Table 2. Summary of profiles of advanced colorectal cancer patients enrolled in the present study and clinical and immunological responses to

vaccination with survivin-2B80-88 peptide, IFA and IFNa

Tumor markers

Survivin-2B80-88 peptide

Patient no. Age/sex Adverse effects pre-/post- (CEA ng/mL) CT evaluationt Tetramer staining+
Pre-/post- % increase ELISPOTS

1 5/M Leukopenia Not determined sD 53/98 184.9 -
2 62/M No 5/3 SD 17/33 194.1 -
3 65/F Fever 561/441 SD 11/98 890.9 +
4 72/M No 6/8 PD 69/81 117.4 +
5 33/F Fever 4655/8651 PD 8/24 300.0 +
6 44/F Edema, Fever 1272 SD 5/76 1520.0 +
7 53/F Fever 82/117 PD 4/555 13 875.0 +
8 76/M No 63/140 PD 32/35 109.4 -

tEvaluation of CT images was done by the following: PD, progressive disease; SD, stable disease. +CTL frequencies of pre- and post-vaccinated
patients were assessed with a HLA-A24-restricted survivin-2B80-88 (AYACNTSTL) peptide tetramer, compared with a HLA-A24-restricted HIV
peptide (RYLRDQQLL) tetramer used as a negative tetramer control. The number of survivin-2B80-88 peptide tetramer-positive but HIV peptide-
negative CTL among 104 CD8 T cells is shown. §Positive (+) ELISPOT represents a more than twofold increase of survivin-2B80-88 peptide-specific
CD8 T cell IFNg-positive spots compared with HIV peptide-specific CD8 T cell spots, whereas negative (~) means a less than twofold increase.
CEA, carcinoembryonic antigen; CT, computed tomography; CTL, cytotoxic T lymphocyte; ELISPOT, enzyme-linked immunosorbent spot; HIV,
human immunodeficiency virus; IFA, incomplete Freund’s adjuvant; IFN, interferon.

Consequently, it appeared that there was a close correlation
between clinical SD outcomes and a reduced CEA level.

Immune responses, single-cell cloning and subsequent
functional assessment of tetramer-positive CTL. We determined
if the survivin-2B80-88 peptide vaccination could actually
induce specific immune responses in the patients enrolled.
The peptide-specific CTL frequency was analyzed using the
HLA-A24/peptide tetramer. The CTL frequency before the first
vaccination (pre-vaccination) and after the last vaccination
(post-vaccination) was assessed with a HLA-A24-restricted
survivin-2B80-88 (AYACNTSTL) peptide tetramer, compared
with a HLA-A24-restricted HIV peptide (RYLRDQQLL) tetra-
mer for the negative tetramer control. The number of survivin-
2B80-88 peptide tetramer-positive but HIV peptide-negative
CD8 T cells in 10* CD8 T cells was determined. In the current
study, ELISPOT was also carried out using these peptides.

The data are summarized in Tables 1 and 2. In the first vacci-
nation protocol, that is, vaccination with survivin-2B80-88 plus
IFA, patients did not show obvious survivin-2B80-88-specific
CTL responses in the tetramer study. Only patients Nos 2 and 3
exhibited very slight enhancement in that study. Patient No. 5
was positive in the ELISPOT study. but did not show a survivin-
2B80-88-specific CTL response in the tetramer study. In these
patients, there was no correlation between the clinical and
immune responses. However, in the second protocol with survi-
vin-2B80-88 plus IFA and IFNo, many patients demonstrated
enhanced tetramer frequency. In particular, four of the eight
patients (Nos 3, 5, 6 and 7) had enhanced frequency with a more
than 200% increase. It was also interesting that all four of these
patients were also positive in the ELISPOT study, and two had
SD by CT evaluation, suggesting that immune responses might
appropriately reflect, at least in some patients, clinical responses
with this second vaccination protocol.

Subsequently, we analyzed tetramer-positive CD8 T cells at
the single-cell level, and determined whether these T cells had
specificity for the survivin-2B80-88 peptide and cytotoxic
potential against live survivin-2B-positive tumor cells in the
context of HLA-A*2402. As shown in Figure 2, patient No. 6
(44 years old, female) had positive HLA class I expression in
rectal tumor tissue (Fig. 2A), a reduced serum CEA level
(Fig. 2B) and obvious immune responses as assessed by the
survivin-2B80-88 tetramer and ELISPOT (Fig. 2C) after vacci-
nation with the second protocol. CD8 T cells of the tetramer-
positive fraction were sorted by FACS, and then cultured with 1,

1184

3 and 10 cells/well for 7-10 days. As shown in Figure 3, almost
all growing T cells were survivin-2B peptide-specific T cells,
and we subsequently assessed peptide-specific cytotoxicity by
using T cells of well (a) through well (h) as indicated. Conse-
quently, as Figure 4 clearly shows. all T cells except for those in
well (b) had very high peptide-specific cytotoxic potential. Fur-
thermore, T cells in well (d) were cloned, and we obtained a T
cell clone designated D-13 showing survivin-2B peptide speci-
ficity as shown in Figure S5A.B. Finally, the cytotoxic potential
against survivin-2B-positive live tumor cells was assessed, con-
firming that the D-13 T cell clone was clearly cytotoxic against
survivin-2B-positive tumor cells in a HLA-A*2402-restricted
fashion. Taken together, these data clearly indicate that the sec-
ond vaccination protocol was capable of inducing a strong CTL
response, and in some patients might result in clinical effective-
ness.

Discussion

The immunogenicity of HLA class I-restricted tumor peptides
is not strong enough for routine clinical use as cancer treat-
ment, and it is important to increase their relative and absolute
immunogenicity levels by various means. Previously, our group
conducted clinical trials of the survivin-2B80-88 peptide vac-
cine alone and with IFA in patients with various can-
cers. 89 I the current study we determined whether the
immunogenicity of survivin-2B80-88 could be enhanced with
other vaccination protocols. Thus, we compared clinical trials
in advanced colon cancer patients with two vaccination proto-
cols: (i) survivin-2B80-88 plus IFA; and (ii) survivin-2B80-88
plus IFA and a type-I IFN, IFNa. Our data strongly suggest
that although the effect with survivin-2B80-88 plus IFA was
not different from that with the survivin-2B80-88 peptide
alone, treatment with survivin-2B80-88 plus IFA and IFNo
resulted in clear improvement of the clinical and immunologi-
cal responses of patients.

There has been less evidence concerning the extent to which
peptide-specific CTL responses in patients treated with peptide
vaccines could occur at the single-cell level. To assess this
point, CTL of patients were sorted to the single-cell level, and
we confirmed that each CTL obtained from vaccinated patients
was indeed not only peptide-specific but also cytotoxic against
human cancer cells in the context of the expression of both
HLA-A24 and survivin molecules.

doi: 10.1111/1.1349-7006.2011.01918.x
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(A) HLA cla

Fig. 2. Representative illustration of clinical effect
and immunological analysis in patient No. 6 who
was treated with survivin-2B80-88 plus IFA with
IFN=. (A) Immunohistochemical analysis of HLA class
| expression in primary colon cancer tissue as
assessed by anti-HLA class | heavy chain monoclonal
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It is well known that type-I interferons such as IFNa can
work in many immunological manners to activate T cell
responses.?> The maturation of dendritic cells (DC) and
their effect on the expression of HLA molecules seems to be
the main action of this cytokine. Because of difficulties with
the availability of patients’ samples, we could not actoally
compare these features of patients’ DC and primary tumor tis-
sues before and after treatment with IFN«. However, the evi-
dence of obvious enhancement of CTL responses and
improvement of clinical responses in our study favors the two
main actions described above. Indeed, a preliminary study of
three colon patients who received survivin-2B80-88 plus IFA
with GM-CSF did not demonstrate any clinical or immunologi-
cal response, suggesting that the action of IFNa is remarkable
from the aspect of being an immunogenic enhancer for human
peptide vaccines. Ideally, patients should be administered IFNu
alone before vaccination treatment is undertaken. However,
this was practically hard to do since all patients were in the
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late and advanced disease stages and it was difficult to select
such patients. Meanwhile, there is no evidence that administra-
tion of IFNa alone results in overt clinical benefits such as
those observed in the current study. The second vaccination
protocol using IFNa appeared to be highly efficient for enhanc-
ing peptide immunogenicity.

Nevertheless, we require more efficient and reasonable ways
to enhance peptide immunogenicity in vivo with limited side-
effects.®® In our laboratory, it was observed that heat shock
protein 90 (HSP90) could highly selectively target substrates
such as HLA-class I restricted peptides as well as the innate
immunity ligand, CpG, to the Rab5 (+) and EEA1 (+) early sta-
tic endosomes of DC.*?72% Consequently, HSP90 could
strongly induce peptide-specific CTL responses in vitro and
in vive without obvious side-effects,®” and it is intriguing that
its action may surpass the benefits of IFNa.

Collectively, our present study may reflect one potential
vaccination protocol. Since the vaccination protocol with
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survivin-2B80-88 plus IFA and IFNa appears effective in other
cancers such as pancreatic cancer as well, this protocol may be
useful as a standard immunotherapy modality.
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Cancer stem-like cells (CSCs) and tumor-initiating cells
(TICs) are a small population of cancer cells that share
three properties: tumor initiating ability, self-renewal,
and differentiation. These properties suggest that CSCs/
TICs are essential for tumor maintenance, recurrence,
and distant metastasis. Here, we show that cytotoxic T
lymphocytes (CILs) specific for the tumor-associated
antigen CEP55 can efficiently recognize colon CSCs/
* TICs both #n vitro and in vivo. Using Hoechst 33342 dye
staining, we isolated CSCs/TICs as side population (SP)
cells from colon cancer cell lines SW480, HT29, and
HCT15. The SP cells expressed high levels of the stem
cell markers SOX2, POU5SF1, LGRS, and ALDH1A1 and
showed resistance to chemotherapeutic agents such as
irinotecan or etoposide.To evaluate the susceptibility of
SP cells to CTLs, we used CTL clone 41, which is specific
for the CEP55-derived antigenic peptide Cep55/
c10orf3_193 (10) (VYVKGLLAKI). The SP cells expressed
HLA class I and CEP55 at the same level as the main
population cells. The SP cells were susceptible to CIL
clone 41 at the same level as main population cells.
Furthermore, adoptive transfer of CTL clone 41 inhib-
ited tumor growth of SW480 SP cells in vivo. These ob-
servations suggest that Cep55/c10orf3_193(10) peptide-
based cancer vaccine therapy or adoptive cell transfer
of the CTL clone is a possible approach for targeting
chemotherapy-resistant colon CSCs/TICs. (Am J Patbol
2011, 178:1805-1813; DOI: 10.1016/j.ajpath.2011.01.004)

Colon cancer is one of the most common malignancies
worldwide. With recent progress in treatment, the prog-
nosis has improved to some extent. In advanced disease,
however, the prognosis remains unfavorable, because of
recurrence, distant metastasis, and resistance to treat-
ment. Thus, novel treatment modalities are needed.
Cancers contain morphologically heterogeneous pop-
ulations. This fact has led to the cancer stem cell theory,’
the idea that cancers are composed of several types of
cells, and that only a small population of cancer cells that
can regenerate cancer tissues, much as normal tissue
can be regenerated only by a small population of stem-
like cells. Recently, cancer stem-like cells and tumor-
initiating cells (CSCs/TICs) have been isolated from var-
ious types of malignancies, including colon cancer.2-® In
colon cancer, CSCs/TICs can reinitiate tumors that re-
semble mother colon cancer tissues morphologically
when transplanted into immunodeficient mice.® Further-
more, these CSCs/TICs have higher tumorigenic potential
than do non-CSCs/TICs. Previous reports have shown
that CSCs/TICs are resistant to a variety of treatments,
including chemotherapy and radiotherapy, with varied
mechanisms of resistance, including high expression of
drug transporters, relative cell cycle quiescence, high
levels of DNA repair machinery, and resistance to apop-
tosis.” These reports®~¢ support the hypothesis that ma-
lignant cancers comprise heterogeneous populations
that organize in a hierarchical differentiation model. The
CSCs/TICs are located at the top of this hierarchy, and
targeting CSCs/TICs is essential to achieve efficient ef-
fects for treatment of malignant diseases. Recently, some
trials targeting CSCs/TICs have been reported for hema-
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topoietic malignancies.®? Hedgehog signaling is essential
for maintenance of myeloid leukemia stem cells, and
inhibition of hedgehog signaling by cyclopamine is effec-
tive for imatinib-resistant myeloid leukemia.® To date,
however, no such CSC/TIC targeting approach has been
reported for colon cancer.

In the present study, we evaluated the efficiency of
CTL-based immunotherapy targeting colon CSCs/TICs.
Using Hoechst 33342 dye, we isolated colon CSCs/TICs
as side population (SP) cells from six colon cancer cell
lines. The SP cells derived from SW480, HT29, and
HCT15 showed higher tumorigenicity than did main pop-
ulation (MP) cells. On the other hand, SP cells from
KM12LM, Lovo, and Colo320 did not show any increase
in tumorigenicity, compared with MP cells. This suggests
that SW480, HT29, and HCT15 SP cells (but not KM12LM,
Lovo, and Colo320 SP celis) were enriched with CSCs/
TICs. In RT-PCR analysis the SW480, HT29, and HCT15
SP cells showed a stem cell-like gene expression signa-
ture, including SOX2, POU5SF1, LGR5, and ALDH1A1.
Furthermore, these SP cells also showed resistance to
chemotherapeutic agents, including irinotecan and eto-
poside. These observations support the idea that these
SP cells had stem cell-like features. To assess the immu-
nogenicity of SP cells, we evaluated the expression of
HLA class | and of CEP55, which is a tumor-rejection
antigen of breast and colon cancer.'®'" The SP cells
expressed HLA class | (and also HLA-A24) at the same
level as MP cells. The SP cells also expressed CEP55
messenger RNA (mRNA) at the same level as MP cells in
RT-PCR. To confirm the susceptibility of SP cells to cyto-
toxic T lymphocytes (CTLs), we used CTL clone 41,
which recognizes CEP55 in an HLA-A24-restricted man-
ner.’® CTL clone 41 killed SW480, HT29, and HCT15 SP
cells at the same level as it killed MP cells and presorted
cells. These observations suggest that colon CSCs/TICs
are also sensitive to CTLs, as non-CSC/TIC populations
are. Furthermore, adoptive transfer of CTL clone 41 in-
hibited the tumor growth of SW480 SP cells in immuno-
deficient mice. These observations suggest that CTL-
based colon cancer immunotherapy is efficient for colon
CSCs/TICs. To our knowledge, the present study pro-
vides the first direct evidence that colon CSCs/TICs are
susceptible to CTLs and thus opens possibilities for fu-
ture applications in immunotherapy using CSC/TIC-spe-
cific vaccines.

Materials and Methods

Cell Lines

Colon adenocarcinoma cell lines SW480 (HLA-A*0201/
2402), HCT15 (HLA-A*0201/2402), HT29 (HLA-A1/24),
Lovo, and Colo320 were kind gifts of Dr. K. Imai (Sap-
poro, Japan), and KM12LM was a kind gift of Dr. K. ltoh
(Kurume, Japan). All cell lines except K562 were cultured
in Dulbecco's modified Eagle's medium (Sigma-Aldrich,
St. Louis, MO) supplemented with 10% fetal bovine se-
rum (Invitrogen, Carlsbad, CA). K562 was cultured in
RPMI-1640 (Sigma-Aldrich) supplemented with 10% fetal

bovine serum. HCT15-B2M, a stable transfectant of
HCT15 cells with B2M (B2 microglobulin) cDNA, was
cultured in Dulbecco’s modified Eagle’'s medium supple-
mented with 10% fetal bovine serum and 10 pg/mL pu-
romycin (Sigma-Aldrich)."

Side Population Analysis

Side population analysis was performed as described
previously, with some modifications.*? Trypsinized cul-
tured cells were washed with PBS and were resuspended
at 37°C in Dulbecco’'s modified Eagle’'s medium supple-
mented with 5% fetal bovine serum. After 10 minutes
preincubation, the cells were labeled with Hoechst 33342
dye (Lonza, Walkersville, MD) for 90 minutes at concen-
trations of 3.75 ug/mL for Colo320, 5 ng/mL for SW480
and Lovo, 7.5 ug/mL for HT29 and KM12LM, and 10
pg/mL for HCT15, with or without verapamil (Sigma-Al-
drich), which is an inhibitor of ABC transporters, at con-
centrations of 50 umol/L for SW480, HCT15, and
Colo320, 75 umol/L for Lovo, and 100 pmol/L for HT29.
Cells were counterstained with 1 ug/mL propidium iodide
to label dead cells. Next, 1 X 10° viable cells were
analyzed and sorted using a BD FACSAria 1l fluores-
cence-activated cell sorting system (BD Biosciences,
Franklin Lakes, NJ). The Hoechst dye was excited at 355
nm, and its fluorescence was measured at two wave-
lengths using optical filters 405 DF20 [450/20 nm band-
pass filter O (Hoechst Blue)] and 635LP [635 nm long-
pass edge filter (Hoechst Red)]. Propidium iodide
labeling was measured through a 630/BP30 filter for dis-
crimination of dead cells.

Xenograft Model

The SP cells, MP cells, and presorted cells from colon
cancer cell lines were mixed 1:1 by volume with Matrigel
(BD Biosciences) and were injected subcutaneously into
the backs of female 4- to 8-week-old nonobese diabetic/
severe combined immunodeficiency (NOD/SCID) mice.
Tumor size in cubic millimeters was assessed weekly with
calipers and was calculated as Tumor Size = (Longest
Diameter X Shortest Diameter?)/2.

RT-PCR Analysis of SP and MP Cells

RT-PCR analysis was performed as described previ-
ously.'® Total RNAs were isolated from both SP cells and
MP cells using an RNeasy mini kit (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. Complemen-
tary DNA (cDNA) was synthesized from 2 pg of total RNA
by reverse transcription using SuperScript Il reverse
transcriptase (Invitrogen). The PCR amplification was
performed in 20 uL of PCR mixture containing 1 ul of
cDNA mixture, 0.5 ul of Tag DNA polymerase (Qiagen)
and 4 pmol of primers. The PCR mixture was initially
incubated at 98°C for 2 minutes, followed by 30 cycles of
denaturation at 98°C for 15 seconds, annealing at 60°C
for 30 seconds, and extension at 72°C for 30 seconds.
The following primer pairs were used for RT-PCR analysis
(forward and reverse, respectively): 5-CATGATG-
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GAGACGGAGCTGA-3" and 5'-ACCCCGCTCGCCATGC-
TATT-3' for SOX2, with an expected PCR product size of
410 bp; 5'-TGGAGAAGGAGAAGCTGGAGCAAAA-3" and
5'-GGCAGATGGTCGTTTGGCTGAATA-3" for POUSF1,
with an expected PCR product size of 163 bp; 5’-CTCTT
CCTCAAACCGTCTGC-3" and 5'-GATCGGAGGCTA-
AGCAACTG-3’ for LGRS, with an expected PCR product
size of 181 bp; 5-TGTTAGCTGATGCCGACTTG-3'" and
5'-TTCTTAGCCCGCTCAACACT-3" for ALDH1AT1, with
an expected PCR product size of 154 bp; 5-TGAGTTT-
GCCATCACAGAGC-3’ and 5'-TTGCTTGCTGGTGCAT-
TAAC-3' for CEPS5, with an expected PCR product size
of 521 bp; and 5'-ACCACAGTCCATGCCATCAC-3’ and
5'-TCCACCACCCTGTTGCTGTA-3' for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), with an ex-
pected product size of 452 bp. GAPDH was used as an
internal control.

Quantitative Real-Time PCR Analysis

Quantitative real-time PCR was performed using an ABI
PRISM 7000 sequence detection system (Applied Bio-
systems, Foster City, CA) according to the manufactur-
er’'s protocol. Primers and probes were designed by the
manufacturer (TagMan gene expression assays; Applied
Biosystems). Thermal cycling was performed using 40
cycles of 95°C for 15 seconds followed by 60°C for 1
minute. Each experiment was done in triplicate, with nor-
malization to the GAPDH gene as an internal control.

Flow Cytometric Analysis and Monoclonal
Antibodies

Cells were incubated with mouse monocional antibodies
at saturation concentration for 30 minutes on ice, washed
with PBS, and stained with a polyclonal goat anti-mouse
antibody coupled with fluorescein isothiocyanate for 30
minutes. Samples were analyzed using a BD FACSCali-
bur flow cytometry system (Becton Dickinson, Mountain
View, CA). Anti-pan HLA class | (W6/32) and anti-HLA-
A24 monoclonal antibodies (C7709A2.6 hybridoma, a
kind gift from Dr. P.G. Coulie, Brussels, Belgium) were
prepared from hybridomas.

Survival Studies for Etoposide and Irinotecan

We isolated SP and MP cells of SW480 and HCT15 and
seeded them into 96-well culture plates at 1 x 10 cells
per well for each population of cells. The cells in both
populations were treated with etoposide (1 and 5 pg/mL)
or irinotecan (40 and 400 pg/mL for SW480, 10 and 100
ug/mL for HCT15). After 72 hours of exposure to the
" chemotherapeutic agents, viability of the cells was de-
termined using the SOD assay kit WST-1, which was
performed according to the manufacturer’s protocol
(Dojindo Molecular Technologies, Kumamoto, Japan;
Rockville, MD).
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Cytotoxicity Assay for SP Cells with CTL Clone 41

We had previously established CTL clone 41, which rec-
ognizes an HLA-A24 restricted antigenic peptide (VYVK-
GLLAKY!) termed Cep55/c100rf3_193(10), from an HLA-
A24-positive breast cancer patient's peripheral blood
mononuclear cells.® The lytic activity of CTL clone 41 for
SP cells, MP cells, and presorted cells was evaluated by
S1Cr release assay. Briefly, SP cells, MP cells and pre-
sorted cells were labeled with 100 uCi of 5'Cr for 1 hour
at 37°C, washed four times with PBS, and resuspended in
AIM-V medium (Invitrogen). The $'Cr-labeled target cells
(2000 celis/well) were then incubated with various num-
bers of effector cells for 6 hours at 37°C in 96-well culture
plates. Radioactivity of the culture supernatant was mea-
sured with a gamma counter. The percentage of cytotox-
icity was calculated as follows: % Specific Lysis = (Ex-
perimental Release — Spontaneous Release) X 100/
(Maximum Release — Spontaneous Release). Target
cells were treated with 100 units/mL interferon-y for 48
hours before the assay.

Winn Assay

SW480 SP cells were mixed with CTL clone 41 at a ratio
of 1 SP cell to 10 CTL cells. The resulting mixture (200 uL
with 1 X 10° CTL clone 41 and 1 X 10° SP cells) was
injected subcutaneously into the backs of NOD/SCID
mice. A control group of five mice was injected with SP
celis alone. Tumor size was assessed weekly.

CTL Adoptive Transfer

NOD/SCID mice were inoculated subcutaneously on the
back with 1 x 10% SW480 SP cells. Three weeks later,
when the tumor started to be palpable, 5 X 10* Cep55/
¢100rf3_193(10)-specific CTL clone cells or PBS was
injected intravenously. The same adoptive transfer pro-
cedure was performed 4 weeks after inoculation with SP
cells. Tumor size was assessed weekly.

Statistical Analysis

In the xenograft model, survival studies using chemother-
apeutic agents, cytotoxicity assay, Winn assay, and
adoptive transfer model, the data were analyzed using
the Mann-Whitney U-test, with P < 0.05 conferring statis-
tical significance.

Results
Isolation of Colon CSCs/TICs as SP Cells

Several methods to isolate colon cancer CSCs/TICs
has been reported, including cell surface markers such
as CD44 or PROM1 (CD133), SP cells, and the Alde-
fluor assay.®-%'2 In the present study, we isolated co-
lon CSCs/TICs using SP cell analysis. Several colon
cancer cell lines were dyed with Hoechst 33342 and
then analyzed with a BD FACSAria |l flow cytometer as
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Figure 1. Isolation of colon CSCs/TICs from colon cancer cell lines and tumor growth of the SP cells. Az Colon cancer cell lin
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described under Materials and Methods. Side popula-
tion cells could be detected in all six colon cancer cell
lines analyzed (ie, SW480, HT29, HCT15, Colo320,
Lovo, and KM12LM) (Figure 1, A and B). The frequency
of SP cells ranged from 3.3% for SW480 to 11.1% for
HCT15 cells. All these SP cells were specifically inhib-
ited by verapamil, as has been shown previously,'®
suggesting that these SP cells were specific for ABC
transporter expression. Because previous studies
showed that some colon cancer SP cells were not
enriched with a CSC/TIC population,'® it was essential
to confirm the presence of CSCs/TICs in SP cells for
further analysis. We inoculated these SP cells subcu-
taneously into the back of immunodeficient NOD/SCID
mice using serial dilution. The SP cells derived from
SW480, HCT15, and HT29 showed higher tumor initi-
ating ability, compared with MP cells (Table 1). Fur-
thermore, SW480, HT29, and HCT15 SP cells showed
faster tumor growth, compared with MP cells (Figure 1,
C and D), suggesting the presence of CSCs/TICs in
these SP cells. In contrast, the SP cells derived from
Colo320, Lovo, and KM12LM did not show any differ-
ence in tumorigenicity or tumor growth, compared with
MP cells. We therefore restricted further analysis to the
SW480, HT29, and HCT15 SP cells as colon cancer
CSCs/TICs.

RT-PCR Analysis of Colon Cancer SP Cells

To examine the molecular properties of SP cells, we per-
formed RT-PCR analysis. SOX2 and POUSF1 are represen-
tative markers for embryonal stem cells and CSCs/TICs.'®
The SP cells derived from SW480, HT29, and HCT15
showed higher expression of both SOX2 and POU5F1,
compared with MP cells (Figure 2A). ALDH1A1, a colon
CSC/TIC marker,® was expressed at a higher level in SP
cells of HCT15 than in MP cells, but SP cells of SW480 and
HT29 did not show any difference in comparison with MP
cells. SW480 and HT29 SP cells also showed higher ex-
pression of LGRS, which is known as a normal colon stem
cell marker."” To confirm the expression of stem cell mark-
ers, we also performed real-time PCR. The SW480 SP cells
expressed 90 times higher SOX2, 7 times higher POU5SF1,
153 times higher LGRS, and 6.1 times higher ALDH1AT1,
compared with MP cells (Figure 2B). These findings indi-
cate that these SP cells had molecular properties similar to
those of embryonal stem cells.

Resistance to Chemotherapeutic Reagents

Although SP cells derived from liver cancer cell line HuH7
have showed resistance to chemotherapy,'® we know of
no conclusive previous studies of such resistance in co-
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Table 1. Tumor Initiating Ability of Colon Cancer SP Cells

Tumor initiating ability”

Cell line

(% SP cells) 1 x 10" 1 x 103! 1% 107!
SW480 (3.3)

SP cells 4/4 416 414

MP cells 2/4 3/5 0/4
HT29 (10.4)

SP cells 3/3 2/3 3/3

MP cells 3/3 0/3 0/3
HCT15 (11.1)

SP cells 3/3 3/4 3/3

MP cells 1/3 1/4 0/3
Colo320 (10.9)

SP cells 2/2 172 1/2

MP cells 2/2 2/2 1/2
Lovo (9.3)

SP cells on /1 0/t

MP cells 111 on o
KM12LM (9.1)

SP cells 1/2 2/2 11

MP cells 1/2 2/2 i

MP, main population: SP, side popuiation.

*Tumor initiating ability is expressed as the ratio of tumor-initiation to
injection.

tThe tumor initiation abilities were evaluated at day 42 after injection of
the indicated number of cells.

lon SP cells. We performed a cell survival study of colon
cancer SP cells using the chemotherapeutic agents iri-
notecan and etoposide. The SW480 and HCT15 SP cells
were more resistant to both irinotecan and etoposide than
were MP cells (Figure 3, A and B). This finding is consis-
tent with findings for CSCs/TICs derived from other or-
gans,22'24

Expression of HLA and Tumor-Associated
Antigens in SP Cells

Because CTLs recognize tumor-associated antigen (TAA)-
derived antigenic peptides presented by HLA class | mol-
ecules, expression of HLA class | molecules is essential for
activation of CTLs. Several types of malignancies have
been reported to lose the expression of HLA class | mole-
cules through various mechanisms and so escape CTL
attack.'® We therefore evaluated the expression of HLA
class I molecules and TAA. We assessed the differences of
HLA class | and HLA-A24 expression between SP cells and
MP cells by flow cytometry. Because ELISA study has re-
vealed that HCT15 cells lack B2M because of gene muta-
tions of B2M,"® we transduced wild-type B2M cDNA into
HCT15 cells and so established HCT15-B2M cells. The
SW480, HT29, and HCT15-B2M SP cells showed HLA class
| and HLA-A24 expression at the same level as MP cells
(Figure 4, A and B). Furthermore, we assessed the ex-
pression of one of the colon cancer TAAs, CEP55, by
both RT-PCR and real-time PCR (Figure 2, A and B). Both
SP cells and MP cells derived from SW480, HT29, and
HCT15-B2M expressed CEP55 mRNA at the same level.
These data raised the possibility that SP cells are also
sensitive to CTLs specific for the CEP55-derived anti-
genic peptide. Because both SP cells and MP cells ex-
pressed CEP55 mRNA at the same level, this appeared
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to be an ideal target for comparing the susceptibilities of
SP cells and MP cells to CTLs.

Susceptibility of CSCs/TICs to CTLs, in Vitro
and in Vivo

We had previously established CTL clone 41, which is
specific for the cancer-related, antigen-derived, HLA-
A24-restricted peptide Cep55/c100rf3_193(10)."° CTL
clone 41 recognized CEP55-positive and HLA-A24-pos-
itive cancer cells, as described previously.'®'" In the
present study, we used a ®'Cr release assay to examine
whether CTL clone 41 can recognize SP cells. All SP cells
derived from SW480, HT29, and HCT15-B2M showed
susceptibility to CTL clone 41 at the same level as the MP
cells and the presorted bulk cell lines (Figure 4C). This
indicates that the colon CSCs/TICs were sensitive to
CTLs.

To analyze the cytotoxic activity of the CTL clone in
vivo, we performed a Winn assay. SW480 SP cells with or
without CTL clone 41 were injected into the backs of
NOD/SCID mice subcutaneously. CTL clone 41 signifi-
cantly inhibited the tumorigenicity of SW480 SP cells (Fig-
ure 4D). Because CTLs were injected at the same time
and place as the SP cells in the Winn assay, we could not
rule out the possibility that SP cells were killed in vitro. We

A SW480 HT29 HCT15
SP MP SP MP SP MP
sox2 |
POU5F1
LGR5
ALDH1A1
CEP55
GAPDH
B SW480

108 [ OMP SP

Relative expression
-
(-]
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SOX2 POUSF1 LGR5 ALDH1A1 CEP55

Figure 2. lxpression of stem cell markers in SPoand MP cells. Az mRNAs
purified trom SW-80, 11129, and HCTT5 SP and MP cells were anadyzed by
RT-PCR. B: mRNA purificd from SWA8) SP cells and MP cells were unalyzed
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therefore used an adoptive transfer model, as described
under Materials and Methods. SW480 SP cells were inoc-
ulated into the back of NOD/SCID mice subcutaneously.
Three weeks later, after confirmation of palpable tumors,
CTLs were injected intravenously. Tumors of CTL-in-
jected mice were significantly inhibited in growth, com-
pared with tumors of control mice (Figure 4E). These data
indicate that CTLs could recognize CSCs/TICs both in
vitro and in vivo.

Discussion

In the present study, we successfully isolated colon can-
cer CSCs/TICs as SP cells, using Hoechst 33342 stain-
ing. Side population cells were first described by Goodell
et al,’® and CSCs/TICs of several types of malignancies
were successfully isolated as SP cells in subsequent
studies.*2°24 Haraguchi et al'® isolated SP cells from

gastrointestinal cancer cell lines; they reported the gene
expression profiles and resistance to chemotherapeutic
agents of SP cells derived from liver cancer cell line Huh?,
but did not determine their tumorigenicity. Burkert et al'®
found that SP cells derived from gastrointestinal cancers
cell lines HT29, HGT101, Caco2, and HRA19a1.1 were
not enriched with a CSC/TIC population. In the present
study, we were able to isolate SP cells from all six colon
cancer cell lines studied (SW480, HT29, HCT15,
KM12LM, Lovo, and Colo320). However, in only three of
the six cell lines did the SP cells show higher tumorige-
nicity than MP cells, suggesting that these SP cells were
enriched with CSC/TIC populations. Thus, SP cells might
not be the definitive phenotype of CSCs/TICs, and con-
firmation of tumorigenicity in immunodeficient mice is es-
sential for validation of SP cells as a source of CSCs/TICs.
In the present study, the SP cells derived from SW480,
HCT15, and HT29 cells were confirmed to be enriched
with CSCs/TICs. Furthermore, these SP cells expressed
stem cell markers, including SOX2, POU5F1 and LGR5,
at higher levels than MP cells, suggesting correspon-
dence with CSCs/TICs. Thus, these SP cells would be a
useful tool for analysis of colon CSCs/TICs.

In the present study, we evaluated the immunogenicity
of colon CSCs/TICs. Colon cancer CSCs/TICs expressed
HLA class | molecules, and also CEP55, which is one of
the TAAs. Furthermore, colon CSCs/TICs expressed sev-
eral other TAA-encoding genes (data not shown), includ-
ing BIRC5 (encoding apoptosis inhibitor survivin), BIRC7
(encoding livin), WT1, CTAG1B (alias NY-ESO-17), and
MAGEA4. As a novel finding, colon cancer CSCs/TICs
were sensitive to CTLs both in vitro and in vivo. Recently,
Todaro et al®® showed that colon CSCs/TICs were sensi-
tive to 8T cells. Because both CTLs and 8T cells kill
target cells through secretion of perforin (encoded by the
PRF1 gene) and granzyme B (encoded by GZMB), these
observations strongly suggest that CSCs/TICs are sensi-
tive to PRF1- and GZMB-dependent apoptosis. Todaro
et al®® had earlier reported that PROM1-positive
(CD133™) colon cancer CSCs/TICs secrete IL-4 in an
autocrine manner and upregulate the antiapoptotic pro-
teins CFLAR (c-FLIP), BCL2L1 (Bcl-xL), and PEA15
(PED), thereby gaining resistance to chemotherapeutic
agents. Saigusa et al®” reported that distant recurrence
of rectal cancer after chemotherapy was related to the
expression of CSC/TIC markers such as PROM1
(CD133), POUSF1 (Oct3/4), and SOX2. These reports
support the idea that colon CSCs/TICs are resistant to
apoptotic cell death. The fact that immunocytes induce
apoptosis in their target cells raises the question of
whether colon CSCs/TICs are also sensitive to immuno-
therapy.

In the present study, and in that of Todaro et al,?® colon
CSCs/TICs were sensitive to perforin- and granzyme B-
dependent apoptosis. Thus, both CTLs and 8T celis can
be useful tools for colon CSC/TIC targeting therapy. How-
ever, because 8T cells do not recognize target cells in
an antigen-specific manner, immunotherapy using y8T
cells should also recognize the non-CSC/TIC population.
Because the number of y8T cells is restricted in vivo, it
may be in doubt whether y8T cell can recognize colon
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cancer CSCs/TICs in vivo efficiently. Recently, based ona
large cohort study, Ogino et al®® reported that lympho-
cytic reaction to tumor was associated with longer sur-
vival of colorectal cancer patients. They did not analyze
the subtypes of infilirating lymphocytes; however, the
findings from this large-scale study strongly support the
notion that immune reaction to tumor cells is important for
control of the disease.
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Figure 4. Immunogenicity of SP cells. Az Expression of HLA class Tmolecules,
SWA80, 11129, and HCT15-B2M SP cells and MP cells were stained with an
anti-pan HLA dlass 1 monoclonal antibody (W6/32), then with a fluorescein
isothiocyanate (FITC)-labeled secondary antibody. Stained cells were analyzed
with a4 BD FACSCalibur cell sorting system. Solid profiles represent isotype
controt as the primary antibody. B: Expression of HEA-A24 molecule, SW480,
129, and HICT15-132M SP cells and MP cells were stained with an anti-HELA-
A24 monoclonal antibody (C7709A2.6), then an FITCHabeled secondary anti-
body. Stined cells were analyzed with a FACSCalibur cell sorting system. Solid
profiles represent isotype control as primary antibody. C: Cytotoxicity of CTL
cdlone 41. A ¥'Cr release assay was performed using CIL clone 41 at several
cffector/target ratios. SW4S0, HT29, and HCTT5-B2M 8P cells, MP cells, and
presorted cells were used for assay; K362 cells were used as a negative control.
Data are reported as means = $D. D: Winn assay. SW480 SP cells (1 X 10%)
were inoculated subcutancously into the backs of NOD/SCID mice with or
without CTL clone 41 cells (1 % 10, Data are reported as means = 8D,
Differences between SP eells and SP cells + CTL were examined for statistical
significance wsing the Mann-Whitney Chest. E: Adoptive transfer model.
SWAS0 SP cells (1 X 107 were inoculated subcutancously into the back of
NOD/SCID mice. At 3 and 4 weeks later, CTL clone 41 or PBS wits injected
intravenously with or without CTL done 41 cells (1 X 10%, Data are reported
as means & SD. Differences were examined for statistical significance using the
Mann-Whitney UFtest.

Wei et al®® reporied recently that glioma-derived CSCs/f
TICs suppressed T-cell proliferation and activation, and
induced T-cell apoptosis through expression of co-
stimulatory inhibitory molecule CD274 (B7-H1) and sol-
uble LGALS3 (galectin-3); glioma CSCs/TICs enhance
the induction of regulatory T cells. We also observed
that SW480 SP cells express higher mRNA of the immu-
nosuppressive cytokine IL-10 than MP cells (data not

— 306 —



1812 inoda et al
AJP April 2011, Vol. 178, No. 4

shown). Thus, colon CSCs/TICs may have immunosup-
pressive potential and so inhibit CTL induction. However,
colon CSCs/TICs are efficiently killed by CTLs, and colon
CSCs/TICs have no influence on the effector phase of
CTLs. Thus, adoptive cell transfer of CSC/TIC-specific
CTL clones, T-cell-receptor-induced T cells, or peptide
vaccination accompanied by an anti-IL.-10 monoclonal
antibody might be an effective approach for eliminating
colon CSCs/TICs.

In the present study, we observed that both colon
CSCs/TICs and non-CSCs/TICs were sensitive to CEP55-
specific CTLs at the same level. This finding seems rea-
sonable, given that CSCs/TICs express CEP55 mRNA at
the same level. Huge numbers of TAAs have already
been reported, 33! and the next challenge is to identify
which TAAs would be the most suitable targets for cancer
immunotherapy. According to the manner of expression
in CSCs/TICs and non-CSCs/TICs, TAAs can be classi-
fied into three categories: i) CSC/TIC-specific antigens,
such as SOX2 and ALDH1AT1; ii) non-CSC/TIC-specific
antigens; and iii) shared antigens, such as CEP55.32 The
frequencies of colon CSCs/TICs are 1% to 10%, and in
the present study these cells had 10- to 100-fold higher
tumorigenicity than non-CSCs/TICs. It is likely, therefore,
that 1% to 10% of colon CSC/TIC populations have al-
most the same tumorigenic potential as 90% to 99% of
the non-CSC/TIC population. To achieve a complete cure
of the disease, shared antigens seem to a be reasonable
candidate strategy. /n vivo, however, CTL numbers are
limited. Given that 1 L of peripheral blood contains ap-
proximately 5 X 10° lymphocytes, there are approxi-
mately 5 x 108 CD8 T cells in 1 L of peripheral blood and
approximately 3 x 10° CD8 celis in the total volume of
peripheral blood in a human adult. If the CTL precursor
frequency reaches 0.1% of CD8 T cells in a patient re-
ceiving peptide vaccination therapy, then the total pep-
tide-specific CTLs can be calculated as 3 X 10° cells in
whole blood. This is not an inconsiderable number. Visi-
ble tumors as large as 1 cm diameter contain 1 X 10°
tumor cells, and the estimated effector/target ratio (E/T) in
vivo is 0.003. This ratio may be too low to expect an
anti-tumor effect in vivo. However, if we focus only on
CSCs/TICs, then the effector/target ratio will be improved.
For targeting CSCs/TICs with 1% frequency, the effector/
target ratio is correspondingly improved (E/T = 0.3).
Thus, focusing only on the CSC/TIC population with CSC/
TIC-specific antigens seems to be a better approach for
advanced cancer cases. For prevention of disease re-
currence after treatment, the target cells are likely to be
limited, so shared antigens might be a reasonable choice
for cancer immunotherapy.

Recently, some research groups have reported that
monoclonal antibodies for insulin-like growth factor-1 re-
ceptor (IGF-1R), &-like 4 ligand (DLL4), and CD47 effi-
ciently eliminate colon cancer and leukemia CSCs/
TICs.3%3¢ These approaches are also fascinating, and a
reasonable option for elimination of CSCs/TICs. An anti-
body is a relatively stable protein, but the half-life in
peripheral blood is approximately 2 to 3 weeks, and
therefore serial administration is needed to maintain the
effects of the antibody. On the other hand, antigenic pep-

tide vaccination can induce specific CTLs as memory celis
in vivo, such that the specific immunity will last for several
years. Thus, peptide vaccination therapy may also be use-
ful for prevention of post-treatment cancer recurrence.

In conclusion, we report here the novel finding that colon
cancer CSCs/TICs are as sensitive to CTLs as are non-
CSCs/TICs, and that CEP55, a tumor-associated antigen, is
a suitable antigen for targeting colon cancer CSCs/TICs.
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(60%) 1ZSD# ., IFN-aDF T ¥ /N> 1)
BAERrlLiEFTBAONZ, ZOIEXD. JXDHIHE
T Va2 NRENNRTF R F o EFRICITE
BETHBEELOLNT,

() ET-BARANALICHT HZRTF ARSI
X B

T BERAVAIHT 2T F REHESIC
EEREER (R 4) TR RTF R ES 2 BREQ. 1,
1.0mg) IZHREL. TNFNSHTDICHEE L.
FEBRITIWTNOEFICHERDLND I,

BERDRICBNTIE. YERTF REEE1& 4E
HOXRTF REGHOEE I —HEx il &
IA2EMUATER Uiz, CTEAIIBWTIZ 2
FEFNIZSDAFD =M, MEF TIEIPDTH o 7=,

REEM ST, 3EHTR T F MERHCTL
DEEENEA. 270550 VEF TIFELISPOT
assayll TRTF R HRICAR Yy bEOEMEZ
oY A

KT, T - BREADPAICHTERTF RBLU
IFAGFRE S IC L 2ERKRARBRE A To, AERKAR
Tid, RIFRFEEE%L. 0mgllZE L. [FAET
I a AU AERNCERE Lis. REFERII2E
BHZ RGBT DK 8 DOELE, 1 ERICE BRI
VIEFNICE B HEERERRZRZDE. LrLnTh
BEEET, RTF RCIFAZHHEL THE LI
I/,

BRI E LTI, 4EMVWTNTHEEY—
A—ldEE L., CTHEHIIBVWTHPDTH o k.
UL, SBEFENGIIEB N TR T X TOEF TR
TFRERMNCTLO LR ZRD. TDDE 1EHIZ
BWTIRELISPOT assayil BWTH ARy MED
WKAEZRDZ,

5. BRERDLSOMEEHLWERBERRELTS
BORYE

FROBRABRERI D, YNA E2BRTF R
DOEEWITBWTIIEFRS, 722\ MAEK
EpnT BN THBET W EFMmE N/,

BNAE V2BRTF RickaHEEDRICEL
T, ANATOERLDXRTF REFIREIZEW
TIX10fEFIF 3 FER (30%) 1T F RERACTL
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ORI ROz, IFAZPEFRTS & 4EHT T
DFEF (100%) IZBWTARTF REFERENCTLO 1
M€W®ﬁ LU 4ERT N TTPDT, RTF R
BHICLORTF REFEMNCTLEENTRETH -
Kﬁ\@%MM%%<p@¢b&ﬁ9te

AREBIZHOWTIHIRERL TR, RTFRE
IFAS JCIFN-a ff i O iR 5 Tld. BREEREDS
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AMEF UL % - Heancer free/sikie 2 EHICH /-
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N REHHT AL, BRI NEHERER
RN E AR FE & Bz,

LFROIDICHIFEMC BV TIE, XTF KR
BCTLFEE MR TH o mIc bbb 59, Fhnt
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DRF I AT —THEOEGMNE L oI, FERO
CTLIES AR IC R T 2 HURIE RS FHLA
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TOHLAY 7 A 1 53 FRMFEHEL TWH,
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W R EFET 5103, BARERT TOHLA
75X FREMETFTL TORBWNENEERT
LBEWNH D, DFED. K DMNHEENDRK DA
ADBPETHDHEEZ Nz, £, DAMRBED
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N5H5FETH D,

HbUIC
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D, 5BDT7 Va2 FOBRPDIE 2T 10
ZAERIRES &, WIRESERIR SR ENEKREAI
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