡ cells in

anchorage and serum-independent culture conditions. F244
was sorted into Sca-1C and Sca-1¡ cells, F535 was sorted into
Sca-1CCD90¡ and Sca-1CCD90C cells, and both were seeded
into conditions that allowed for sarcosphere growth and quan-
titation. Figure 1B shows that most of the sphere-forming
capacity of the cell lines was contained within the Sca-1C frac-
tion (for F244) with a 20-fold enrichment or the Sca-1CCD90¡

fraction (for F535) with a 5.5-fold enrichment compared to the
Sca-1¡ or Sca-1CCD90C populations, respectively.

To test the tumor initiating properties of Sca-1CCD90¡ cells,
sorted cells were transplanted at various doses into Rag2¡/¡ £
gc¡/¡ mice. In F244, the tumor initiating capacity appeared to be
enriched in the Sca-1C population (Fig. 1C) by 10-fold compared
to the Sca-1¡ population. In F535, a similar trend is observed with
an enrichment in the tumor-forming capacity in the Sca-1CCD90¡

fraction compared to Sca-1CCD90C population (Fig. 1C). Cancer
stem-cell frequencies studied largely using xenografted human cells
into immune deficient mice have been shown to be highly variable
depending on how the transplantation assays were performed.36–38

We speculate that our syngeneic and orthopic transplantation
model gives rise to a heightened plasticity of the tumor initiating
cell capacity in vivo due to the interactions of tumors cells with their
original microenvironment.

In conclusion, these compiled data demonstrate the existence of
a hierarchy within MCA-induced tumors, where Sca1CCD90¡

cells possess the ability to generate daughter Sca1¡/CD90¡ cell
compartments, an increased sarcosphere-forming capacity in vitro
and an increased tumor initiation in vivo.

Primary and transplanted MCA sarcomas in equilibrium
are enriched in CSC-like cells

Having defined Sca-1 and CD90 as markers of CSC-like cells in
MCA sarcoma cell lines, we next examined whether immune
responses in vivo could regulate the proportion of CSC-like cells.
The immune response to MCA-sarcomas is divided into three
phases: elimination, equilibrium and escape.39 The equilibrium

Table 1. Expression of CSC-like markers in MCA-sarcoma cell lines.

F244 F535 6730 9604 9609 4862

CD44 CCa CC CC CC CC CC
CD29 CC CC CC CC CC CC
CD90 ¡ HETb HET HET HET HET
Sca-1 HET Cc C C C HET
CD105 HET ¡b HET ¡ ¡ HET
CD117 ¡ ¡ ¡ ¡ ¡ ¡
CD133 ¡ ¡ ¡ ¡ ¡ ¡
Oct4 C C C C C C
Sox2 C C C C C C
Nanog C C C C ¡

a:CC: Strong expression
b:HET: Heterogeneous expression
c:C: Intermediate expression
d:¡: No expression
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phase corresponds to cancer persistence in the presence of an active
immune response and could represent the “dormant” stage of can-
cer,29 and so we hypothesized that tumors in equilibrium could
represent a CSC-mediated state.We defined tumors in equilibrium
as masses< 5 mm of diameter that remained stable over a month
in immunocompetent hosts. We established equilibrium in ani-
mals injected with MCA and in animals transplanted with various
MCA sarcoma cell lines representing primary and transplantable
MCA sarcomagenesis, respectively (Supplementary Figure 3A-B).
Tumor equilibrium was an extremely rare event in transplantation
experiments and occurred in less than 2% of the mice injected with
MCA in the present primaryMCA-induced sarcomagenesis exper-
iment. We compared the percentage of CSC-like cells, defined by
Sca-1CCD90¡ cells among CD45¡CD44CCD29C sarcoma cells, in
MCA-sarcoma tumors in equilibrium vs non-equilibrium, which
we define as “progression” tumors. We found that tumors in equi-
librium had an increased percentage of CSC-like cells compared to
progressively growing tumors (Fig. 2A). A representative FACS
plots is shown in Fig. 2B depicting the increased percentage of Sca-
1CCD90¡ cells among CD45¡CD44CCD29C cells.

To confirm that these tumors had greater CSC-like activity, cell
lines were established from MCA-sarcomas undergoing either
equilibrium or progression, and their sphere-forming capacity was
tested (Fig. 2C). The sphere-forming capacity of cell lines generated

from tumors in equilibrium was significantly higher (p<0.001)
compared to the cell lines generated from progressing tumors in
the two sarcoma cell lines tested. In addition, tumor initiation in
severely immune-deficient hosts was increased when mice were
transplanted with cell lines generated from tumors in equilibrium
(Fig. 2D).

Cancers that have escaped immune therapy are enriched
in CSC-like cells

To explore whether CSC-like cells resist immune therapy and
may account for the relapse post-immune therapy, we set up a
therapeutic protocol in vivo where tumor-bearing mice were
treated with anti-PD-1, anti-CTLA4 or corresponding isotypes.
In our model system, mono-therapy with checkpoint inhibitors
showed three types of response (Fig. 3A): 1) no response where
tumor kinetics of treated mice matched the tumor kinetic of
mice treated with isotype controls (anti-CTLA4: 22% (2/9),
anti-PD-1: 67% (6/9)); 2) complete response where tumors
were rejected by the therapy (anti-CTLA4: 55% (5/9), anti-PD-
1: 0% (0/9)); and 3) escape where the tumor initially responded
to the treatment but escaped over time (anti-CTLA4: 22% (2/
9), anti-PD-1: 34% (3/9)). Analysis of the tumor mass by flow
cytometry in non-responsive and escaping tumors at tumor

Figure 1. Identification of CSC-like cells in murine MCA-sarcoma cell lines. Analysis of the CSC-like potential of the various subpopulations based on Sca-1 and CD90
expression in the MCA-sarcoma cell lines F244 and F535. F244 was sorted based on Sca-1 expression into Sca-1C and Sca-1¡ populations. F535 was sorted into Sca-
1CCD90¡ and Sca-1CCD90C populations. Each subpopulation was analyzed for their capacity to: (A) reconstitute the initial cell line heterogeneity in vitro by cultivating
the sorted subpopulations and analyzing the reconstitution of the initial cell line heterogeneity over time by FACS analysis of cell surface expression of Sca-1 and CD90,
(B) form sarcosphere in anchorage and serum-independent conditions, shown are the number of spheres per number of cells seeded § S.E.M. (n D 3 in each condition),
and (C) initiate tumor formation in vivo in Rag2¡/¡ £ gc¡/¡. Survival curves show the percentage of tumor-free mice over time after transplantation of each subpopula-
tion. Histograms present the percent of tumor-bearing mice at the end of the experiment. The presented data are combining two independent experiments. �reflects the
p values obtained in between groups at a given time point calculated by the Student t test, while the indicated p values represent the significance between the two
groups in the global experiment calculated by the log-rank (Mantel-Cox) test. All the experiments were repeated at least twice.
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endpoint showed a significant increase in CSC-like cell percen-
tages in escaping tumors (Fig. 3B-C, Supplementary Fig. 4). For
example, tumors which escaped anti-CTLA4 treatment, showed
a significantly higher percentage (p<0.001) of CSC-like
cells (55.7%) compared to non-responsive tumors (13%)
(Fig. 3B-C). Due to the low number of tumor bearing mice
escaping CTLA4 therapy, additional experiments showing a
similar trend between unresponsive and escaping tumors are
shown in Supplementary Figure 4. These results suggest that
CSC-like cells could mediate tumor resistance to checkpoint
immune therapy.

CSC-like cells were induced by the immune system through
IFN-g

Since immune therapy is known to increase the production of IFN-
g, we next examined whether IFN-g produced by immune cells in
vivo could promote CSC-like cells. We used the well-studied F244
MCA-sarcoma cell line, as this cell line is known to induce IFN-g
production in vivo,40 while remaining a progressively growing
tumor.26 F244 cells were transplanted into WT or Rag1¡/¡ mice,
which are deficient in adaptive immune cells capable of producing

IFN-g. At tumor endpoint, the proportion of CSC-like cells
(CD45¡CD44CCD29CSca-1CCD90¡) was investigated. Tumors
transplanted into WT mice had a significantly (p<0.01) higher
percentage of CSC-like cells than tumors transplanted in Rag1¡/¡

hosts (Fig. 4A). The increase in CSC-like cells was due to endoge-
nous production of IFN-g since when mice were treated with
blocking antibody to IFN-g, the percentage of CSC-like cells was
significantly decreased (p < 0.001) compared to treatment with
control IgG (Fig. 4B). We confirmed that endogenous IFN-g acted
on cancer cells by examining MHC class I expression and PD-L1,
two known targets of IFN-g. Supplementary Figure 4 shows that in
vivo IFN-g blockade also decreased the levels of MHC class I
expression on cancer cells analyzed ex vivo. In addition, the func-
tionality of CSC-like cells was examined by sarcosphere assay,
which showed an increase in the sphere-forming capacity of cell
lines derived from tumors transplanted in WT compared to
Rag1¡/¡ host (Fig. 4C). These data show an endogenous induction
of CSC-like cells by the adaptive immune system and IFN-g. These
results are further reinforced by the treatment of F244 with 100U/
ml of IFN-g in vitro. In a time-dependent manner, IFN-g induced
the expression of Sca-1 as early as 6 h post-treatment to reach a
maximum at 24 h (Fig. 4D). This IFN-g-induced expression of

Figure 2. Primary and transplanted MCA sarcomas in equilibrium are enriched in CSC-like cells. (A) Transplanted F244 or 4862 MCA sarcoma cell lines or primary MCA-sar-
coma tumors undergoing equilibrium or progressive growth were harvested and the percentage of CSC-like cells (Sca-1CCD90¡) as a percentage of total tumor cells
(CD45¡CD44CCD29C) was assessed by FACS ex vivo and shown as a bar graph or (B) representative dot plots. (C) Sarcosphere-forming capacity of cell lines originating
from equilibrium or representative progressive tumor transplants. Mean sarcosphere number§ S.E.M. is shown. Left panel shows the cell line 4862 and right panel shows
the cell line F244. The experiment was repeated at least twice. (D) Cancer initiating property of cell lines derived from equilibrium tumors is greater than that of cell lines
derived from progressing tumors. Cell lines were transplanted into in Rag2¡/¡ £ gc¡/¡ mice at the indicated number of cells and the percentage of mice developing
tumors at endpoint is shown.
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Sca-1 was shown to be reversible (Fig. 4E). These data suggest a
regulation of CSC-like cells by IFN-g in vitro and in vivo.

Discussion

Although there is a general assumption that CSCs are immunopri-
vileged like their normal stem cell counterparts,10 most studies of
CSCs make use of xenograft models involving immune deficient
mice1,6,37 and therefore cannot completely address the active regu-
lation of CSCs during cancer immunoediting. To study this pro-
cess, we first identified CSC-like cells in MCA-induced primary
sarcomas and sarcoma cell lines. We found that CSCs withinMCA
sarcomas could be identified and significantly enriched by a Sca-
1CCD90¡ phenotype. Using this phenotypic characterization, we
further showed that CSC-like cells could emerge during equilib-
rium, after immune therapy and after in vivo passage. In the latter
process, this was due to the activity of endogenous IFN-g.

We found that most MCA sarcoma cell lines had large pop-
ulations that expressed Sca-1 but some did not, and in those
cases Sca-1 marked a small CSC-like population. Other groups
have similarly found that Sca-1 could serve as a potential uni-
versal stemness marker in murine cells.41–43 Interesting, Sca-1
is known to be induced by IFN-g and is associated with stem-
ness in the hematopoietic system.44–46 Indeed, we found that
IFN-g induced Sca-1 expression in MCA sarcoma cell lines.
Notably, our results show that even in conditions without exog-
enous IFN-g, Sca-1-expressing cells had better tumor initiating
properties than cells lacking Sca-1.

CD90 characterizes mesenchymal stem cells (MSCs) but can
also be expressed in stem-like cells in epithelial cancers.47 Surpris-
ingly, we found it to be down-regulated on MCA sarcoma CSC-
like cells. Given the broad ranges of sarcoma histologies, our results
do not necessarily contradict other studies since the definition of
CSC-like cells in sarcomas has not achieved consensus.48 Neverthe-
less, since most MCA-sarcomas expressed Sca-1, CD90 expression
was the defining characteristic of non-CSC cells in our studies.
Future studies will pursue whether CD90-negativity in mouse and
human sarcomas could characterize a unique population of CSC-
like cells that could have greater cancer initiating properties than
conventional CSC-like cells that express CD90.

We found that antitumor immune responses could lead to the
emergence of tumors that were enriched in CSC-like cells. In these
studies, increased CSC-like cells were found in the equilibrium
phase of cancer immunoediting as well as when cancers emerged
after checkpoint inhibition. Given that true equilibrium phase
tumors are rare and difficult to model, our conclusions stem from
examining three total equilibrium tumors in three different settings
(two different cell lines and one primary tumor). Notably, in all
three cases, the equilibrium tumors had higher CSC percentages
than the control progressor / escaping tumor. Although we could
establish significance based on single tumor studies, our results
support the concept that equilibrium or cancer dormancy indeed is
mediated by CSC-like cells.49,50 Although CSCs have been shown
to mediate escape from chemoresistance, it is not clear whether
immune therapy selects for pre-existing non-immunogenic CSCs
or “converts” non-CSCs into CSC-like cells. We showed here that
tumor escaping anti-CTLA4 blockade therapy have an increased

Figure 3. Therapeutically-induced immune responses enriched the CSC-like population of MCA-sarcoma. (A) The cell line F244 was transplanted into syngeneic WT ani-
mals treated with either anti-CTLA4 (orange line), anti-PD-1 (blue line) or corresponding isotype controls (black line). Escaping tumors, defined by a tumor progression
delayed by the checkpoint blockade treatment (anti-CTLA4, n D 2; anti-PD-1, n D 3) compared to the isotype control treatment (n D 8), are highlighted on the tumor
kinetic graph (Left panel). (B-C) Tumors from part (A) were harvested at endpoint, and CSC percentages were analyzed immediately ex vivo without adapting to cell cul-
ture. (B) Scatter plot and (C) representative FACS plots are shown. The experiment was repeated at least three times.
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CSC-like phenotype. It is interesting to note that tumors escaping
anti-PD-1 did not seem to have as high of a percentage of CSC-like
cells as tumors escaping anti-CTLA4 treatment. Although specula-
tive, it is possible that IFN-g could mediate this difference, through
increased production of IFN-g in conditions where mice were
treated with anti-CTLA4. In fact, a recent study51 showed that PD-
1 expression on macrophages could reduce responsiveness of T
cells to anti-PD-1, and thus potentially reduce the impact of anti-
PD-1 on IFN-g production. Moreover, another study showed that
tumors escaping a combination of anti-CTLA4 and radiation ther-
apy,52 had a clear IFN gene signature. In this study, blocking IFN
signaling led to tumor regression, suggesting that IFN-g promoted
cancer growth. The authors did not fully define the mechanism by
which IFN induced cancer cell resistance to immune attack, but
our results herein would suggest that IFN-g-induction of CSC-like
properties could underlie these published observations. The induc-
tion of CSC-like properties by IFN-g could be considered a “pro-
tumor” activity that contrasts with IFN’s known antitumor
activities.53

Notably, other groups have found that IFNs can promote
stemness, typically in the hematopoietic system18,23,54 and one

can infer that this new role of immune-derived cytokines in
stem cell biology may be a conserved mechanism of organisms
to face pathogen insult by increasing their stem cell pool.23

Future studies will focus on defining and confirming IFN-g’s
pro-stem cell activities in order to limit this aspect of IFN-g’s
actions while preserving its strong antitumor function.

Materials and methods

Experimental protocol

All experiments involving mice were conducted under the ani-
mal protocol approved by the University of California, San
Diego Institutional Animal Care and Use Committee (IACUC
protocol #S06201).

Cell lines

MCA-sarcoma cell lines were a gift from Dr. Schreiber and
were generated and maintained as described previously.26,55

Figure 4. Emergence of CSC-like cells in vivo required IFN-g production. (A) The cell line F244 was transplanted into syngeneic Rag1¡/¡ (n D 6) or WT (n D 10) mice and
CSC-like cells (Sca-1CCD90¡) as a percentage of total tumor cells (CD45¡CD44CCD29C) were assessed by FACS ex vivo. (B) The cell line F244 was transplanted into synge-
neic WT mice treated with blocking anti-IFN-g antibodies (n D 10) or isotype controls (n D 4). CSC-like cells were measured as in part (A). (C) Sarcosphere-forming capac-
ity of cell lines originating from F244 tumor transplants in either Rag1¡/¡ or WT recipients. Mean sarcosphere number § S.E.M. is indicated (n D 3). (D) The cell line F244
was treated or not with 100U/ml of IFN-g . Cell surface expression of Sca-1 and CD90 was analyzed at 30 minutes, 1, 2, 4, 6, 8 and 24 hours. (E) The cell line F244 was
treated or not with 100U/ml of IFN-g . Cells were washed and subsequently treated or not with 100U/ml of IFN-g for 7 days and cell surface expression of Sca-1 and MHC
Class I was analyzed All experiments in this figure were repeated at least twice.
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Cell lines tested negative on August 2016 for Mycoplasma using
the Mycoplasma detection kit from Lonza.

IFN-g treatment

Treatments were performed with 100U/ml murine IFN-g
(Biolegend).

Mice

C57 BL/6 £ 129/Sv F1, C57 BL/6 WT, C57 BL/6 Rag1¡/¡, mice
were used for tumor transplantation experiments. All mice
were bred in-house and exposed to similar microbiota and
were 8 to 12 weeks old at the time of the experiments. All trans-
plants were performed on syngeneic male mice. There was no
exclusion of animals in this study. Mice were randomly
assigned to each experiment.

Sphere assay

Cells were seeded at 104 or 103 /well in 24-well ultra-low attach-
ment plates (Corning) and cultured in DMEM/F12 with N2,
human EGF (10ng/mL), and bFGF (10ng/mL). After 14 days,
the spheres were counted under an inverted phase contrast
microscope (Nikon).

MCA induction

Tumor induction by 3-methylcholanthrene (MCA) was per-
formed as previously described.26 Cohorts of WT and Rag1¡/¡

were injected with MCA dissolved in peanut oil at 100mg per
mouse. MCA-induced and passaged sarcomas were isolated in
vitro.26,40

Tumor transplantation

Tumor cell lines were harvested by trypsinization, washed
thrice with PBS, and injected subcutaneously into syngeneic
recipients at 1 £ 106 cells.26,40 For depletion experiments, WT
mice were injected intraperitoneally (i.p.) with 200mg of either
hamster IgG (PIP) or anti–IFN-g (H22/#513206/Biolegend) on
days ¡2, 0 and every 5 days until tumor harvest. Tumor growth
was measured using mean tumor diameter.

In vivo anti-PD-1 and anti-CTLA4 treatment

WT mice were transplanted with the MCA-sarcoma cell line
F244. Treatments (i.p. every 3 days) with 50mg of anti-PD-1
(J43/#BE0033-2), 50mg of anti-CTLA4 (9H10/#BE0131) or
50mg of isotype controls (Bioxcell) were started when tumors
reached a mean tumor diameter of 3 mm. Tumors were ana-
lyzed for CSC-like cell percentages at endpoint (15mm).

Antibodies and flow cytometry

All gates in flow cytometry are defined by isotype control stain-
ing. Tumor cell lines or tumor harvests were processed as previ-
ously described.55 The following mouse cell antibodies were
used: anti-CD45 (30-F11/#103116), CD44 (IM7/#103006),

CD29 (HMb1-1/#102208), Sca-1 (D7/#108114), CD90 (53-2.1/
#140312), H-2Kb/H-2Db (28-8-6/#114606), H-2Kd (SF-1.1/
#116604), CD133 (315-2C11/#141207)(all from Biolegend),
CD117 (2B8/#25-1171-82), Oct4 (EM92/#12-5841-82), Sox2
(Btjce/#53-9811-82), Nanog (MLC-51/#53-5761-80) and PD-
L1 (MIH5/#12-5982-81) (all from eBioscience). For intracellu-
lar staining, cells were processed according to manufacturer
instruction (Cytofix-Perm/Wash, BD biosciences). Cells were
analyzed on a BD FACSCanto.

Cell sorting

Cells were MACS-sorted using anti-Sca-1-PE antibody in com-
bination with anti-PE multi-sort kit (Miltenyi) or CD90
microbeads, according to the manufacturer instruction. Some
cell populations were FACS-sorted on a BD FACSAria II.

Statistical Analysis

Statistical significance between two groups at defined time
points was determined by the Student t test using two-tailed
analysis to obtain p-values and assuming unequal variance. For
measurements where variance was observed, such as percentage
of CSC-like cells, we observed a normal distribution without
skewing. Variance was portrayed in some figures as standard
deviation (square root of variance) or standard error of the
mean (S.E.M.). The Log-Rank (Mantel-Cox) test was used to
compare the survival of mice across tumor transplantation or
induction conditions. Error bars are depicted using the S.E.M.,
mean is represented as center values and �p<0.05, ��p<0.01,
���p<0.001. All experiments were done at least twice and repre-
sentative data are shown. For experiments with mice, the
cohort size was determined by previous experiments that we
have performed with these cell lines.56

A cohort of 5 mice was considered ideal for determining sur-
vival, regression, and progression. In experiments where growth
delay or kinetics were examined, depending on the extent of delay
more animals were included in the cohort, or the experiment was
repeated to attain statistical significance. We did not exclude any
data. For mouse measurements, sphere counts, flow cytometry
analysis and gating, some samples were provided to technicians
whowere blinded to the identity of the sample.

Table 1 summarizes cell surface expression of CD44, CD29,
CD105, CD90, Sca-1, CD117 and CD133 as well as the intracel-
lular protein expression of Oct4, Nanog and Sox2 in the murine
MCA-sarcoma cell lines F244, F535, 6730, 9604, 9609 and 4862
determined by flow cytometry.
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