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We previously reported that MC32 cells resist carcinoembryonic antigen (CEA) DNA vaccination by losing their
antigen presentation to Ag-specific CTLs in the context of MHC class I antigens in a colon cancer therapeutic model. In
this study, we selected 2 tumor cells, MC32-S2–2 and MC32-S4–2, which have the ability to form tumors in CEA DNA
vaccine-immunized mice. Wild type MC32 cells grew significantly less in CEA-immunized mice (with Ag-specific CTL
lytic activity) than in control mice (with no Ag-specific CTL lytic activity). However, MC32-S2–2 and MC32-S4–2 cells
grew at a similar rate in both control and CEA-immunized mice, confirming their resistant status against CEA DNA
vaccination. MC32-S2–2 and MC32-S4–2 cells were not susceptible to lysis by CEA-specific CD8C T cells. Moreover,
when MC32-S2–2 and MC32-S4–2 cells were used as stimulating agents of CEA-specific immune cells for IFN-g
production, these cells failed to stimulate the induction of Ag-specific IFN-g, suggesting a loss of tumor cell recognition
by Ag-specific immune cells. However, MC32-S2–2 and MC32-S4–2 cells expressed MHC class I antigens in a manner
similar to that of wild type MC32 cells. Finally, Western blot assay confirmed that in MC32-S2–2 and MC32-S4–2 cells,
CEA expression remained absent but mouse CEA was expressed. Taken together, these data show that MC32 cells may
also be able to achieve resistance to CEA-specific CTLs by antigen loss in this model.

Introduction

Despite the improved therapy modalities for colorectal cancer,
a high percentage of patients still develop tumor recurrence after
the complete surgical removal of a primary tumor.1 In patients
with colorectal cancer, carcinoembryonic antigen (CEA) is over-
expressed; CEA is thus being used as a diagnostic marker for
post-surgery cancer recurrence and as a predictive marker for can-
cer progression before surgery.2-4 The self-protein, CEA could be
utilized in therapeutic vaccines against colon cancer.5,6 In animal
models, human CEA-based vaccines have induced Ag-specific
CD8C T cell responses and antitumor protective activity against
Ag-expressing tumor cells.7-9 Furthermore, human CEA DNA
vaccines in combination with IL-12 plasmid DNAs augmented
Ag-specific antibody and cellular responses.10,11 In that study,
both CD8C T cells and perforin were responsible for tumor cell
apoptosis, as demonstrated by immune cell subset depletion and
knockout animal studies. Additionally, CEA DNA vaccines are
capable of breaking immunological tolerance in a human leuko-
cyte antigen (HLA)-A2.1 transgenic/human CEA hybrid mouse

model, thus conferring antitumor protective effects against
human CEA-expressing tumor cells.12 Furthermore, in both wild
type and CEA transgenic mice, a CEA DNA prime-adenovirus
boost vaccination strategy results in the induction of Ag-specific
antibody and CD8C T cell responses and a delay in tumor
growth in a CD8C T cell-dependent manner.13,14 Taken
together, these pre-clinical studies suggest that CEA might be
useful as a vaccine target to induce Ag-specific CD8C T cell
responses for controlling colon cancer and other cancers express-
ing CEA.

Tumor cells are heterogeneous and tend to develop numerous
mechanisms to escape the host’s CTL-mediated immune surveil-
lance.15 Immune-resistant tumor cells appear to be selected after
long-term antitumor immunotherapy or even under immune
selection conditions. Tumor cells release TGF-b, which inhibits
CTL functions, and blocking of TGF-b improves CTL-mediated
tumor control.16,17 Complete antigen loss or a lack of antigen
epitope presentation on the surface of tumor cells is also responsi-
ble for tumor cell insensitivity to tumor Ag-specific CTL-medi-
ated apoptosis.18,19 cFLIP Over-expression has been related to
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tumor cell resistance to CTL-mediated apoptosis by blocking the
death receptor-dependent tumor cell lysis pathway.20 The serine
protease inhibitor PI-9r/SPI-6 (an inactivator of granzyme B)
also renders tumor cells insensitive to Ag-specific CTL-mediated
apoptosis by blocking the granzyme B protein (a primary effector
molecule in the perforin/granzyme B-mediated killing).21 More-
over, an increase in the expression of anti-apoptotic molecules is
also associated with tumor cell resistance to CTL-mediated
tumor cell apoptosis.22 Recently, we also reported that MC32
cells may evade Ag-specific CTL-mediated immune surveillance
by altering antigen presentation on the tumor cell surface.9

Taken together, these previous studies including ours show that
tumor cells may often become immune-resistant cells that do not
respond to Ag-specific CTLs. Therefore, determining the
immune escape mechanism(s) is important for designing
counter-measures for this CTL resistance.

In this study, we selected MC32-S2–2 and MC32-S4–2 cells
with the ability to resist CEA DNA vaccination. We found that
these cells were not susceptible to the lysis of CEA-specific
CD8C T cells. Moreover, when MC32-S2–2 and MC32-S4–2
cells were used as stimulating agents of CEA-specific immune
cells for IFN-g production, these cells failed to stimulate Ag-spe-
cific IFN-g production, suggesting a possible defect in tumor cell
recognition by Ag-specific immune cells. However, MC32-S2–2
and MC32-S4–2 cells expressed MHC class I antigens in a man-
ner similar to that of wild type MC32 cells. Finally, Western blot
assay confirmed that human CEA expression remained absent in
the 2 cells. Taken together, these data show that MC32 cells may
also achieve resistance to CEA-specific CTLs by losing an antigen
in this model.

Results

Selection of MC32-S2–2 and MC32-S4–2 cells with the
ability to resist CEA DNA vaccination

Anti-4–1BB Abs were effective at augmenting the Ag-spe-
cific CTL lytic and antitumor therapeutic activity of tumor
vaccines in 2 of our previous animal studies.23,24 We also
tested anti-4–1BB Abs in a CEA DNA vaccine model to deter-
mine their antitumor effectiveness. As observed in Figure 1A,
animals immunized with pCEACanti-4–1BB Abs displayed
slightly greater antitumor protective responses to MC32 cell
challenges compared with those animals immunized with
pCEACcontrol Abs, suggesting that anti-4–1BB Abs might
have minimal effects on CEA DNA vaccine-driven tumor con-
trol. Specifically, 3 of 8 mice immunized with pCEA plus con-
trol IgG formed no tumors after 50 d after tumor cell
challenges, and 4 of 8 mice immunized with pCEA plus anti-
4–1BB Abs formed no tumors (Fig. 1A). To evaluate the
nature of the tumors formed in CEA-immune mice, we surgi-
cally removed tumor tissues from 4 mice with tumors that had
been immunized with pCEA plus anti-4–1BB Abs. After sev-
eral rounds of tumor cell culture in vitro, we designated the
cells as MC32-S1, MC32-S2, MC32-S3 and MC32-S4.
Simultaneously, 4 tumor-free mice (immunized with pCEA

plus anti-4–1BB Abs) were re-immunized by intramuscular
(IM)-electroporation (EP) with pCEA at 60 d after tumor cell
challenges. At 7 d post-final immunization, the 4 mice were
re-challenged with wild type MC32 cells on the left flank and
with MC32-S1, MC32-S2, MC32-S3 and MC32-S4 cells on
the right flank. As shown in Figure 1B–E, wild type MC32
cells and all 4 types of tumor cells formed tumors in age-
matched na€ıve control mice. However, only MC32-S2 and
MC32-S4 cells, and not MC32-S1 and MC32-S3 cells,
formed tumors in the re-immunized mice (Fig. 1F–I). Next,
we surgically removed tumor tissues from the mice with
MC32-S2 and MC32-S4 tumors. After several rounds of
tumor cell culture in vitro, we designated the cells as MC32-
S2–1 and MC32-S4–1. The 3 mice (immunized with pCEA
plus control Abs in Fig. 1A) that had been re-immunized
twice with pCEA, along with 3 age-matched na€ıve control
mice, were subsequently challenged with these tumor cells.
Specifically, each of the 3 mice was challenged with MC32
cells on the upper right flank, MC32-S2–1 cells on the upper
left flank and MC32-S4–1 cells on the lower right flank. As
shown in Figure 2A–C, MC32, MC32-S2–1 and MC32-S4–1
cells formed tumors in all 3 na€ıve mice. However, MC32,
MC32-S2–1 and MC32-S4–1 cells all failed to form tumors
in the 2 re-immunized mice (Fig. 2D and E). However,
MC32-S2–1 and MC32-S4–1 cells, but not MC32 cells,
formed tumors in the remaining 1 re-immunized mouse
(Fig. 2F). Then, we surgically removed tumor tissues from the
MC32-S2–1 and MC32-S4–1 tumor-bearing mouse. After
several rounds of tumor cell culture in vitro, we designated
these cells as MC32-S2–2 and MC32-S4–2.

MC32-S2–2 and MC32-S4–2 cells were resistant to
CEA-specific CTL-mediated apoptosis and were insensitive to
CEA-specific immune cells for IFN-g induction

Because we observed that MC32-S2–2 and MC32-S4–2 cells
were resistant to CEA DNA immunization, we hypothesized that
these tumor cells might be altered such that these cells became
resistant to CEA-specific CTL-mediated apoptosis. As shown in
Figure 3A, MC32 cells were sensitive to CEA-specific CTL effec-
tor cell-mediated apoptosis, whereas MC32-S2–2 and MC32-
S4–2 cells were insensitive to CEA-specific CTL effector cell-
mediated apoptosis in a manner similar to that of control MC38
cells (lacking CEA expression). We also tested whether these
tumor cells might have lost the capacity to activate CEA-specific
CD8C T cells in vitro. When ultraviolet (UV)-inactivated wild
type MC32 cells were used as a stimulating agent to CEA-specific
immune cells (induced by pCEA immunization), these cells sig-
nificantly induced IFN-g production in Ag-specific immune cells
(Fig. 3B). However, when UV-inactivated MC32-S2–2 and
MC32-S4–2 cells were tested as stimulating agents, these cells
failed to induce IFN-g production in CEA-specific immune cells
in a manner similar to that of UV-inactivated MC38 control
cells. These in vitro data suggest that MC32-S2–2 and MC32-
S4–2 cells might have a defect in presenting an antigen to Ag-spe-
cific CTLs, thereby becoming insensitive to antitumor CTL
immunity.
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CEA expression was lacking in MC32-S2–2 and
MC32-S4–2 cells

Because we observed that MC32-S2–2 and MC32-S4–2 cells
were resistant to CEA-specific CTL-mediated apoptosis and
were insensitive to CEA-specific immune cells for IFN-g induc-
tion, we postulated that these tumor cells might not be recog-
nized by Ag-specific CTLs due to a loss of MHC class I antigen
expression. To test this possibility, we measured the expression
levels of MHC class I antigens. As shown in Figure 4A,
MC32-S2–2 and MC32-S4–2 cells expressed MHC class I anti-
gens at levels similar to those of MC32 cells. These data suggest
that a loss of MHC class I expression is not associated with this
tumor cell resistance. Next, we tested whether the tumor cells
might still express human CEA antigens. As shown in
Figure 4B, MC32 cells expressed human CEA antigens.

However, MC32-S2–2 and MC32-S4–2 cells failed to express
human CEA antigens. Instead, all the tested tumor cells
expressed murine CEA antigens. These data suggested that
MC32-S2–2 and MC32-S4–2 cells lost the human CEA anti-
gen, becoming insensitive to CEA-specific CTL-mediated apo-
ptosis. Next, we tested using polymerase chain reaction (PCR)
analysis whether MC32-S2–2 and MC32-S4–2 cells might still
possess human CEA genes on the chromosomes. As seen in the
Figure 4C, MC32-S2–2 and MC32-S4–2 cells showed the exis-
tence of human CEA genes on the chromosomes in a manner
similar to MC32 cells. In contrast, MC38 cells displayed no
human CEA genes. These data show that a lack of human CEA
expression might be resultant from the negative regulation of
human CEA expression at the transcriptional and/or post-tran-
scriptional levels.

Figure 1. Selection of MC32-S2–1 and MC32-S4–1 cells showing tumor growth in mice immunized with CEA DNA vaccines. (A) Each group of mice
(nD 6–8/group) was immunized by IM-EP with 50 mg of CEA DNA vaccines (pCEA) per mouse at 0 and 1 weeks. The animals were also injected intraper-
itoneally with 50 mg of anti-4–1BB Abs at 0 and 1 weeks. At 3 weeks, the mice were challenged s.c. with 1 £ 105 MC32 cells per mouse. Tumor sizes were
measured and recorded at 41 d following tumor cell challenge. In the group immunized with pcDNA3Canti-4–1BB Abs, one mouse showing no tumor
formation was not included in the tumor size calculation to reduce variation. The values and bars represent mean tumor sizes and the SD, respectively.
The numbers in (/) denote the number of mice showing no tumor formation at 50 d post-tumor cell challenge/the number of mice tested. Of the 8 mice
challenged with MC32 cells following immunization with pCEACanti-4–1BB Abs, 4 tumor-forming mice were sacrificed. Tumor tissues were surgically
removed and then expanded more than 5 times in cDMEM. The resultant 4 tumor cells were designated as MC32-S1, MC32-S2, MC32-S3 and MC32-S4.
Of the 8 mice challenged with MC32 cells following immunization with pCEACanti-4–1BB Abs, 4 tumor-free mice were re-immunized with pCEA at 60 d
post-tumor cell challenge. At 7 d following final immunization, each of the mice (F–I) was re-challenged with 5 £ 105 MC32 cells per mouse on the right
flank and with 5 £ 105 MC32-S1 (F), MC32-S2 (G), MC32-S3 (H), or MC32-S4 (I) cells per mouse on the left flank. Each of the control mice was also chal-
lenged with 5 £ 105 MC32 cells per mouse on the right flank and with 5 £ 105 MC32-S1 (B), MC32-S2 (C), MC32-S3 (D) or MC32-S4 (E) cells per mouse
on the left flank. Tumor sizes were measured at each time point, and each tumor volume was recorded. *P < 0.05 using ANOVA compared with pcDNA3.
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MC32-S2–2 and MC32-S4–2 cells were resistant to CEA
DNA immunization in vivo

Because we observed that MC32-S2–2 and MC32-S4–2 cells
were resistant to CEA DNA vaccination, we next evaluated this
resistance in animals. For this evaluation, we immunized mice
with CEA DNA vaccines and then challenged these mice with
MC32, MC32-S2–2 and MC32-S4–2 cells. Subsequently, we
measured tumor sizes and in vivo CTL activity at 13 d post-
tumor cell challenge. As shown in Figure 5A, MC32 cells formed
significantly smaller tumors in CEA DNA vaccine-immunized
mice than in control mice, which is suggestive of the sensitivity
of MC32 cells to CEA DNA vaccination. However, MC32-S2–2
and MC32-S4–2 cells formed similar size tumors in both CEA
DNA vaccine-immunized and control mice. In terms of in vivo
Ag-specific CTL activity, MC32, MC32-S2–2 and MC32-S4–2
tumor-bearing control mice displayed no Ag-specific CTL activ-
ity (Fig. 5B, C, D, and H). In contrast, MC32, MC32-S2–2
and MC32-S4–2 tumor-bearing mice previously immunized
with CEA DNA vaccines equally exhibited significantly greater

CTL lytic activity than the tumor-bear-
ing control mice (Fig. 5E, F, G,
and H). These collective data regarding
tumor sizes and in vivo CTL activity
corroborate the notion that neither
MC32-S2–2 nor MC32-S4–2 cells are
susceptible to Ag-specific CTL-medi-
ated apoptosis through a loss of CEA
expression. This finding was further
supported in animal studies. As shown
in Figure 6B and D, MC32 cells
formed significantly smaller tumors
than MC32-S2–2 and MC32-S4–2 cells
over time in CEA DNA vaccine-immu-
nized mice. However, MC32, MC32-
S2–2 and MC32-S4–2 cells displayed
no significant difference in tumor
growth over time in control mice
(Fig. 6A and C). Taken together, these
in vivo data confirm that MC32-S2–2
and MC32-S4–2 cells can evade CEA-
specific CTL-mediated apoptosis by
antigen loss, which is responsible for a
lack of tumor growth inhibition in mice
immunized with CEA DNA vaccines.

Discussion

In the present study, we observed
that MC32-S2–2 and MC32-S4–2 cells
were able to resist CEA-specific CTL-
mediated immune surveillance by anti-
gen loss. We selected the 2 immune-
resistant tumor cells through a series of
CEA DNA immunization and MC32
tumor cell challenge studies, which

likely forced the cells to completely lose an antigen. We clearly
found that the 2 cells expressed MHC class I antigens but
remained insensitive to CEA-specific CTL-mediated tumor cell
lysis. Furthermore, these cells were unable to stimulate Ag-spe-
cific immune cells for IFN-g induction. These in vitro data sug-
gest that MC32-S2–2 and MC32-S4–2 cells might have defects
in antigen processing and presentation processes, thus leading to
failed recognition by Ag-specific CTLs. However, in a subse-
quent analysis, the 2 tumor cells expressed no human CEA anti-
gens, suggesting that antigen loss might be responsible for tumor
cell resistance to Ag-specific CTLs in this case. On the other
hand, our PCR analysis confirmed that MC32-S2–2 and MC32-
S4–2 cells still possess human CEA genes on the chromosomes,
suggesting that human CEA expression might be negatively regu-
lated in these 2 cells at the transcriptional and/or post-transcrip-
tional levels. These in vitro data are also consistent with the data
from animal studies showing that MC32-S2–2 and MC32-S4–2
cells grew at a similar rate in both control (having no CEA-spe-
cific CTL lytic activity) and CEA-immunized mice (having

Figure 2. Selection of MC32-S2–2 and MC32-S4–2 cells with resistance to CEA DNA immunization.
(A–F) Of the 8 mice challenged with MC32 cells following immunization with pCEACcontrol Abs (of
Fig. 1A), 3 tumor-free mice were re-immunized with pCEA at 60 and 106 d post-tumor cell challenge.
At 3 weeks following the final re-immunization, each of the 3 mice (D–F) was re-challenged with 5 £
105 MC32 (on the upper right flank), MC-32-S2–1 (on the lower right flank) or MC-32-S4–1 (on the
upper left flank) cells per mouse, in parallel with na€ıve control mice (A–C). Tumor sizes were measured
at each time point, and each tumor volume was recorded.
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CEA-specific CTL lytic activity), whereas wild type MC32 cells
grew significantly less in CEA-immunized mice than in control
mice. This finding is consistent with that of a previous report
indicating that antigen loss is one mechanism by which tumor
cells escape immune surveillance.18 However, our present obser-
vation is somewhat distinct from that
of our previous report demonstrating
that MC32 cells became completely
resistant to Ag-specific CTL lytic activ-
ity by losing antigen expression on the
surface of tumor cells in the context of

MHC class I antigens.9 MC32 cells
might be genetically unstable and
become vulnerable to any possible alter-
ations, including antigen processing and
presentation, in the context of MHC
class I antigens. However, under severe
immune selection conditions, MC32
cells most likely choose a different
mechanism for CTL escape, namely,
antigen loss. In this case, a loss of anti-
gen expression likely leads to the failure
of antigen processing and presentation
on the tumor cell surface in the context
with MHC class I molecules, resulting
in no tumor cell recognition and apo-
ptosis by Ag-specific CTLs. This is sup-
ported by our observation that Ag-
specific CTLs are still reactive in
MC32-S2–2 and MC32-S4–2 tumor-
bearing animals, as demonstrated by in
vivo CTL assay. However, why MC32
cells had to lose their antigen while
remaining able to escape Ag-specific
CTL-mediated immune surveillance by
altering their antigen expression on the

tumor cell surface is currently unclear. Notably, immune selec-
tion conditions in a TC-1 tumor model allow tumor cells to
develop stem-like phenotypes through activating the transcrip-
tion factor Nanog, making these tumor cells resistant to tumor-
specific CTLs.25 Additionally, in our un-published data, 2 B16

Figure 3. The sensitivity of MC32-S2–2 and MC32-S4–2 cells to CEA-specific CTL-mediated apoptosis
in vitro and their ability to stimulate CEA-specific immune cells in vitro. (A) Na€ıve mice were immu-
nized by IM-EP with 50 mg of CEA DNA vaccines (pCEA) per mouse at 0, 1 and 2 weeks. The mice
were sacrificed at 4 weeks, and the spleens were removed for immune cell isolation. The cells were
stimulated in vitro with CEA class I peptides and rIL-2 and then reacted with MC32, MC32-S2–2 and
MC32-S4–2 cells for in vitro CTL lytic assay, as described in the Materials and Methods. (B) Similar
experiments in Fig. 3A, except that 6 £ 106 immune cells were stimulated for 2 d with 2 £ 106 MC38,
MC32, MC32-S2–2 and MC32-S4–2 cells, which had been exposed to UV light for 3 h before immune
cell stimulation. Cell supernatants were used for sandwich ELISA to measure IFN-g. *P < 0.05 using
ANOVA compared with MC38.

Figure 4. Expression of an MHC class I mol-
ecule in MC32-S2–2 and MC32-S4–2 cells
and the presence of human CEA in these
cells. (A) MC32, MC32-S2–2 and MC32-S4–2
cells were trypsin-treated and then reacted
with anti-H-2Kb-FITC. The cells were subse-
quently analyzed using a flow cytometer.
Thin line, cells reacted with FITC-conjugated
control Abs; thick line, cells reacted with
anti-H-2Kb-FITC. (B) MC38, MC32, MC32-S2–
2 and MC32-S4–2 cells were grown in
cDMEM. The cells were lysed in RIPA buffer,
and 30 mg samples of cell lysates were sep-
arated by SDS-PAGE and analyzed by West-
ern blot assay, as described in the Materials
and Methods. (C) MC38, MC32, MC32-S2–2
and MC32-S4–2 cells were lysed for geno-
mic DNA purification. Four hundred ng of
genomic DNA was tested for PCR assay
against human CEA, as described in the
Materials and Methods.

2016 Volume 11 Issue 8Human Vaccines & Immunotherapeutics



melanoma cell types that displayed resistance to Trp2-specific
CTL-mediated immune surveillance were selected through severe
immune selection processes. In that study, one B16 cell type was
able to escape Ag-specific CTL-mediated apoptosis by altering
antigen presentation in the context of MHC class I antigens
while the other cell type appeared to have alterations in an intra-
cellular event for CTL escape. In view of these findings, each
tumor cell type may develop its own mechanism to resist CTL-
mediated immune surveillance. Taken together, our findings sup-
port the notion that MC32 cells may choose antigen loss as a
CTL escape mechanism under severe immune selection condi-
tions, thus resisting CEA DNA vaccination.

Designing counter-measures for immune-evading tumor cells
is critical for improving the efficacy of anticancer vaccines. DNA
vaccines targeting 2 different antigens, CEA and HER2, have
been reported to induce broader immune responses and confer
more effective antitumor effects in an animal tumor model.26

Targeting more than one tumor antigen will most likely be more

useful when one antigen is lost during
long-term immunotherapy. In this study,
we also used human CEA as an antigen
in a mouse model. This animal model
might be not relevant for evaluating the
efficacy of human CEA DNA vaccines
due to their antigenicity and different
epitope selection in the murine system.
An HLA-A2.1 transgenic/human CEA
hybrid mouse model is known to be
more relevant for testing the potency and
immune nature of human CEA vac-
cines.12 Thus, transgenic animal models
might be more valuable for testing the
efficacy of anticancer vaccines and
immune escape events in tumor cells.
However, a prime-boost vaccination
strategy in a recent clinical trial using
HER2/CEA DNA vaccines and HER2/
CEA-expressing adenovirus failed to
induce any measurable cellular responses
to the 2 tested antigens,27 suggesting that
more focused studies remain required for
optimal immune induction of tumor-
associated antigens, including human
CEA, which are generally immune-
tolerant.

In summary, we observed that the
selected tumor cells, MC32-S2–2 and
MC32-S4–2 were not responsive to
CEA-specific CTLs. The two cells still
expressed MHC class I antigens but
failed to stimulate CEA-specific immune
cells. Western blot assay further con-
firmed that the 2 cells lost CEA expres-
sion. Furthermore, animal studies
demonstrated that MC32-S2–2 and
MC32-S4–2 cells form tumors in CEA

DNA vaccine-immunized mice (having Ag-specific CTL activity)
in a manner similar to that of control mice (having no Ag-specific
CTL activity), suggesting their resistance status against tumor-
reactive CTLs. Taken together, these in vitro and animal results
show that MC32 cells may escape Ag-specific CD8C CTL-medi-
ated immune surveillance through antigen loss in this model.

Materials and Methods

Mice and Tumors
Female 6 week old C57BL/6 mice were purchased from Dae-

han Biolink Co., Chungbuk, Korea. They received care under
the guidelines of the Institutional Animal Care and Use Commit-
tee-approved protocols. Murine colon adenocarcinoma cell lines,
MC32 (expressing human CEA) and MC38 (lacking human
CEA expression) cells were kindly provided from J. Schlom
(NCI, Bethesda, USA) and grown in cDMEM medium (10%

Figure 5. The levels of antitumor protective responses and Ag-specific CTL lytic activity in CEA DNA-
immunized mice following a challenge with MC32, MC32-S2–2 and MC32-S4–2 cells. (A) Each group
of mice (nD5/group) was immunized by IM-EP with 50 mg of CEA DNA vaccines (pCEA) per mouse at
0 and 1 weeks. At 3 weeks, the animals were challenged s.c. with 1 £ 105 MC32, MC32-S2–2 and
MC32-S4–2 cells per mouse, along with control mice injected with pcDNA3. Tumor sizes were mea-
sured at 13 d post-challenge, and mean tumor volumes were recorded. The values and bars repre-
sent mean tumor sizes and the SD, respectively. (B–G) The mice were subsequently tested for the
levels of in vivo CTL lytic activity (B, control mice challenged with MC32 cells; C, control mice chal-
lenged with MC32-S2–2 cells; D, control mice challenged with MC32-S4–2 cells; E, pCEA-immunized
mice challenged with MC32 cells; F, pCEA-immunized mice challenged with MC32-S2–2 cells; G,
pCEA-immunized mice challenged with MC32-S4–2 cells) at 13 d post-challenge. For this experiment,
CEA peptide-pulsed (CFSE high) and un-pulsed (CFSE low) splenocytes were injected i.v. into the
immunized mice, as described in the Materials and Methods. After 20 h, the mice were sacrificed
and the splenocytes were analyzed by FACS to measure the levels of CFSE-labeled cells in each sub-
set. M1, un-pulsed CFSE low population; M2, CEA-pulsed CFSE high population. (H) %lytic activity of
the tested groups. The values and bars represent mean CTL activity and the SD, respectively. *P <

0.05 using the independent sample’s t test compared with MC32 or pcDNA3.
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FBS, 1% L-glutamine, 1% penicillin/
streptomycin). The tumor cells were
washed 2 times with phosphate-buff-
ered saline (PBS) and injected into
mice.

Reagents and immunization
The plasmid DNA, pcDNA3-CEA

was previously described and kindly
provided.7 For DNA immunization,
animals were injected intramuscularly
with 50 mg of pcDNA3-CEA (pCEA)
per mouse in a final volume of 50 ml in
PBS using a 31-gauge needle (BD,
Franklin Lakes, NJ) at 1 week intervals,
followed by EP at 0.2A for 4 sec using
Cellectra� (equipped with 3 needle
probes) of VGX International Inc.,
Seoul, Korea. Plasmid DNA was pro-
duced in bacteria and purified by endo-
toxin-free Qiagen kits according to the
manufacturer’s protocol (Qiagen,
Valencia, CA). Anti-4–1BB Abs were
kindly provided by B. Kwon (University
of Ulsan, Korea). Control rat IgG was
purchased from Sigma. CEA class I
CTL peptides (CGIQNSVSA) were
purchased from Peptron (Taejon,
Korea).

SDS-PAGE and Western blot assay
MC38, MC32, MC32-S2–2 and MC32-S4–2 cells were lysed

with RIPA lysis buffer. Thirty mg of cell lysates were tested for
SDS-PAGE as previously described.28 In particular, mice were
immunized by IM-EP with 50 mg of pCEA twice at one week
intervals and bled at 2 weeks. The collected sera were used as a
primary antibody to detect the expression of human CEA for
Western blot assay. Anti-murine CEA Abs were purchased from
Sino Biological Inc. (Beijing, China). Anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) Abs were purchased from
Cell Signaling Technology, Inc.

Genomic DNA purification and PCR analysis
For purification of genomic DNA, tumor cells were lysed by

treatment with the reaction buffers of the genomic DNA purifi-
cation kit (Bioneer, Daejon, Korea) in accordance with the man-
ufacturer’s protocol. Four hundred ng of the genomic DNA was
reacted for 35 PCR cycles (95�C for 30 sec, 60�C for 30 sec,
72�C for 30 sec). The primers for human CEA were designed as
TGTGAACCTGAGGCTCAGAAC and CAACCAGCACTC-
CAATCATGAT (GenBank accession no. M29540.1; 525 bp of
the region of 1681 to 2206 nucleotides). This region contains a
nucleotide sequence which encodes the CTL epitopes,
CGIQNSVSA tested in this study. The primers for GAPDH
were designed as AATGTGTCCGTCGTGGATCT and
CCCTGT TGCTGTAGCCGTAT (GenBank accession

number GU214026.1; 255 bp of the region of 780 to 1035
nucleotides). The final product was separated by gel electropho-
resis on a 1.5% agarose gel.

IFN-g assay
A 1.5 ml aliquot containing 6£ 106 splenocytes was added to

wells of 24 well plates containing 2 £ 106 tumor cells, which had
been exposed to UV light for 3 h prior to immune cell stimula-
tion. After 2 d incubation, cell supernatants were secured. The
obtained cell supernatants were used for detecting levels of
IFN-g using commercial cytokine kits (BD) by adding the extra-
cellular fluids to the IFN-g-specific ELISA plates.

In vivo and in vitro CTL lytic activity assays
For in vivo CTL lytic assay, spleen cells from na€ıve mice were

treated with red blood cell lysis buffer (Sigma). One fraction of
the splenocytes was then pulsed with 5 mg of CEA class I pepti-
des (CGIQNSVSA) in cRPMI for 60 min at 37�C, while the
other fraction was left un-pulsed. To generate peptide-pulsed
cells with high carboxyfluorescein diacetate succinimidyl ester
(CFSE), the peptide-pulsed splenocytes were incubated with
20 mM CFSE in RPMI (2.5% FBS) for 15 min. The un-pulsed
cells were instead incubated with 2.5 mM CFSE in RPMI (2.5%
FBS) for 15 min to generate non-peptide-pulsed cells with low
CFSE. The cells were then washed 3 times with PBS to remove
unbound CFSE. Finally, an equal number of pulsed and un-

Figure 6. A lack of antitumor protective responses to MC32-S2–2 (A) and MC32-S4–2 cells in CEA
DNA-immunized mice. Mice were immunized by IM-EP with CEA DNA vaccines at 0 and 1 weeks. At 3
weeks, the mice (B, D) were challenged s.c. with 1 £ 105 MC32 cells per mouse on the right flank and
with 1 £ 105 MC32-S2–2 (B) and MC32-S4–2 cells (D) per mouse on the left flank. Age-matched con-
trol mice (A, C) were also challenged s.c. with 1 £ 105 MC32 cells per mouse on the right flank and
with 1 £ 105 MC32-S2–2 (A) and MC32-S4–2 cells (C) per mouse on the left flank. Tumor sizes were
measured at each time point and mean tumor volumes were recorded. The values and bars represent
mean tumor volumes and the SD, respectively. *P < 0.05 using the independent sample’s t test
compared with MC32.
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pulsed cells (a total of 2 £ 107 cells/0.4 ml/mouse) were injected
intravenously (i.v.) into the tested mice. After 20 h, the mice
were sacrificed and the spleens were collected. After lysing the red
blood cells, the splenocytes were analyzed directly for the 2 cell
populations with CFSE staining (CFSE low versus CFSE high)
using a flow cytometer (BD). The percentage of lysed cells
(%lysis) was calculated as 100 £ [1-(runprimed/rprimed)]. The ratio
(r) was calculated as %CFSElow/%CFSEhigh. For in vitro CTL
lytic assay, splenocytes were cultured with 1 mg/ml of CEA class
I peptides (CGIQNSVSA) and 25 units/ml of rIL-2 (BD). The
CTL assay was performed in 96-well round bottom plates. Cytol-
ysis was determined by quantitatively measuring lactate dehydro-
genase (LDH) activity as previously reported.29-31 Splenocytes
served as an effector cell and MC38, MC32, MC32-S2–2 and
MC32-S4–2 cells were used as target cells. CTL assay was per-
formed with effector and target cells (1.3 £ 104/well) mixed at
varying effector cell:target cell ratios in a final volume of 200 ml.
After 5 h incubation at 37�C, 50 ml of cell supernatant was col-
lected to test the amount of LDH in the cultured medium
according to the manufacturer’s protocol (Promega, Madison,
WI). After background subtraction, the percent lysis was calcu-
lated by 100 £ [(experimental release-effector spontaneous
release-target spontaneous release)/(target maximum release-tar-
get spontaneous release)].

Tumor cell challenge
For antitumor studies, 1–5 £ 105 MC32 and MC32-derived

tumor cells were injected subcutaneously (s.c.) into the flank of
C57BL/6 mice. For tumor re-challenge studies, 5 £ 105 MC32
tumor cells per mouse were injected s.c. into the left and right
flank of C57BL/6 mice, respectively. Mice were monitored twice

per week for tumor growth. Tumor size was measured in mm3

using a caliper, and was recorded as mean tumor volume [longest
surface length (a) and width (b), (a £ b2)/2]. Mice were eutha-
nized when tumor size reached more than 4000 mm3 in mean
tumor volume.

Statistical analysis
Statistical analysis was done by one-way ANOVA with post

hoc Dunnett’s test and independent sample’s t test using the
SPSS 17.0 software program. Values of experimental groups
were compared with values of control group. The p values
<0.05 were considered significant.
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