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ABSTRACT:

Cancer stem cells (CSC) are resistant to radiation and chemotherapy and play a significant role in
cancer recurrence and metastatic disease. It is therefore important to identify alternative
strategies, such as immunotherapies that can be used to control this refractory population. A
CD44*CD24™" subpopulation of cells within the B6 PyMT-MMTYV transgenic mouse-derived
AT-3 mammary carcinoma cell line was identified, which had CSC-like characteristics, including
pluripotency and a resistance to chemo- and radiotherapy. Therefore, unlike xenograph models
that require immunocompromised settings, this novel system may provide a means to study
immune mediated responses against CSC-like cells. The immunobiology of the AT-3 CSC-like
cell population was studied by their surface molecule expression profile and their sensitivity to
specified cell death pathways. Comparable levels of Rae-1, CD155, CD54; and higher levels of
Fas and DR5 were expressed on the AT-3 CSC-like cells compared to non-CSC-like tumor cells.
Expression correlated with an in vitro sensitivity to cell death by NK cells or through ligation of
the death receptors (Fas or DR5), by their ligands or anti-Fas and anti-DR5 mAbs. Indeed,
compared to the rest of the AT-3 tumor cells, the CD44*CD24”"°" subpopulation of cells were
more sensitive to both Fas- and TRAIL-mediated cell death pathways. Therefore, despite the
refractory nature of CSC to other conventional therapies, these CSC-like cells were not inherently
resistant to specified forms of immune-mediated cell death. These results encourage the
continued investigation of immunotherapeutic strategies as a means of controlling breast CSC,

particularly through their cell death pathways.
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INTRODUCTION:

In cancer a lack of a curative treatment for metastatic disease and the high level of disease
recurrence following standard therapies, support increasing evidence of the importance of cancer
stem cells (CSC) in disease progression [1, 2]. Since CSC are refractory to conventional
radiation and chemotherapies [3-6] it is important for the design of better treatment strategies that
the CSC population of tumors be eliminated or otherwise controlled. Along with many other
cancer types a population of putative CSC have been identified in both primary and metastatic
breast tumors from patient samples as well as in breast cancer cell lines [7]. These CSC undergo
both self-renewal and differentiation, and have a high tumorigenic potential. The pluripotent
nature of CSC may be responsible for driving tumor initiation, progression and the development
of solid mammary tumors that comprises of the cell diversity seen in breast cancer [8]. Disease
recurrence is thought to be due to the quiescent character of CSC and their resistance to chemo-
and radiation therapies [4, 8]. For example, a study of breast tumor biopsy samples found that,
following standard chemotherapy, the proportion of cells expressing CSC markers increased
sharply compared to other tumor cell types within the sample [9]. Moreover, breast cancer
progression to metastatic disease may be initiated by invasive CSC, which is supported by studies
showing that tumors rich in CSC have a significantly worse clinical outcome [10]. Indeed, it is
thought by a growing number of oncologists that it is only by controlling the CSC component,
that cancer can be truly cured [11]. Therefore, although CSC comprise only a small proportion of
cells within a tumor, they should be considered an important target for therapeutic intervention.

Given the resistance of CSC to conventional radio- and chemotherapies; the growing
number of immunotherapeutic strategies that have been approved, or are being trialed, for the
treatment of cancer; and the fact that some standard of care radio- and chemotherapies may
actually prime immune responses [12, 13]; the susceptibility of CSC to immune based therapies
needs to be investigated as an alternative strategy to combat CSC-mediated cancer progression.
To date, the majority of CSC studies have utilized cells from patient samples or from human
cancer cell lines and have concentrated on investigation of their biology, such as the
dysregulation of self-renewal pathways. However, the use of xenograft models limits our ability
to investigate the complexity of in vivo immunological interactions. We have therefore identified

and validated a murine CD44*CD24™"°" cell “side” population that exhibits many of the reported



characteristics of human breast CSC. A similar CD44*CD247°" subpopulation of cells was also
identified in the primary tumors of B6 PyMT-MMTYV transgenic mice, from which the AT-3
tumor cell line was derived. Therefore, in contrast to currently used xenograft models, these cells
provide a novel model system to study interactions between breast CSC and a competent immune

system and to investigate their susceptibility to immunotherapeutic strategies.

The immunological characterization of CSC is essential to identify immune-associated
molecules that are expressed by CSC and that can be exploited for immune mediated responses
against this refractory population. It was found that these CSC-like cells expressed a number of
immunologically relevant cell surface molecules at similar, if not higher levels, to that of other
non-CSC-like cell populations within the tumor line. Correlating with surface expression was an
increased sensitivity of the AT-3 CSC-like cells to Fas-mediated and TRAIL-mediated cell death
induced by either ligand-expressing effector cells or mAbs, when compared to other AT-3 tumor
cells. Therefore, despite these CSC-like cells being inherently resistant to chemotherapy and
radiation therapy, they remained susceptible, and in some cases more sensitive, to immune-

mediated cell death pathways.

MATERIALS & METHODS:

Mice

Inbred C57BL/6 mice at 8-10 wks of age were obtained from The Walter and Eliza Hall Institute
of Medical Research. C57BL/6 RAG-1-deficient (RAG-1"") mice and C57BL/6 RAG-2.common-
gamma chain receptor-deficient (Rag-2.cyR”") mice were bred and maintained at the Peter
MacCallum Cancer Centre (PMCC). Only female mice were used in all experiments. PyMT-
MMTV transgenic (MTAG) mice, which were used to source primary tumors, were bred onsite
[14]. Mice were maintained under specific pathogen-free conditions and used in accordance with
the institutional guidelines of the PMCC and in compliance with the Australian Code of Practice

for the Care and Use of Animals for Scientific Purposes.

Cell lines and Culture conditions

The AT-3 mammary carcinoma tumor line was derived as previously described from a primary
tumor of a PyMT-MMTYV transgenic mouse [15]. The respective 2PK-3 and L5178Y, vector and

mock mouse TRAIL (mTRAIL) and mFasL transfected B cell lymphoma lines have been



previously described [16] and were a kind gift of H.Yagita (Juntendo University, Tokyo). P815 is
a FcR-expressing mastocytoma cell line [17]. All lines were cultured in DMEM media
supplemented with 10% heat-inactivated FBS (Moregate Biotech, QLD, Australia), 1mM sodium
pyruvate, 0.1 mM non-essential amino acids, and 1 mM L-glutamine and incubated at 37°C, 10%
CO,. Culture of mammaosphere/tumorspheres was conducted in non-adherent 24 well plates
(FALCON® #351147) using either complete DMEM media or serum free MammoCult® media
(StemCell Technologies) after seeding at 1 x 10° cells/ml/well and 3 days of culture at 37°C, 10%
CO..

Antibodies and Flow cytometry

The profile of mouse cell surface molecule expression was conducted on unsorted AT-3 cells and
gated using CD44/CD24 staining. The following antibodies were used: CD24 (M1/69), CD44
(IM7), CD326 (G8.8), CD133 (13A4), CD34 (RAM34), CD80 (B7-1), CD86 (GL1), H-2K"
(AF6-88.5), I-A® (KH74), CD54 (3E2), CD262 (MD5.1), CD95 (15A7), CD274 (M1H5), CD178
(MFL3), TRAIL (N2B2), Rae-1 (186107), CD155 (4.24.1). Appropriate isotype control Abs
were used and are represented as grey histograms. Agonistic mAbs to mouse DR5 (MD5.1) and
anti-mouse CD95 (Jo2) were used to induce cell death pathways. Flow cytometric analysis was
performed on a LSRII cytometer (BD Biosciences) and data analyzed using Flowjo software
(Tree Star Incorporated). Gating of single cells using FSC/A and SSC/A and exclusion of dead
cells was routinely performed. A FACSAriall (BD Biosciences) was used to sort specific cell

populations.

Tumor challenge

AT-3 tumor cells were cultured and sorted, based on CD44/CD24 staining, for AT-3
subpopulations using a FACSAriall. The CD44"CD24 and “other” cells (AT-3 minus
CD44°CD24 cells) were resuspended in PBS at stated doses in 100 pl volumes. Groups of 5-6

female mice were challenged in the 4th mammary fatpad. Mice were monitored for tumor growth

for 10 weeks or until tumors reached a size of 1 cm?.

CSC within primary MTAG tumors




Primary tumors of at least 1 cm? were excised from MTAG mice and manually disrupted using
fine dissection scissors. This preparation was resuspended in a PBS digestion solution containing
1 mg/ml Collagenase, 0.1 mg/ml Hyaluronidase and 30 U/ml DNase. After approximately 1 h
incubation at 37°C with shaking the cell suspension was passed through a sieve to remove any
remaining clumped material and washed twice before suspension in FACs buffer (PBS + 0.2%
FBS) and stained using anti-CD24 and anti-CD44 mADbs.

CFSE based proliferation assay

Differences in AT-3 subpopulation proliferation rates were investigated using CFSE dilution
assays. AT-3 tumor cells were suspended in PBS + 0.1% BSA and labeled with CFSE (5-6-
carboxyfluorescein diacetate succinimidyl ester; Molecular Probes) at a final concentration of 5
UM and incubated at 37°C for 10 minutes. Cells were then washed 3 times with DMEM + 2.5%
FBS to remove excess CFSE and resuspended in complete DMEM culture media. After 72 h
incubation, cells were collected and stained with anti-CD24 and anti-CD44 to identify the AT-3

subpopulations, which were analyzed for remaining CFSE levels using flow cytometry.

Cytotoxicity assays

Doxorubicin: Sensitivity to the chemotherapeutic drug Doxorubicin hydrochloride [InterPharma
Pty Ltd, Australia manufactured by EBEWE Pharma Ges.m.b.H Nfg.KG (Unterach, Austria)]
was tested using the CellTiter-Blue® viability assay (Promega) as per manufacturer instructions.
Briefly, sorted cell populations were placed in a 96-well flat-bottomed plate at 1 x 10° cells per
well in 100 ul of complete medium containing a dose titration of doxorubicin. After 20 h
incubation the CellTiter-Blue® reagent was added to the wells and incubated a further 2 hrs. The
fluorescence produced is proportional to the number of viable cells.

TRAIL-mediated: Tumor cell sensitivity to TRAIL-mediated cytotoxicity was assessed using
the murine TRAIL-transfected or mock-transfected 2PK-3 lines as “effector” cells at the
indicated E:T ratios. Cytotoxic activity was tested in both standard >'Cr release and
Annexin/7AAD staining assays. Briefly, AT-3.CSC or other AT-3 target cells were placed in
either a 96-well flat-bottomed plate at 1 x 10* >*Cr labeled target cells per well (Cr release assay);
or a 48 well flat-bottomed plate at 5 x 10* cells per well (Annexin assay). 2PK-3 control or 2PK-
3MTRAIL cells were added at stated E:T ratios and the plates incubated for 20 h. Plates were



harvested and percentage specific lysis calculated as previously described [18]. In the Annexin
cytotoxicity assay, measurement of cell death was performed as per manufacturer instructions
using PE-Annexin V Apoptosis Detection Kit I (BD Pharmingen) following cell harvest using
trypsin. To preclude 2PK-3 effector cells from the analysis for cell death, harvested cells were
stained for CD19 prior to Annexin staining. Ab-mediated: MD5-1-mediated cytotoxicity, was
tested in the presence of FcR-expressing P815 cells at a 10:1 E:T ratio in the presence of 10
ug/ml MD5.1 mADb. Control wells consisted of tumor cells incubated with isotype-matched Ab.
Cells were incubated in a 48-well plate at 5 x 10* target cells per well for 20 h and the induction
of cell death measured using the aforementioned Annexin apoptosis kit. Harvested cells were
stained with anti-CD16 prior to Annexin staining, to preclude the CD16" effector cells from
analysis for Annexin/7AAD positive cell death staining.

Fas/FasL-mediated: Fas-mediated killing assays were conducted similarly to the TRAIL-
mediated assays except that L5178Y-mFasL transfected or mock transfected cells were used as
effectors. Ab-mediated: Cells were placed in a 48-well plate with 10 ug/ml anti-mouse Fas (Jo2)
at 5 x 10* cells per well in a final volume of 400 pl complete media. After 48 h incubation Fas-
mediated killing was analyzed by Annexin/7AAD staining as described above. Control wells
consisted of tumor cells incubated with isotype-matched Ab.

NK cell killing: NK cell enrichment from wild-type B6 mouse spleens was performed as
previously described [19]. Briefly, NK cells were isolated using a NK cell isolation kit (Miltenyi
Biotec) and stimulated for 4 days with 1000 U/ml IL-2. These effector cells were then used in a

standard 4 h *Cr release assay against sorted AT-3 subpopulations at a range of E:T ratios.

Statistical Analysis

Unless otherwise stated, graphed values represent the mean + SEM and a Mann-Whitney test was
used to calculate the p values at specified E:T. A p value of less than 0.05 (*) was considered
significant, with other p values represented as 0.001-0.01 (**) and 0.0001-0.001 (***).

RESULTS:
Identification of a CSC-like population based on CD44/CD24 expression.
Since many CSC-like cell populations within human tumors have been identified as being

CD44'CD24", these markers were first used to screen a number of mouse mammary carcinoma



cell lines for a corresponding murine CSC-like subpopulation. This screen revealed that the AT-3
cell line possessed a small “side” population with a CD44"CD24" phenotype that comprised <1%
(0.2-0.8 %) of the bulk population [Fig.1a]. As AT-3 was derived from a primary tumor of a
MTAG (PyMT-MMTYV transgenic) mouse we looked for a similar population within more than
25 ex vivo primary tumors from MTAG mice to establish that this CD44"CD24 subpopulation
was not an artifact of cell line establishment or culturing. A CD44"CD24" population was
identified within all ex vivo tumors analyzed, the proportion of which ranged from 0.32% to
1.12% of cells within the tumor. Other murine mammary carcinoma cell lines that were screened
either did not possess a CD44"CD24  subpopulation (eg. 4T1); or else the identification of a
CD44°CD24 cell subpopulation was not necessarily associated with CSC-like properties as
outlined in this manuscript (eg. H2N113). Of the 12 mouse mammary carcinoma lines screened
only AT-3 contained a CD44"CD24" “side” population with CSC-like characteristics similar to
what has been described in human cancers.

An examination of other commonly used CSC markers, namely CD326 (EpCAM),
CD133 or CD34, showed that this CD44"CD24" putative AT-3 CSC population did not express
these molecules [Fig.1b]. The lack of CD326 expression on the CD44"CD24" subpopulation may
explain the observation that these cells detached earlier, from the culture flask following
treatment with trypsin, compared to the other AT-3 cells, which are CD326 positive. The AT-3
CD44"CD24 subpopulation was further investigated to verify the CSC-like behavior of these

cells.

The CD44"CD24 subpopulation of AT-3 cells demonstrate a pluripotent capacity.

A property of CSC-like cells is their capacity to differentiate and repopulate a tumor. To
investigate the differentiation capacity of the AT-3 cell line subpopulations, AT-3 cells were
sorted into three distinct subpopulations based on CD44 and CD24 expression. These
CD44'CD24™°" CD44*CD24"* and CD44"°"CD24" subpopulations were then placed in culture
and further analyzed at weekly intervals to determine their path of differentiation [Fig. 1c]. It was
observed that the major AT-3 subpopulation of CD44°“CD24" cells appeared to be a relatively
stable/terminally differentiated subset and demonstrated very little phenotypic change after 3
weeks in culture. The CD44"CD24" subset however, gradually lost their CD44 expression to

eventually differentiate into a cell line consisting of mostly CD44"°"CD24" cells. The percentage



of CD44"CD24 cells rapidly decreased with continued culture and correlated with an increase in
the proportion of CD44"""CD24" cells and a repopulation of the CD44*CD24" subset. Eventually,
after 5-6 weeks of culture (data not shown) the cultures originally composed of just CD44"CD24
cells differentiated and repopulated all the CD44/CD24 cell subsets to resemble the subset
proportions present in the parent AT-3 cell line. This data demonstrates the differentiation
capacity of the CD44"CD24" cell subset and supports their putative CSC-like status.

CD44"CD24 cells have a reduced rate of proliferation.

A further common characteristic of many reported CSC populations is their quiescent nature and
slow rate of proliferation. The CD44"CD24" AT-3 side population of cells was shown to have the
least amount of proliferation of the three AT-3 CD44/CD24 subpopulations based on the highest
retention of CFSE [Fig.2a]. The major AT-3 subpopulation consisting of CD44°“CD24" cells
were highly proliferative, whereas the CD44"CD24" cells demonstrated an intermediate
proliferative rate. This correlates with the differentiation data showing that CD44"CD24 cells
differentiate to CD44*CD24" cells and then to the CD44"°"CD24" population of cells that make
up the majority of the AT-3 cell line. The demonstrated low proliferation rate of the CD44"CD24
subpopulation, when compared to the major CD44°“CD24" cell population, supports the
quiescent nature and CSC-like character of the CD44"CD24" subpopulation.

CD44'CD24  cells survive better than other AT-3 cells under nutrient starved culture
conditions.

Characterization of cancer stem cells in human systems has been facilitated by the development
of in vitro culture systems that allow for the propagation of stem cells in an undifferentiated state.
These systems have been employed in the study of breast CSC, which can be enriched and
purified from “mammospheres” that form from the unattached culture of breast cancer cells [20].
Another property of CSC related to their quiescent nature, is their ability to survive in low
nutrient conditions. It was found that culturing of the AT-3 cell line using low nutrient/serum free
MammoCult culture media resulted in the enrichment of the CD44"CD24 cell subpopulation
through the elimination of the major AT-3 CD447'°“CD24" cell subpopulation [Fig.2b]. The
surviving cells also formed tumorspheres/mammospheres when grown in non-adherent plates.

The CD44°CD24 cells, although they do not proliferate/expand very well, could continue to be



passaged in low nutrient media and remain at a higher proportion of CD44"CD24" cells. When
these cells were transferred into complete media, they were shown to differentiate and repopulate
the whole cell line (data not shown), similarly to what was described above (refer to Fig.1c).
Therefore, the CD44"CD24" subpopulation can be expanded and maintained in an
undifferentiated CSC-like phenotype when grown under low nutrient culture conditions, and can
then be induced to pluripotent differentiation, based on CD44/CD24 markers, once exposed to

complete media.

CD447CD24 cells are more resistant to radiation and chemotherapy

An important and highly reported characteristic of CSC is their resistance to chemotherapy. This
characteristic resistance to chemotherapy in the CD44"CD24 subpopulation of AT-3 cells
compared to “other” AT-3 cells was verified following treatment with the chemotherapeutic drug,
Doxorubicin. Doxorubicin treatment of CD44"CD24 cells compared to other AT-3 cells (ie. AT-
3 minus CD44'CD24 cells), showed a significantly greater number of metabolically
active/viable cells in the CD44"CD24  cell population compared to other AT-3 cells at a range of
Doxorubicin concentrations [Fig.2c], despite their slow proliferation rate. Therefore,
CD44'CD24" AT-3 cells were shown to be more resistant to a standard chemotherapy than other
AT-3 cells, which is further evidence of the CSC-like properties of this population.

CSC are also resistant to radiation-induced cell death. To test whether this is a characteristic of
our putative CSC-like population, the CD44"CD24" and CD44 CD24" AT-3 subpopulations were
purified and exposed to a range of radiation doses from 5 to 50 Gy. After an overnight
incubation, the percentage of radiation induced cell death, measured by Annexin/7-AAD double
positive cells, was found to be significantly lower in the CD44"CD24" subpopulation than within
the major CD44 CD24" AT-3 population [Fig.2d]. Similar results were shown if the whole AT-3
line was irradiated and the percentage of Annexin/7-AAD cells within the CD44"CD24" and
CD44'CD24" AT-3 subpopulations determined. This data is further evidence that the
CD447CD24 subpopulation of AT-3 is indeed, CSC-like and will be from now on referred to as
AT-3.CSC-like cells.

CD44'CD24 cells are sensitive to immune control and are more tumorigenic.



An investigation into whether a competent immune response can effect the establishment of
tumors from the CD44"CD24" AT-3 subpopulation compared to the remaining AT-3 cells was
conducted by comparing the establishment of these two tumor cell populations in B6 wildtype
and immune deficient mice [Fig.3a]. RAG-1"" mice lack T and B cells, whereas RAG-2.cyR™" are
deficient in T, B and NK cells. Tumors were found to establish at much lower doses in both these
immune deficient strains of mice compared to wt, demonstrating a role for adaptive immune
responses in controlling the ability of AT-3 cell subpopulations to establish a tumor. Based on the
lower cell number required establishing tumors in RAG-2.cyR™" compared to RAG-1"" mice,
there was an indication that an innate response by NK cells can also effect tumor growth. It was
also evident, particularly in wt mice, that the number of CD44"CD24" AT-3 cells required to form
tumors was much less than the population of other AT-3 cells. Therefore, the lower initiating
dose of CD44"CD24" AT-3 cells demonstrates an increased tumorigenic potential and supports
the CSC-likeness of this subpopulation. The role for an immune component in influencing the
tumorigenic potential of both CSC-like and other AT-3 cells is evidence that utilizing

components of the immune system may be a viable option in controlling tumor growth.

Expression profile of immunologically relevant surface molecules.

Immune mediated-Kkilling of cancer cells can occur through the recognition of certain surface
molecules by components of the immune system that initiate intracellular death pathways.
Therefore, to explore whether CSC are sensitive to immune-mediated death pathways, an
expression profile of immunologically relevant surface markers was analyzed using flow
cytometry. These surface markers included molecules associated with T cell recognition, co-
stimulation and killing [MHC I and 11, CD80 & CD86]; negative immune regulation [CD178
(FasL), TRAIL, CD274 (PD-L1/B7-H1)]; NK cell-mediated killing [Rae-1 (NKG2D ligand),
CD155 (DNAM ligand), CD54 (ICAM-1)]; and other death pathway associated molecules [DR5
(TRAIL-mediated killing), CD95 (Fas/FasL-mediated killing)]. None of the AT-3 subpopulations
were found to express the CD80 and CD86 costimulatory molecules or MHC class 11 molecules
[Fig.3b]. AT-3 cells were positive for MHC class | expression (H-2K"), although the AT-3.CSC-
like cells did express lower levels of H-2K". Both the CSC-like population and other AT-3 cells
expressed DR5, CD95 (Fas), Rae-1 and CD155. Indeed, the CSC-like population appeared to

express slightly higher levels of all these molecules particularly Fas. In support of this statement



was the higher mean fluorescent intensity values (MFI) provided in Table 1. Based on the
immunological expression profile of the AT-3.CSC-like cells, it appeared that these cells may be
potentially sensitive to various pathways of immune-mediated cell death, including by NK cells

and in particular TRAIL- and Fas-mediated pathways.

Changes in surface marker expression profile following irradiation.

Irradiation is a common treatment strategy for breast cancer patients and it has been reported that
irradiation of tumor cells may result in upregulation of some immunological surface molecules.
This upregulation may therefore generate tumor cells that are more attractive targets for
immunological or immunotherapeutic recognition or control. To investigate whether irradiation
induced similar immunogenic changes in the CSC-like population of cells, the AT-3 cell line was
irradiated and the surface marker expression profile of AT-3.CSC-like cells analyzed by flow
cytometry.

Irradiation was found to have no effect on the expression levels of I-A°, CD86, PD-L1, TRAIL,
FasL or CD54 on the AT-3.CSC-like subpopulation (data not shown). However, as a
consequence of irradiation, the levels of DR5, Fas, Rae-1 and CD155 were modestly increased on
the AT-3.CSC-like cell population [Fig.4 and Table 1]. There also appears to be a loss in MHC
H-2K" expression on the AT-3.CSC-like cell population following irradiation, which may
enhance their potential as NK cell targets. Therefore, although resistant to radiation induced cell
death, the AT-3.CSC-like cells could still be induced to upregulate various immunological

surface molecules that may potentiate their sensitivity to immunotherapy.

AT-3.CSC-like cells are more sensitive to Fas/FasL-mediated Killing.

Since we have demonstrated that AT-3.CSC-like cells express Fas molecules on their surface, an
investigation into their sensitivity to Fas/FasL-mediated cell death was undertaken. To test their
sensitivity to this form of cell death we used either the L5178Y cell line that has been transfected
to express mouse FasL as “effector” cells that can bind and induce cell death in Fas-expressing
target cells; or the Jo2 anti-Fas mAb. Following exposure to FasL-expressing effector cells the
percentage of Annexin/7-AAD positive cells was significantly higher (p=0.0046 at 10:1) in the
AT-3.CSC-like subpopulation compared to exposure to control transfected L5178Y cells; or to
other AT-3 cells (ie. AT-3 minus CD44"CD24" cells) exposed to L5178Y-mFasL effector cells



[Fig.5a]. Their susceptibility Fas-mediated cell death was verified with the anti-Fas mAb.
Addition of the anti-Fas mAb (10 pg/ml), was found to induce significantly greater cell death in
AT-3.CSC-like cells compared to other AT-3 cells (p=0.0052) based on Annexin” staining
[Fig.5b]. Therefore, the AT-3.CSC-like cells were found to be more sensitive than the remainder
of the AT-3 population of tumor cells to both cell and Ab-mediated induction of the Fas-

mediated cell death pathway.

CSC-like cells are susceptible to TRAIL-mediated killing.

Since AT-3.CSC-like cells also expressed the TRAIL death receptor DR5, and therefore have the
potential to be attacked through the TRAIL-mediated cell death pathway. To demonstrate that the
AT-3.CSC-like cells could be killed through the TRAIL pathway, TRAIL expressing effector
cells (2PK3-mTRAIL) were used to trigger DR5 on the target cells and stimulate this cell death
pathway. >'Cr release, mediated by 2PK3-mTRAIL cells was significantly higher (p=0.019) for
AT-3.CSC-like cells than other AT-3 cells [Fig.5c] at the 10:1 E:T ratio but not at lower ratios.
Therefore, the CSC-like population of AT-3 cells appeared to be modestly more sensitive to
TRAIL-mediated cell death than the remaining population of AT-3 tumor cells. An anti-DR5
mAb, MD5-1, has been developed as a means of immunotherapeutic control of TRAIL-sensitive
tumors [21], both in vitro and in vivo. Given the apparent sensitivity of the AT-3.CSC-like cells
to TRAIL-mediated killing we therefore went on to investigate whether this form of therapy
could induce apoptosis in the AT-3.CSC-like population. Because this mAb has been shown to
require cross-linking for efficacy [21], FCR expressing P815 cells were added to the wells to
facilitate mAb cross-linking. It was demonstrated that the level of cell death was greater in AT-
3.CSC-like cells compared to other AT-3 cells following exposure to the MD5-1 mAb (anti-
DRS5). Therefore, the AT-3.CSC-like cells were sensitive, if not more so, than other AT-3 tumor

cells to both cell- and Ab-mediated induction of the TRAIL-mediated cell death pathway.

Sensitivity of CSC-like cells to NK cell-mediated cell death.

The sensitivity of AT-3.CSC-like cells to NK cell-mediated cell death was tested in a standard in
vitro **Cr release cytotoxicity assay using activated splenic NK cells as effectors and FACS
sorted AT-3.CSC-like cells and other AT-3 tumor cells as targets. At different E:T ratios the AT-

3.CSC-like cells underwent NK cell-mediated apoptosis just as effectively as the other AT-3 cells



[Fig.5e]. Therefore, the AT-3.CSC-like cells were equivalently sensitive to NK cell-mediated cell
death as other AT-3 tumor cells, suggesting that there is no inherent resistant capacity of these
CSC-like cells to NK cell-mediated cytotoxicity.

DISCUSSION

Given the resistance of CSC to conventional chemotherapeutics and radiotherapy and
their pluripotent capacity, it is becoming increasingly evident that improvement in cancer
treatment responses and cures may not be possible without control of the CSC component of
tumors. It is therefore important to identify alternative strategies whereby CSC can be
therapeutically mitigated. It has been suggested that several factors contribute to the resistance of
CSC to conventional therapies including a relatively slow cell cycling, active efflux of drugs by
ABC transporters, and the upregulation of pro-survival genes [4, 22].

One approach that may bypass the refractory nature of CSC to current therapies is to
attack these cells using immunotherapeutic strategies. Most CSC investigation models have
utilized cells from patient samples or from human cancer cell lines and have focused on self
renewal pathways and therapy resistance. These xenograft model systems necessitate the use of
immuno-compromised animal hosts and severely limit our ability to study complex in vivo
immune responses to CSC. As well as being in an immune competent setting, it may also be
important that these CSC models be conducted in an autologous model system where CSC
biology, or the formation of CSC niches, is not aberrantly influenced by non-species-specific
environment or factors [23, 24].

We have therefore identified and validated a murine cell population that exhibits many of
the reported characteristics of human CSC and can be used as a model system to study
interactions between breast CSC and a competent immune system. This autologous model can be
used in immunocompetent settings and will permit the study of the CSC populations’
susceptibility to immunotherapeutic strategies. The CSC-like population within the AT-3
mammary carcinoma cell line was initially identified based on the commonly used CD44 and
CD24 breast cancer stem cell markers. This CD44"CD24  CSC-like population was also found in
the primary tumors of MTAG mice, from which the AT-3 cell line was derived, indicating that
the AT-3.CSC-like cells were not just an artifact of in vitro culturing. In the first instance, given

the reported variety of markers used to define CSC populations not only between different tumor



types but also different tumor subtypes [25, 26], a CSC-like population can not be defined by cell
markers alone. Considerable effort was therefore made to verify the CSC-like characteristics of
this putative AT-3.CSC-like population. These characteristics included a quiescent nature, the
ability to undergo pluripotent differentiation and a resistance to irradiation and chemotherapy.
Variety in defining a CSC-like population based on surface marker expression was evident from
our screening of other mouse mammary carcinoma cell lines where the CD44/CD24 markers,
although commonly used in human breast cancers, did not always either identify a CSC-like
“side population”, or if a population could be identified it may not have possessed the further
characteristics associated with CSC-like cells. Based on the number of lines screened (ie. 12), a
well defined population with a CD44"CD24 phenotype and with CSC-like properties may not be
a common occurrence in mouse mammary carcinoma lines. The difficulty in identifying a CSC-
like population, may explain the paucity of reported CSC-like experimental models. It is
therefore important that a CSC-like population has been identified that can be utilized as an
experimental model to test therapeutic responses in autologous and immunocompetent settings.
The immunological expression profile of specific cell surface molecules on the CSC-like
cells compared to other AT-3 tumor cells, suggested that there was no inherent barrier to utilizing
specified immunological recognition and cell death pathways, based on expression levels. Indeed,
some molecules, particularly those associated with NK cell, Fas/FasL or TRAIL-mediated cell
death pathways appeared to be more highly expressed on the CSC-like subpopulation than on the
remainder of the AT-3 tumor cells. The CSC-like cells also did not express the negative
regulatory molecules TRAIL, FasL and PD-L1, which could inhibit immune responses. The zero-
to-low expression levels of MHC 1 and Il, CD80 and CD86 suggests that they would not be good
targets for CTL-Kkilling although low MHC levels would permit NK cell-mediated killing.
Induction of the Fas/FasL or TRAIL-mediated cellular death pathways was achieved
through receptor/ligand interactions using either mFasL or mTRAIL expressing cells or; anti-Fas
or anti-DR5 mAbs. The level of sensitivity appeared to correlate with differences in receptor
expression, such that Fas expression on AT-3.CSC-like cells was much higher than on other AT-
3 cells and resulted in significantly greater sensitivity to Fas-mediated killing. The difference in
DR5 expression between the CSC-like population and the rest of the AT-3 cells was not as great,
and correlated with only a modestly higher sensitivity to TRAIL-mediated killing. In the case of

NK cell-mediated killing however, increased NK cell ligand expression did not result in an



increased sensitivity to killing by activated NK cells. This may be due to the balance between
expressions of inhibitory versus activating receptors on the tumor target cells. However, there
was no inherent resistance of the CSC-like cells to NK cell-mediated killing.

It was also demonstrated that although the CSC-like cells were resistant to radiation
induced cell death, irradiation could still be used to upregulate various immunological surface
molecules on the CSC-like population, such as Fas and DR5. Irradiation also led to a
downregulation of MHC class I, which may enhance their susceptibility to NK cell killing.
Therefore, tumor irradiation has the potential to render the CSC population an even better target
for immunotherapy.

It was demonstrated that induction of apoptosis in the CSC fraction of tumor cells by an
agonistic mADb to either Fas or DR5, or death receptor ligand expressing cells, is a potential
strategy to bypass the refractory nature of CSC to conventional therapy. The use of Ab-based
immunotherapies is steadily growing; however, directly targeting CSC through their defining
antigens, such as CD44 is difficult because they are often expressed on normal stem cells or other
host tissues, and the absence of certain markers (eg.CD24), which is also used to classify many
CSC, makes their use as therapeutic targets impractical. Ab-based therapies that induce tumor
cell apoptosis are being actively pursued [27], and the previously unreported higher activity
against CSC-like cells demonstrated here may be an important consideration in the development
of new combination strategies. The importance of Fas-mediated killing as a means of targeting
CSC is supported by a recent report showing a role for Fas/FasL signaling in CSC apoptosis as a
bystander effect of using IL-8/CXCRL1 interference to target breast CSC [28]. The Jo2 anti-Fas is
a strong agonistic mAb that mimics the action of natural FasL by binding Fas, and inducing
cytoplasmic signaling that results in target cell apoptosis. There was considerable clinical
potential for humanized anti-Fas Abs, although realizing this potential has been hindered by the
reported induction of severe hepatotoxic side effects [29].

Preclinical studies have demonstrated the potential of TRAIL to selectively induce
apoptosis of tumor cells and have driven the development of TRAIL-based cancer therapies [30].
Their specific effect on the CSC population is yet unclear; however our data suggests that
TRAIL-based therapies may prove effective at not only selectively killing “normal” tumor cells
but also attacking the CSC component. Translation of TRAIL-based therapies into clinical trials

have been promising and without significant toxicity [31, 32], suggesting that this form of



therapy may indeed prove an effective strategy to kill CSC-like cells. The use of TRAIL-based
therapies may be of particular value given the reported synergistic effect observed in preclinical
settings of modulators of the death receptor pathways and chemotherapy [32, 33]. Other ways to
target CSC by Ab-based therapies are being investigated [34], however the use of Abs in
inducing cell death pathways in the CSC, which express higher levels of specific cell death-
associated molecules, may be a novel strategy to mitigate these cells. As well as Ab-mediated
induction of cell death, cell death pathways can be activated by FasL or TRAIL-expressing cells.
The adoptive transfer or induction of immune effector cells that express death receptor ligands
may therefore be an alternative strategy for the induction of apoptosis in CSC.

Therefore, although CSC are resistant to radiation and chemotherapies, it is encouraging
to demonstrate that CSC-like cells may not be inherently resistant to at least some forms of
immune-mediated Kkilling. This indicates that CSC-like cells in tumors can be eliminated or
controlled through the use of immunotherapeutic approaches and supports the investigation of
such approaches to enhance current treatment strategies. The observation that CSC-like cells may
actually be more sensitive to some forms of immunotherapy is interesting, although this may not
be sufficient to specifically target this population, the use of a therapy that controls both CSC and
other tumor cells would be advantageous. Investigations on the sensitivity of CSC-like cells to
various forms of immunotherapy in vivo are currently underway, although their rarity within
tumors presents an analysis challenge. It could be envisaged that debulking the tumor through
radio- and/or chemotherapy, and potentially enhancing the immunogenicity and proportion of
CSC within the tumor, be used in combination with immunotherapies, such as Fas or TRAIL-
based therapies that could then be used to reduce the refractory CSC population. These
investigations will have implications for current treatment strategies and for the design of next
generation therapies that include immunotherapeutic modalities that can target otherwise resistant

CSC-like cells and lead to better outcomes for patients.
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FIGURE LEGENDS:

Fig.1 [a] A putative population of CSC-like cells, was identified within the AT-3 mammary
carcinoma cell line or within single cell preparations of primary MTAG tumors (n>25) following
staining for CD44 and CD24, and flow cytometric analysis. [b] An analysis of other commonly
used cancer stem cell markers, namely CD326, CD133 and CD34 (black line), was conducted on
the putative AT-3.CSC-like (CD44'CD24) subpopulation compared to the major CD44 CD24"
subpopulation of AT-3 cells. Results are illustrative of at least 4 separate experiments with the
grey histogram representing isotype control staining. [c] The three subpopulations of cells within
the AT-3 cell line, based on CD44/CD24 staining, were purified by FACS and cultured under
normal AT-3 cell line culturing conditions. The purity of these initial cell preparations is stated in
brackets at line Owk. A sample of each cell culture was taken at weekly intervals over 3 weeks
(Iwk — 3wk) and reassessed for CD44/CD24 expression. Results are representative of 2 separate

experiments.

Fig.2 [a] An AT-3 cell line that had been enriched for CD44"CD24" cells (approx. 3%) was
labeled with CFSE (See histogram inset). After 72 h incubation, cells were harvested and
analyzed by flow cytometry to determine CFSE dilution within the three CD44/CD24 cell
subpopulations. Data represents one of three similar experiments. [b] The AT-3 cell line,
enriched for CD44"CD24 cells (approx. 5%) was plated in non-adherent plates either in normal
DMEM complete media or in serum-free MammoCult® media. After 3 days incubation the
resulting cells were harvested and analysis for CD44/CD24 expression. Experiment was repeated
with similar results. [c] CD44"CD24  cells were purified by FACS and their sensitivity to
Doxorubicin compared to that of the “other” AT-3 cells (ie. AT-3 minus CD44"CD24 cells).
Cells were incubated in triplicate wells, with a dose titration of Doxorubicin for 20 h and the
amount of viable cells remaining determined by fluorescence intensity of the CellTiter Blue®
viability assay reagent. Results represent the mean + SEM of fluorescence readings of two similar
experiments. Significance determined by students ttest, where ** represents a p value between
0.01 and 0.001. [d] Similar to (c), cells were purified and irradiated for various exposure times
from 5 to 50 Gy. The CD44'CD24" and other AT-3 cell population were then plated and

incubated for 20h before harvesting and Annexin/7-AAD staining. Cells were analyzed by flow



cytometry and the percentage of Annexin and 7-AAD double positive cells determined. Results
are representative of two separate experiments and the p value determined using linear

regression.

Fig.3 [a] AT-3 cells were sorted into two cell populations based on CD44/CD24 staining and
used to challenge wt, RAG-1 and RAG-2.cyR-/- (common gamma chain receptor null) mice in
the mammary fatpad at a range of cell doses (n = 5-6 mice per group). The “Other” population of
cells consists of the remaining AT-3 cells minus the CD24 CD44" subpopulation. Mice were
monitored for progressive tumor growth. # represents groups that did not develop tumors; nd =
not determined. [b] Sorted AT-3 CD44/CD24 subpopulations were stained for a range of
immunologically relevant surface markers and their expression levels determined. Specific
marker expression is represented by the black line and isotype staining by the shaded grey area.

Results are representative of at least 3 individual experiments.

Fig.4 The AT-3 cell line was irradiated with 50Gy, washed and cultured a further 96 h. Cells
were harvested and stained for CD44/CD24 and a range of other immunologically relevant
surface markers. Cells were then gated on either CD44'CD24™ (AT-3.CSC) or CD44”°"CD24"
(control) populations and their surface marker expression levels determined. Specific marker
expression is represented by the black line and isotype staining by the shaded grey area. Results
are representative of at least 3 separate experiments.

Fig.5 [a] L5178Y-mFasL or control “effectors” were added at stated ratios to AT-3.CSC or other
(AT-3 minus CSC) target cells and incubated 20 h. Cells were harvested from wells and stained
with Annexin and 7-AAD before analysis by flow cytometry. Graph represents the mean + SEM
of Annexin/7-AAD double positive cells from duplicate wells and where ** equals a p value of
0.005. Data is representative of three separate killing assays. [b] Anti-Fas mAb or its isotype
control (10pg/ml) was added to triplicate wells of sorted AT-3.CSC or other AT-3 cells at 5 x 10°
cells/well, and incubated for 20 h. Cells were harvested and stained for Annexin before flow
cytometric analysis. Graph represents the mean + SEM of Annexin positive cells and where **
equals a p value of 0.0052 calculated using a students ttest. Data is representative of three

separate experiments. [c] Standard 4 h-chromium release assays were conducted using 2PK3-



MTRAIL and control “effector” cells against the AT-3.CSC or other AT-3 target cell populations.
Graph represents the mean + SEM of % lysis from triplicate wells. Data is representative of three
separate Kkilling assays and * equals a p value of 0.019 when comparing mTRAIL induced killing
of CSC and other AT-3 cells. [d] The MD5.1 (anti-DR5) mADb, or its Ig control, was added to
P815 (FCR'CD16") at 10 pg/ml and combined with AT-3.CSC or other AT-3 target cell
populations at an E: T of 10:1. Following an overnight incubation, cells were harvested and
stained for CD16, Annexin and 7AAD. The percentage of Annexin/7AAD double positive cells
within the CD16 target cell populations was determined. The graphed values are the mean +
SEM of duplicate wells that have had the background Ig percentage subtracted. The results are
representative of 3 separate MD5.1 induced killing assays. *** equals a p value of <0.0001 [e]
NK effector cells were purified from syngeneic spleens and stimulated in vitro with IL-2 prior to
mixing with >'Cr labeled AT-3.CSC and other AT-3 target cells in a standard 4 h-chromium
release assay. Graph represents the mean + SEM of % lysis from triplicate wells at a range of
E:T ratios. Supernatants were harvested, the amount of >'Cr release counted and the percentage

lysis determined. Results represent at least 3 similar NK killing assays.
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Table 1: Expression levels of immunologically relevant surface markers on AT-3.CSC
with or without irradiation.

Characterization Profile AT-3.CSC
CD44'°"CD24" CD44'CD24 | Non-irrad. Irradiated”
control cells cells (CSC)

H-2K" 1999 356 2123 330
DR5 3285 4087 2422 3314
Fas 1378 7415 36 654
Rae-1 382 1078 1252 1769
CD155 1600 1802 2646 4690

Mean fluorescent intensity (MFI) was determined for specific molecule and background
isotype staining. Values in table have been adjusted by subtracting isotype staining MFI
from the specific staining level. - AT-3 cells were irradiated at 50Gy and cultured a

further 96h before analysis by flow cytometry.



