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Abstract
Development of specific immunotherapy for colorectal cancer (CRC) will require identification of
antigens selectively or exclusively expressed on CRC cells and strategies to induce and enhance
immune responses against these antigenic targets. Cancer-testis (C-T) antigens are proving to be
excellent targets for immunotherapy of solid tumors such as melanoma, but their clinical utility for
treatment of CRC has to date been limited by their infrequent expression in CRC cells. Here we
report that the hypomethylating agent 5-aza-2′-deoxycytidine (DAC) induces expression of NY-
ESO-1 and other C-T genes in CRC cells both in vitro and in vivo in a dose-dependent manner but
has negligible effects on the expression of C-T genes in normal non-transformed cells such as
fibroblasts. The induction by DAC of NY-ESO-1 expression in CRC cells persists over 100 days
after DAC exposure and is associated with increased levels of NY-ESO-1 protein. CRC cells
exposed to DAC at concentrations that can be readily achieved in vivo are rendered susceptible to
MHC-restricted recognition by CD8+ NY-ESO-1-specific T cells. We also demonstrate that
retroviral transduction of polyclonal peripheral blood T cells from a metastatic CRC patient with
the T cell receptor (TCR) α and β chain genes encoding an HLA-A2-restricted, NY-ESO-1157-165-
specific TCR can be used to generate both CD8+ and CD4+ NY-ESO-1157-165-specific T cells that
selectively recognize DAC-treated CRC but not non-transformed cells. Collectively, these results
suggest that the combination of epigenetic modulation and adoptive transfer of genetically
engineered T lymphocytes may enable specific immunotherapy of CRC.
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INTRODUCTION
Colorectal cancer (CRC) is one of the most common malignancies and the third leading
cause of cancer-related death worldwide.1 Despite modest recent advances in systemic
therapies, the majority of patients with advanced or metastatic CRC ultimately die from their
disease. There is evidence that the population of T lymphocytes, and in particular the CD8+

cytotoxic T lymphocytes (CTLs), that infiltrates CRC tumors influences the natural history
of the disease,2-9 suggesting the existence of an antigen-specific tumor-reactive immune
response. Identification of suitable target antigens that are commonly expressed on CRC
cells could enable the development of antigen-specific T cell therapy for CRC.

Adoptive T cell therapy has shown promise for the treatment of selected solid tumors such
as metastatic melanoma.10-15 However, the development of T cell therapy for CRC has been
slowed, in part, by a paucity of suitable target antigens. The cancer-testis (C-T) antigens
comprise a growing class of more than one hundred immunogenic proteins and protein
families that are expressed in germ cells, trophoblastic tissues, and a wide range of cancers,
but not in normal somatic tissues.16 Given their restricted expression and immunogenicity,
they are attractive targets for immunotherapy. However, expression of C-T antigens is
infrequent in most CRC tumors.17, 18 Silencing of C-T genes in some cancer cells is
commonly mediated by methylation of CpG islands near the promoter of C-T genes. The
DNA methylation inhibitor 5-aza-2′-deoxycytidine (DAC) induces C-T gene expression in a
variety of cancer types, but this effect has not been extensively studied in CRC to date.

The prototypic C-T antigen NY-ESO-1 has emerged as one of the most attractive target
antigens for immunotherapy because it frequently induces CD4+ and CD8+ T cell responses
as well as antibody responses in cancer patients whose tumors express it, and it is expressed
in a significant proportion of cancer cells of diverse histology.19 Expression of NY-ESO-1
can also be selectively induced by DAC in transformed, but not non-transformed, cells that
do not natively express it. DAC-induced expression of NY-ESO-1 in a diverse group of
cancers with varying histologies has been correlated with recognition by NY-ESO-1-specific
CTL clones.20-25 Previous studies have reported induction by DAC of NY-ESO-1 expression
in a few CRC cell lines.21, 25 but the effect of DAC exposure on recognition of CRC cells by
C-T antigen-specific CTL has not been extensively explored. We therefore investigated
whether DAC could induce expression of NY-ESO-1 and other C-T genes in CRC cell lines
and also sensitize them to NY-ESO-1-specific immunotherapy.

A minority of CRC patients show evidence of spontaneous immunity to NY-ESO-1,17 and it
is anticipated that autologous NY-ESO-1-specific T cells would not be available for all CRC
patients who might otherwise be eligible for NY-ESO-1-specific T cell therapy. Autologous
NY-ESO-1-specific T cells suitable for use in adoptive therapy have been generated through
transfer of the T cell receptor (TCR) α and β chain genes from a high affinity NY-ESO-1-
specific CTL clone (termed 1G4) into polyclonal peripheral blood mononuclear cells
(PBMC).15, 24, 26-28 These gene-modified T cells expressing transgenic 1G4 TCR exert
potent in vitro effector function against a variety of cancer cell lines including those in
which NY-ESO-1 expression has been induced by DAC.24 In a recent clinical trial in which
adoptive transfer of genetically modified T cells expressing a high affinity mutant of the
1G4 TCR into melanoma and synovial sarcoma patients whose tumors expressed NY-
ESO-1, objective tumor regression was observed in several patients in the absence of
significant toxicity.15 We therefore investigated whether this promising method of
generating NY-ESO-1-specific T cells could be applied to PBMC from a metastatic rectal
cancer patient.
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MATERIALS AND METHODS
Cell culture

The melanoma cell line A375 and the CRC cell lines LoVo, RKO, HCT116, HT29, SW403,
SW620, SW837, SW480, Colo205, DLD1, and LS174T were obtained from the American
Type Culture Collection (Manassas, VA). The colonic adenoma-derived cell lines AA/C1,
RG/C2, and LT97 were kindly provided by Dr. William Grady of FHCRC. A375 was
cultured in Roswell Park Memorial Insititute (RPMI) medium 1640 with 10 mM
hydroxyethyl piperazineethanesulfonic acid (HEPES), 1% penicillin-streptomycin, 1% L-
glutamine, 1% sodium pyruvate, and 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad,
CA). CRC and adenoma lines were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with 1% PS and 10% FBS (Invitrogen). SW480 was transduced with the firefly
luciferase gene using retrovirus that was generated by transfecting Phoenix Ampho
packaging cells (National Gene Vector Biorepository, Indianapolis, IN) with MSCV-
Luciferase PGK Hygro (Addgene plasmid 18782 from Dr. Scott Lowe, Cold Spring Harbor
Laboratory). Transfected cells were subsequently selected with hygromycin 200 μg/mL
(Sigma-Aldrich, St. Louis, MO) to produce SW480L, which stably expresses firefly
luciferase. Dermal fibroblasts were cultured from skin biopsies as described previously,29

and colon fibroblasts and stromal fibroblasts from a colon adenocarcinoma tumor were
cultured from surgical tissue obtained from the Cooperative Human Tissue Network.
Fibroblasts were maintained in Dulbecco’s Modified Eagle Medium (DMEM) medium as
above.

All PBMC and T cell clones were cultured in RPMI 1640 medium supplemented with 1%
penicillin-streptomycin, 10 mM L-glutamine, 50 μM 2-mercaptoethanol (Sigma), and 10%
heat-inactivated human serum. T cells were expanded with anti-CD3 antibody (Centocor
Ortho Biotech, Horsham, PA) and interleukin-2 (IL-2, Novartis, Basel, Switzerland) as
previously described for 13-15 days prior to their use in functional assays.30

Analysis of C-T gene expression
Total RNA from testis (US Biological, Marblehead, MA) and total RNA extracted from cell
lines and tissues with AllPrep or RNeasy Plus kit (QIAGEN, Valencia, CA) were converted
to cDNA with the First Strand cDNA Synthesis kit (Roche, Indianapolis, IN) using
oligo(dT) and random hexamer primers.

A custom RT2 Profiler PCR array (QIAGEN) was designed to permit simultaneous
assessment of the expression of genes: BAGE, NY-ESO-1, LAGE-1, CTCFL, DDX53,
GAGE1-6, MAGEA1, 2, 3 or 6, 4, 9, 10, and 12, MAGEC2, RAGE, SSX1, 2, and 4, tumor
antigen 1 (TAG-1), and PRAME; and human leukocyte antigen-A (HLA-A), β-2-
microglobulin (B2M), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Shared
primers for MAGEA3 and 6 and for GAGE1 through 6 were used. The relative expression of
each gene was determined using the ΔΔCt method, with GAPDH serving as the reference
gene and A375 untreated cells as the control group.31 Values were then converted into a
visual heatmap using Heatmap Builder 1.1 (a gift of Dr. Euan Ashley, Stanford
University).32 Expression of NY-ESO-1 was separately evaluated by real-time quantitative
PCR (qPCR), using forward and reverse primer pairs 5′-TGCTTGAGTTCTACCTGCCA-3 ′
and 5 ′-TATGTTGCCGGACACAGTGAA-3′.33 To normalize NY-ESO-1 expression values
across different cell types, expression of the GAPDH gene was also evaluated with forward
primer 5′-GAAGGTGAAGGTCGGAGTC-3′ and reverse primer 5′-
GAAGATGGTGATGGGATTTC-3′.34 The standard curve method was used to calculate
NY-ESO-1 expression levels in untreated and DAC-treated cells; the expression of NY-
ESO-1 relative in untreated A375 cells was arbitrarily defined as 1.
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Western blotting was performed using E978 murine a nti-NY-ESO-1 monoclonal antibody35

(mAb) (Sigma) at 2 μg/mL and a murine anti-human-β-actin mAb (Genscript, Piscataway,
NJ) at 0.5 μg/mL, followed by incubation with horseradish peroxidase (HRP)-conjugated
goat-anti-mouse IgG at 0.5 μg/mL (Santa Cruz Biotechnology, Santa Cruz, CA). Blots were
developed according to the manufacturer’s instructions with the Immobilon Western
Chemiluminescent HRP Substrate Kit (Millipore, Billerica, MA).

Immunofluorescence staining
Cells were plated on glass coverslips and treated with 1 μM DAC or medium alone. On day
5, cells were fixed in 3% paraformaldehyde (Sigma) in phosphate buffered saline (PBS)
(Invitrogen) and permeabilized with 0.2% Triton X-100 (Sigma) in PBS followed by
incubation with 0.5 mg/mL primary E978 antibody 1:200 (Invitrogen) and 2 mg/mL
secondary Alexa 594-conjugated goat-anti-mouse antibody 1:500 (Invitrogen) in PBS with
0.1% Tween-20 (Sigma) and 1% bovine serum albumin (Sigma). 4′,6-diamidino-2-
phenylindole (DAPI) dihydrochloride (Sigma) was used to visualize nuclei. The coverslips
were mounted on a glass slide with Vectashield (Vector Labs, Burlingame, CA) and viewed
under fluorescence microscopy.

DAC treatment
In vitro DAC treatment was based on a previously described schedule.21 Briefly, cells were
cultured in media with 0.1% Hank’s balanced salt solution (HBSS) (Invitrogen) or 1 μM
DAC (Sigma-Aldrich) in HBSS, with fresh medium every 12 hours, for a total of 48 hours,
then washed in HBSS and cultured in their respective growth media for an additional 48
hours before being harvested for molecular and functional analyses.

NOD/Scid/IL-2 receptor-γ null (NSG) mice underwent implantation of 5×104 SW480L cells
under the right kidney capsule in 30 μL Matrigel (BD Biosciences, Franklin Lakes, NJ)
using methods previously described.36 Beginning on day 53 after tumor implantation, they
were given intraperitoneal injections HBSS or DAC daily for 5 days and then sacrificed 72
hours after last injection. Tumors were harvested for total RNA, as described.

Generation of endogenous and engineered NY-ESO-1 specific TCR T cells
CD8+ T cells specific for the HLA-A*0201-restricted NY-ESO-1157-165 epitope
(SLLMWITQC) were generated by repeatedly stimulating polyclonal CD8+ T cells obtained
from a HLA-A*0201+ patient with a NY-ESO-1-expressing synovial sarcoma with
irradiated, autologous dendritic cells pulsed with the NY-ESO-1157-165 peptide, then cloning
the resulting T cell line by limiting dilution, as previously described.11, 37-40 Cloned CD8+

CTL specific for the HLA-A*0201-restricted minor histocompatibility antigen (mHA)
CIPPDSLLFPA encoded by C19Orf48 were isolated by similar technique.29

Under informed consent, blood was collected from a metastatic rectal cancer patient under a
clinical protocol approved by the Institutional Review Board of the FHCRC. PBMC were
obtained with standard Ficoll-Hypaque technique. The patient was confirmed to be HLA-
A*0201+ using the A locus UniTray SSP (Invitrogen). TCR gene transfer into PBMC was
performed using a retroviral vector with MSGV1 backbone and encoding the α and β chains
of the high-affinity 1G4 TCR specific for NY-ESO-1157-165/HLA-A*0201 and two higher
affinity variants of 1G4 with dual amino acid substitutions at positions 95-96 in the α chain
(α95:LY) and positions 51-52 in the β chain (β51:AI) packaged with the Phoenix Ampho
cell line.28 After activation with CD3/CD28 beads (Dynal) and IL-2, transduced cells were
incubated with a fluorochrome-labeled NY-ESO-1157-165/HLA-A*0201 tetramer and
antibodies for CD8 and CD4 (BD Biosciences) followed by fluorescence-activated cell
sorting (FACS) for CD4+/tetramer+ and CD8+/tetramer+ populations.
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Chromium release cytotoxicity assay (CRA)
Target cells were labeled with 51-chromium (51Cr) (Perkin Elmer, Waltham, MA) at 37 °C
for 2 hours, then washed and incubated with CTL at varying effector to target (E:T) ratios in
triplicate wells in 200 μL of assay medium, which is RPMI 1640 medium supplemented
with 1% penicillin-streptomycin, 10 mM L-glutamine, and 10% FBS (Invitrogen), with 25
U/mL IL-2 (Novartis, Basel, Switzerland). Supernatant was collected after 4 hours after
incubation of CTL with targets for assessment of radioactivity in a gamma counter (Perkin
Elmer).

In vivo bioluminescence imaging of DAC and/or NY-ESO-1-specific CTL clone-treated
SW480L

SW480L cells were treated with DAC or HBSS as described above, and on day 5 were
plated at 2×104 per well in a 96-well plate with either media or 2×104 native anti-NY-ESO-1
CTL. After overnight incubation, contents of the well were collected, trypsinized, and
washed with PBS. All content of the well was then concentrated into 20 μL of growth media
and mixed with 30 μL of Matrigel (BD Biosciences) in a 1 mL insulin syringe. NSG mice
were irradiated with 250 cGy from a 137Cs source (JL Shepherd Mark I), and cells were
surgically implanted under the right kidney capsule. Starting at 2 weeks post-implantation,
mice were injected with 40 mg/kg D-luciferin (Caliper Life Sciences, Hopkinton, MA) and
imaged on a Xenogen in vivo imaging system (Caliper Life Sciences). Mice were sacrificed
when they had lost weight and/or were lethargic. Mouse images were analyzed using Living
Image 3.2 software (Caliper Life Sciences).

Real-time Cell Electrical Sensing Assays
Target cells were seeded onto 96-well E-plates (Roche) in duplicate wells numbering 5 ×
103 for A375 and dermal fibroblasts and 3 × 104 for SW480 and DLD1 in 100 μL of their
respective growth media. After attachment and cell growth was monitored on the real time
cell electrical sensing (RT-CES) xCELLigence system (Roche) over 24 hours, 50 μL of
growth medium were removed, and replaced with 100 μL of assay medium. Cells were
monitored again for another 1-2 hours until the Cell Index stabilized. Then, 50 μL T cell
assay medium, effector T cells at a 1:1 ratio to original cell seeding number in assay
medium, or 1% Triton X-100 in assay medium were added. Cells were monitored for
another 24 hours on the xCELLigence system.

RESULTS
DAC selectively induces expression of NY-ESO-1 and other C-T genes in CRC cells

The mRNA expression of C-T genes encoding known T cell epitopes and the major
histocompatibility complex (MHC)-encoded genes HLA-A and B2M was evaluated in
untreated and DAC-treated CRC cells, colon adenoma lines, and primary fibroblasts.37-47

DAC treatment of CRC cell lines induced expression of most of the C-T genes in a majority
of CRC cell lines. (Fig. 1A). In several CRC lines, expression of some C-T genes exceeded
levels seen in either testis lysate or the melanoma cell line A375. Although significant
increases in expression were observed after DAC treatment in fibroblasts, adenomas, and
CRC (Fig. 1B), the overall expression levels of C-T genes in DAC-treated primary
fibroblasts was relatively low compared to the levels observed in CRC or colonic adenoma
cell lines (Fig. 1A). Two of three adenoma cell lines had detectable C-T gene transcripts at
baseline, in the absence of DAC treatment, and the adenoma line LT97 showed induction by
DAC of expression of several C-T genes not detected at baseline. There was no significant
nor consistent change in expression of either B2M or HLA-A across all cells with DAC
treatment. Although peak expression of NY-ESO-1 occurred within the first week of DAC
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treatment, NY-ESO-1 transcript was detectable in DAC-treated cells up to 130 days at low
levels (Fig. 1C).

Western blot analysis revealed that DAC induction of NY-ESO-1 expression also correlated
with an increase in NY-ESO-1 protein expression (Fig. 2A) in several CRC lines. There was
no detectable NY-ESO-1 protein in fibroblasts despite the detection of low levels of mRNA
transcript (Fig. 1A). To determine whether the induction by DAC of NY-ESO-1 expression
in CRC cells was homogeneous or heterogeneous, immunofluorescence microscopy was
performed. Untreated SW480 cells showed little staining with anti-NY-ESO-1 antibody, but
DAC-treated SW480 cells showed increased staining in most cells, but the staining was
heterogeneous, with higher expression in larger cells (Fig. 2B).

In vivo DAC treatment induces C-T gene expression in CRC xenografts
To explore the effects of in vivo DAC treatment, NSG mice bearing SW480L xenografts
were injected intraperitoneally with up to 7 mg/kg DAC daily for 5 days, which is
equivalent to the standard dose of 20 mg/m2 for 5 days administered to humans with
myelodysplastic syndrome (MDS).48 Expression of most C-T genes including NY-ESO-1
increased in a dose-dependent manner (Fig. 3A), with no plateau in expression at the
maximum dose. Fold change in C-T gene expression was comparable to that observed with
in vitro DAC treatment of CRC lines (Figs. 1B, 3B). NY-ESO-1 protein expression was
detectable in a subset of cells within DAC-treated SW480L xenografts by
immunohistochemistry (Fig. 3C). Results were consistent with the heterogeneous expression
seen with immunofluorescence in vitro (Fig. 2B).

DAC selectively sensitizes CRC cells to recognition by NY-ESO-1-specific CTL
A CD8+ HLA-A*0201-restricted CTL clone specific for NY-ESO-1157-165, derived from a
patient with a NY-ESO-1+ synovial sarcoma, was used to determine whether DAC-induced
expression of NY-ESO-1 transcript and protein correlates with enhanced recognition by NY-
ESO-1-specific CTL. A panel of HLA-A*0201+ (HCT116, SW480, and SW620) and HLA-
A*0201− (RKO) CRC cells were treated with DAC and tested for recognition by NY-
ESO-1157-165-specific CTL. Recognition of SW480, HCT116, and SW620 in a 4-hour
cytotoxicity assay was enhanced by DAC treatment (Fig. 4A). As expected, RKO was not
recognized. DAC-treated fibroblasts were also not recognized (data not shown). Adenoma
lines were not tested for CTL recognition, since none of the 3 lines used for our studies were
HLA-A*0201+.

To explore whether DAC treatment non-specifically improved T cell recognition of SW480,
we compared the cytolytic activity of a CD8+ HLA-A*0201-restricted T cell clone specific
for a minor histocompatibility antigen (mHA) that is encoded by C19orf48 and expressed in
SW480 cells29 and the NY-ESO-1157-165-specific CTL clone against DAC-treated SW480
cells (Fig. 4B). No significant difference in recognition by the mHA-specific CTL was seen
between control and DAC-treated cells, nor did DAC induce expression of C19orf48 (data
not shown). Thus, DAC treatment does not globally enhance killing of SW480 by all HLA-
A*0201-restricted CTL.

To explore whether treatment with DAC and NY-ESO-1-specific T cells could inhibit
engraftment or growth of CRC xenografts in immune-deficient mice, SW480L cells were
cultured overnight in (i) control medium, (ii) medium supplemented with 1 μM DAC, (iii)
medium containing NY-ESO-1157-165-specific CTL at a T cell:SW480L ratio of 1:1, or (iv)
medium supplemented with 1 μM DAC and containing NY-ESO-1157-165-specific CTL at a
T cell:SW480L ratio of 1:1, and then implanted under the kidney capsule of sublethally
irradiated NSG mice. Mice were imaged weekly on a Xenogen in vivo imaging system after
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injection of D-luciferin. Growth of tumors as measured by luminescence was observed in all
4 groups of mice (no treatment, DAC, CTL, and DAC+CTL) (Fig. 4C). Although a 1:1
effector to target (E:T) ratio was not sufficient to completely prevent engraftment, growth of
xenografts derived from DAC+CTL treated cells was slower than in the other 3 treatment
groups. Two-tailed P-values of DAC+CTL compared to other groups using Mann-Whitney
U test were significant for no treatment (p = 0.049) and CTL groups (p = 0.049) and trended
towards significance for the DAC group (p = 0.096).

NY-ESO-1 specific T cells can be generated from PBMC of a CRC patient
Genes encoding the α and β chains of a TCR, termed 1G4, specific for the HLA-A*0201/
NY-ESO-1157-165 epitope, as well as variants (termed α95:LY and β51:AI) of this TCR with
dual amino acid substitutions in the α and β chains, respectively, that show enhanced affinity
for this epitope,28 were introduced via retroviral transduction into PBMC collected from a
patient with metastatic rectal cancer who had not yet received any chemotherapeutic
treatment. Transduced PBMC were sorted on the basis of HLA-A*0201/NY-ESO-1157-165
tetramer binding as well as CD4 and CD8 expression, and CD4+tet+ and CD8+tet+
populations were expanded for further study. Transduced T cells were identified by staining
with a mAb specific for Vβ 13.1, the protein product of the TCRβ variable (V) gene segment
used in the 1G4 TCR, and the HLA-A*0201/NY-ESO-1157-165 tetramer (Fig. 5A).

SW480 cells treated with DAC were efficiently recognized by CD8+ cells transduced with
all 3 of the 1G4 TCR variants and by CD4+ cells transduced with the α95:LY and β51:AI
variants – similar to what has been observed with melanoma cells (Fig. 5B).28 Since
adoptive therapy with polyclonal autologous T cells transduced the α95:LY variant TCR has
shown effectiveness in clinical trials in patients with NY-ESO-1-expressing tumors,15 we
chose to study its activity against DAC-treated CRC lines in greater depth. At a 5:1 E:T
ratio, the 1G4 α95:LY-transduced CD4+ and CD8+ cells recognized DAC-treated HLA-
A*0201+ CRC lines but not DAC-treated fibroblasts in a 4-hour cytotoxicity assay.
Furthermore, the 1G4 α95:LY-transduced CD8+ T cells exhibited equal avidity for DAC-
treated HLA-A*0201+ CRC lines as the natively HLA-A*0201-restricted, NY-
ESO-1157-165-specific T cells used in earlier experiments (Fig. 5C). No recognition of DAC-
treated CRC cells was seen with untransduced CD4+ or CD8+ T cells.

To determine whether treatment with standard cytotoxic chemotherapy would negatively
affect the ability to generate TCR-transduced NY-ESO-1157-165-specific T cells, a second
blood draw was obtained from the same patient after 3 months of treatment with 5-
fluorouracil, oxaliplatin, and irinotecan (FOLFOXIRI), 3 months of capecitabine, irinotecan,
and bevacizumab (CAPIRI+B), and 1 month of single agent capecitabine, and PBMC were
again transduced with the 1G4 α95:LY TCR. There did not appear to be any significant
difference between the recognition of DAC-treated SW480 cells by TCR-transduced T cells
generated either before or after the patient’s treatment with chemotherapy (Fig. 5B, 5D).

Dynamic cytotoxicity measurement based on electrochemical impedance
To evaluate the cytolysis of DAC-treated CRC cells by 1G4 TCR-transduced, NY-ESO-1-
specific T cells in real time, a RT-CES assay was used. Control or DAC-treated (1 μM for
48 hours) HLA-A*0201+ A375, SW480, DLD1, and dermal fibroblasts were trypsinized,
seeded on E-plates 24 hours after last treatment, and allowed to attach and grow for another
24 hours. Control (untransduced) or TCR-transduced T cells were added to the wells at a 1:1
T cell:seeded target cell ratio. At E:T ratios above 1:1, target cell growth was slowed non-
specifically (figure, supplemental digital content 1). Sustained drops in impedance,
measured as a Cell Index (CI), were observed only when DAC-treated SW480 or natively
NY-ESO-1+ A375 cells were co-incubated with 1G4 α95:LY TCR-transduced CD4+ or
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CD8+ T cells (Fig. 6). No significant decrease in Cell Index was seen when control or DAC-
treated DLD1 cells, which do not express surface HLA class I molecules, or DAC-treated
HLA-A*0201+ fibroblasts were cultured on the E-plates with either control (untransduced)
or TCR-transduced T cells (figure, supplementary digital content 2). A transient but non-
sustained decrease in CI was observed when untransduced CD8+ T cells were incubated
with either control or DAC-treated SW480 cells. The data from these studies are
qualitatively consistent with the observations made with conventional cytotoxicity assays
based on 51Cr release (Fig. 5), but provide additional information about the dynamics of
cytotoxicity mediated by TCR-transduced T cells. Much of the observed decline in CI
occurred after the conventional 4-hour end point of a 51Cr release assay, and was evident at
low E:T ratios, suggesting that 1G4 TCR-transduced T cells mediate more potent cytolysis
of DAC-treated SW480 cells than the results of 4-hour 51Cr release assays would suggest.

DISCUSSION
Adoptive transfer of tumor-reactive or tumor-antigen specific T cells has shown objective
responses in patients with solid tumors such as melanoma.10-15 The use of adoptive T cell
therapy for colorectal cancer, however, has been slowed by the lack of acceptable target
antigens. Adoptive transfer of genetically engineered T cells specific for carcinoembryonic
antigen (CEA) has led to objective responses in CRC patients, but this was associated with
dose limiting toxicity due to inflammatory colitis.49 C-T antigens are restricted in expression
to germ cells, which are immunoprivileged, and cancer lines, making them ideal targets for
immunotherapy. However, C-T antigens are not commonly expressed in CRC. The results
presented here demonstrate that the DNA hypomethylating drug DAC potently and induces
expression of NY-ESO-1 and several other C-T genes that are not normally expressed in
CRC cells and encode T cell antigens.40 DAC-induced C-T antigens could therefore serve as
targets for adoptive T cell therapy in CRC. Shown here for the first time, DAC induction of
NY-ESO-1 expression in CRC cells correlates with enhanced recognition by NY-
ESO-1157-165-specific CTL. Moreover, although they expressed low levels of NY-ESO-1
transcript, DAC-treated untransformed fibroblasts did not express NY-ESO-1 protein and
were not recognized by NY-ESO-1 specific CTL, suggesting that induction of NY-ESO-1
antigen occurs primarily in malignant cells.

In addition to its effects on expression of C-T genes, DAC may act on other pathways in
CRC. Several genes playing important roles in the pathogenesis of CRC, particularly tumor
suppressor genes, are frequently abnormally methylated in colon tumors.50 Abnormal CpG
methylation may be an early event in CRC tumorigenesis and is detected in a majority of
tubulovillous and villous adenomas.50, 51 The adenoma lines studied had varying levels of
C-T gene transcription and response to DAC (Fig. 1A) compared to the CRC lines, in which
the majority of C-T genes were suppressed but inducible by DAC treatment, suggesting that
activation of C-T genes occurs at the adenoma state followed by their inactivation by
hypermethylation as they progress towards more invasive and proliferative adenocarcinoma.
A distinct subtype of CRC is the CpG island methylator phenotype (CIMP), in which a high
proportion of genes are hypermethylated. Our studies demonstrate that DAC induces
expression of C-T genes in both CRC lines with the CIMP phenotype such as Colo205,
DLD1, HCT116, HT29, and RKO as well as lines SW403, SW480, and SW620 that do not
have this phenotype.52 Thus, hypermethylation and DAC-mediated demethylation of C-T
genes seems to occur independently of CIMP status.

The induction of C-T gene expression by DAC has been shown in a wide spectrum of
malignancies with varying histologies, but the extent to which enhanced C-T gene
expression enables recognition of tumor cells to immune effectors has not been extensively
explored. Sensitization of DAC-treated tumor cells to lysis by NY-ESO-1-specific CTL has
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been reported in a limited number of other tumor types.20, 21 We have also observed in vitro
lysis of DAC-treated breast, ovarian, and kidney cancer and leukemia lines by NY-ESO-1
specific CTL (data not shown). While we were able to detect in vivo expression of NY-
ESO-1 in DAC-treated xenografts, the induced expression was overall low but
heterogeneous (Fig. 3). As C-T genes have enhanced expression in glioma stem cells versus
more differentiated cells,53 DAC-treated CRC cells with higher NY-ESO-1 expression may
represent a cancer stem cell population, although further investigation is needed. Also, since
there was no plateau of increasing C-T gene expression in response to DAC dose escalation
up to the human equivalent for MDS treatment, additional cycles of DAC or increased
dosing could improve protein expression levels for T cell recognition.

In order for adoptive T cell therapy against NY-ESO-1 to be feasible in CRC, autologous
NY-ESO-1 specific T cells would need to be generated from each CRC patient to be treated.
However, isolating NY-ESO-1 specific CTL could prove difficult, given that only 7% of
CRC patients have evidence of spontaneous immunity to NY-ESO-1.17 Retroviral transfer
of TCR has emerged as a reliable and efficient method to generate autologous antigen-
specific T cells from the peripheral lymphocytes of patients. The 1G4 αLY:95 HLA-
A*0201/NY-ESO-1157-165 specific TCR has generated objective responses in synovial
sarcoma and melanoma patients with NY-ESO-1-expressing tumors.15 In addition to CRC,
T cells transduced with NY-ESO-1 specific 1G4 TCR recognize other DAC-treated solid
tumor cell lines.24 Although there is a theoretical risk of off-target autoimmune recognition
due to mispairing of transduced TCR α and β chains with endogenous TCR α and β chains,
there have been no reports of autoimmune toxicity using the 1G4 αLY:95 TCR.15 Also, it is
unknown whether DAC-treatment would unmask expression of NY-ESO-1 in normal tissues
leading to an autoimmune response from NY-ESO-1 specific T cells, but DAC-treated
primary fibroblasts and other non-transformed cell lines such as kidney epithelial cells are
not recognized by NY-ESO-1 specific T cells (data not shown).

The 51-chromium release assay has been widely used to assess cytolytic activity of T
cells.54 However, there are certain aspects of the assay that limit its usefulness in studying
adherent cell lines. Adherent cells are typically placed into suspension for labeling and
incubation with T cells thereby removing their attachment to a growth surface, which is not
reflective of their normal growth environment. Moreover, the utility of the assay is limited
beyond a few hours as 51-chromium is released spontaneously from labeled cells and raises
the background activity. As opposed to CRA that provides cytotoxicity data from a single,
early time point, RT-CES has been validated as a label-free, non-invasive assay to assess
dynamic changes in cytotoxicity from NK cells55, 56 and chemotherapeutic agents.57 These
studies suggest for the first time that RT-CES can also be applied to study T-cell mediated
cytotoxicity toward adherent cell lines and provides additional information about long-term
lysis of targets beyond what CRA provides. Moreover, RT-CES appears to be more sensitive
in that T cell recognition of targets is more demonstrable at lower E:T ratios compared to
CRA.

In summary, data presented here are evidence that DAC coupled with CTL specific for NY-
ESO-1 has in vitro activity against CRC cell lines that are HLA-matched. A combination of
epigenetic modulation and immunotherapy targeted against C-T antigens could provide a
novel systemic treatment for metastatic CRC.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Decitabine selectively induces expression of C-T genes in CRC cells. (A) Heat map
demonstrating the relative expression levels of selected C-T genes, HLA-A, and B2M in
primary dermal fibroblasts, cell lines derived from colonic adenomas, and cell lines derived
from colorectal carcinomas, after 48-hour culture in control medium (−) or medium
containing 1 μM DAC (+), as determined by RT-qPCR using a custom RT2 Profiler PCR
array. GAPDH was used as the reference gene. Data are normalized across each row
(corresponding to individual genes), with black representing the lowest expression level and
white representing the highest expression level, and the scale indicates the percentile
expression level between the minimum and maximum observed values for each gene. (B)
Mean fold difference in expression of the indicated genes between control and DAC-treated
fibroblasts, colonic adenoma cell lines, and CRC cell lines. (C) SW480 was treated with
DAC for 48 hours and continuously cultured in vitro. Cells were collected at separate
timepoints post-DAC treatment and assessed for NY-ESO-1 expression by RT-qPCR.
GAPDH was used as the reference gene, and 1 represents level of expression in melanoma
line A375. Error bars indicate standard error of the mean (SEM).
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Figure 2.
Decitabine selectively induces expression of NY-ESO-1 protein in CRC cells. (A) Western
blot analysis of NY-ESO-1 expression in normal human testis, control or DAC-treated
dermal fibroblasts, and control or DAC-treated CRC cell lines. Levels of β-actin were
assessed to confirm equal protein loading between paired samples. Arrowhead indicates
position of NY-ESO-1 band. (B) Immunofluorescence analysis of NY-ESO-1 expression
(red) in control or DAC-treated A375 melanoma and SW480 CRC cells. 4′,6-diamidino-2-
phenylindole (DAPI) staining (blue) for nuclear visualization was performed, and the
images were merged. Magnification is the same in all 4 panels.

Chou et al. Page 15

J Immunother. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Decitabine induces expression of C-T genes in CRC xenografts. (A) Heat map
demonstrating the relative expression levels of selected C-T genes, HLA-A, and B2M in
CRC xenografts after in vivo DAC exposure. NSG mice with established SW480L
xenografts were injected IP with 0, 1.75, 3.5, 5.25, or 7 mg/kg DAC daily for 5 days, then
sacrificed for tumor harvest and RNA extraction 48 hours later. GAPDH was used as the
reference gene. Data are normalized across each gene (in columns), with black representing
the lowest expression level and white representing the highest expression level, and the scale
indicates the percentile expression level between minimum and maximum observed values
for each gene. (B) Fold difference in expression of selected C-T genes, HLA-A, and B2M,
between xenografts from control and DAC-treated mice. Data are mean values +/− SEM.
(C) Immunohistochemical staining for NY-ESO-1 in SW480L xenografts from mice treated
with saline or 7 mg/kg DAC given IP daily for 5 days.
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Figure 4.
CD8+ NY-ESO-1-specific T cells selectively recognize DAC- but not sham-treated CRC
cells. (A) Recognition of 51Cr-labeled sham- or DAC-treated CRC cell lines by a HLA-
A*0201-restricted, NY-ESO-1157-165-specific T cell clone, isolated from a patient with a
NY-ESO-1+ synovial sarcoma, in a 4- hour cytotoxicity assay at an effector:target (E:T)
ratio of 5:1. Data are mean values +/− SEM. (B) Recognition of sham-treated (open
symbols) or DAC-treated (filled symbols) HLA-A*0201+ SW480 CRC cells by CD8+ HLA-
A*0201-restricted CTL specific for NY-ESO-1157-165 (triangles) or the HLA-A*0201-
restricted minor histocompatibility antigen encoded by C19orf48 (squares).29 (C) Serial in
vivo bioluminescence imaging of CRC xenografts in NSG mice established from SW480L
cells that were incubated in vitro overnight in CTL medium alone, medium supplemented
with DAC at 1 μM, medium containing NY-ESO-1157-165-specific CTL at a 1:1 ratio, or
medium with 1 μM DAC and NY-ESO-1157-165-specific CTL at a 1:1 ratio, then implanted
under the kidney capsule. Mice were imaged weekly on a Xenogen in vivo imaging system
after injection of D-luciferin. Shown are average total fluxes in each treatment group as a
function of the number of days after implantation of SW480L cells. Data are mean values +/
− SEM.
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Figure 5.
Polyclonal CD8+ and CD4+ T cells from a HLA-A*0201+ patient with metastatic rectal
cancer transduced with retroviruses encoding the α and β chains of a HLA-A*0201-
restricted, NY-ESO-1157-165-specific TCR recognize DAC-treated HLA-A*0201+ CRC
cells. PBMC collected from the patient prior to the receipt of adjuvant chemotherapy were
transduced with retroviruses encoding the wild type 1G4 NY-ESO-1157-165-specific TCR or
its α95:LY or β51:AI variants, then analyzed by flow cytometry with a NY-ESO-1157-165/
HLA-A*0201 tetramer and anti-CD4 or anti-CD8 mAbs, and tested for cytolytic activity
against CRC targets. (A) Flow cytometric analysis of a natively CD8+ NY-ESO-1157-165-
specific CTL clone and polyclonal CD8+ T cells from the CRC patient transduced with
retroviruses encoding the wild type or variant 1G4 TCRs. (B) Cytolytic activity of patient T
cells transduced with the wild type 1G4 TCR (black) or its α95:LY (dark gray) or β51:AI
(light gray) variants against saline- or DAC-treated SW480 cells. (C) Cytolytic activity of
CD4+ (light gray) or CD8+ (black) 1G4 α95:LY TCR-transduced patient T cells against
control (−) or DAC-treated (+) HLA-A*0201 dermal fibroblasts and CRC cells at E:T 5:1.
(D) Cytolytic activity of polyclonal CD4+ (gray) or CD8+ (black) T cells that were isolated
from the same rectal cancer patient after 7 months of adjuvant chemotherapy, then
transduced with the 1G4 α95:LY variant TCR, against control (broken lines) or DAC-treated
(solid lines) SW480 cells. Data shown are mean values +/− SEM.
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Figure 6.
Dynamic monitoring of NY-ESO-1157-165-specific T cell-mediated cytotoxicity against
saline- (upper left panel) or DAC-treated (upper right panel) SW480 CRC cells and control
NY-ESO-1+ A375 melanoma cells (lower left panel) using a real time cell electrical sensing
system. Cells were seeded in duplicate on E-plates and allowed to attach and grow for 24
hours. Beginning at time 0, the tumor cells were cultured in T cell assay medium for 1.5
hours (dark gray dotted line), after which they were cultured in medium containing CD4+

(dashed light gray line) or CD8+ (dashed black line) untransduced T cells, CD4+ (solid light
gray line) or CD8+ (solid black line) 1G4 α95:LY TCR-transduced T cells, or 1% Triton
X-100 (solid dark gray line). T cells were added to the E-plates at a T cell:seeded target cell
ratio of 1:1. Electrical impedance across the E-plates was continuously monitored every 5
minutes for the next 24 hours, and is reported as a Cell Index, which is normalized to 1 at
the time of addition of T cells. Cell indices plotted in the figure represent the mean of
duplicate samples.
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