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Immunotherapy with photodynamic therapy (PDT) offers great
promise as a new alternative for cancer treatment; however, its use
remains experimental. In this study, we examined the immunother-
apeutic significance of human papillomavirus (HPV)-immortalized tumor
cell lysates induced by PDT with CpG-oligodeoxynucleotide (ODN).
PDT-cell lysates were generated by irradiating Radachlorin (5 pg/mL)
preloaded TC-1 cells carrying HPV 16 E7. PDT-cell lysates plus ODN
coinjection for protection against E7-expressing tumors as well as
specific immune responses were evaluated with the following tests:
heat shock protein 70 (HSP70) enzyme-linked immunosorbent assay,
in vitro and in vivo tumor growth inhibition, interferon-y (IFN-y) and
tumor necrosis factor-o (TNF-o) assay, cytotoxic T-lymphocyte assay,
and fluorescence activated cell sorting (FACS) analysis. PDT-cell
lysates plus ODN coinjection showed a significant suppression of
tumor growth at both prophylactic and therapeutic levels, compared
to PDT (or F/T)-cell lysates or ODN alone. In addition, we evaluated
the level of the immune response with the coinjection. HSP70, an
important regulator of inflammatory and immune response, was
observed in abundance in the PDT-cell lysates. IFN-y production and
cytotoxic T lymphocytes (CTL) responses were induced by PDT-cell
lysates plus ODN injection. The coinjection resulted in PDT-cell
lysate-specific antibodies (IgG1, IgG2a, IgG2b, and IgG3) and T-helper
cell responses significantly higher than PDT-cell lysates alone. Moreover,
IFN-yproduction and CTL responses were significantly induced in the
PDT-cell lysate plus ODN immunized groups. These enhanced
immune responses appeared to be mediated by CD8+ T cells only.
These data suggest that PDT-cell lysates plus ODN injection may
be an effective approach to induce CTL immune responses as a
possible immunotherapeutic strategy for cancer therapy. (Cancer Sci
2007; 98: 747-752)

P hotodynamic therapy (PDT) is a new method used for treating
malignant tumors; it is based on the effects of photodynamic
damage to tumor cells as a result of a photochemical reaction.
Recent studies have suggested that photo-oxidative lesions produced
by photodynamic therapy (PDT)-treated tumors are recognized
by the host as altered self,” prompting a strong inflammatory and
immune response.® In addition, the use of PDT vaccines has
been studied to generate antitumor immunity and control tumor
growth, suggesting that further improvements can be achieved
in the optimization of the protocols for the generation of PDT-
generated cancer vaccines.®” Because of the inflammatory/immune
response triggered by PDT, this therapy has been shown to be
particularly suitable for combination with a variety of immun-
otherapy based treatments, including angiogenic growth factors,
matrix metalloproteinases, cytokines and adoptive transfer of
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immune cells.®~'? Overexpression of these molecules within PDT-
targeted tissue can adversely affect tumor response. Therefore,
experimental protocols combining PDT with procedures targeting
these molecules are being examined in an effort to improve treatment
efficacy.

Oligodeoxynucleotide (ODN) containing unmethylated
cytosine—phosphate—guanosine (CpG) motifs was originally iso-
lated from components of bacterial DNA.'® CpG-ODN immuno-
therapy has been studied as a strategy for tumor prevention as
well as for treatment of immune disorders.*!> A variety of studies
have shown that CpG-ODN can activate B cells, monocytes and
natural killer cells, and induce a Thl-like pattern of cytokine
production."'®'® The CpG sequences drive macrophages to secrete
interleukin-12, a potent inducer of interferon-y (IFN-y) production
in vivo from natural killer cells. IFN-y production drives Thl-type
immune responses by inducing differentiation of type-1 Th cells,
which see antigen in the presence of IFN-y from the uncommitted
T-cell pool.**?*” Moreover, ODN enhances humoral responses and
induces the development of enhanced cytotoxic T lymphocytes
(CTL) activity."”?) ODN has been studied extensively as a strong
immunomodulatory agent.**

The aim of the present study was to further characterize the
immunotherapeutic significance of the combination of CpG-
oligodeoxynucleotide and TC-1 tumor cell lysates induced by
PDT. We examined the in vivo antitumor effect of PDT (or
freezing/thawing)-generated cell lysates plus ODN injection and
the immune response in a mouse model. Our results showed that
PDT-cell lysates plus ODN showed a significant suppression of
tumor growth at both prophylactic and therapeutic levels, compared
to PDT (or F/T)-cell lysates or ODN alone.

Materials and Methods

Preparation of PDT-generated tumor cell lysates. Radachlorin®>
was purchased from RADA-PHARMA group (RADA-PHARMA,
Moscow, Russia). The light source was a diode laser with a 662 £
3 nm wavelength (Won-PDT D662, Won Technology, Daejeon,
Korea). The irradiation power in vitro was fixed to be 6.25 J/cm?
at 20 mW/cm? for 5 min irradiation measured at a distance of
3 c¢cm from the exit slit.

To generate cell lysates by Radachlorin/PDT, TC-1 cells
carrying human papillomavirus (HPV) 16 E7 (ATCC CRL 2785)
(5 % 10° in a 100 mm flask) were incubated for a total of 12 h at
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37°C with Radachlorin (5 ug/mL) in Roswell Park Memorial
Institute (RPMI) 1640 containing 10% fetal bovine serum (FBS).
Following incubation, the cells were washed with serum-free
medium and exposed to light (with a dose equivalent to the
LDy,: 6.25 J/cm?). Freezing/thawing (F/T) lysates were gen-
erated by subjecting cells (5 x 10° cells in a 100 mm dish) to
three F/T cycles, followed by centrifugation at 800 g to remove
the cell debris.

Oligodeoxynucleotides. The immunostimulatory CpG ODN
(Biobasic, Toronto, Canada) designated as 1826 (5-TCCATGA-
CGTTCCTGACGTT-3") was used as an immuno-adjuvant in
this study.

Animals and tumor model. Pathogen-free female C57BL/6 mice,
6 or 7 weeks of age, were maintained in a specific pathogen
free (SPF) animal facility at the department of Laboratory of
Animals, the Catholic University of Korea. TC-1 cells (1 x 10°)
were insoculated subcutaneously on the depilated lower dorsum
of the mice. Tumors were used for experimentation 10—12 days
after inoculation when reaching a surface diameter of 6—8 mm
and a thickness of 3—4 mm for tumor growth suppression assay.

Hsp70 enzyme-linked immunosorbent assay. The amount of HSP70
released from PDT-treated TC-1 cells was determined by
HSP70 enzyme-linked immunosorbent assay (ELISA) using a
commercially available kit from StressGen Biotechnologies
(Ann Arbor, MI, USA). The absorbance of the samples was
measured at 450 nm using a microplate spectrophotometer
(Spectra Max 340/Molecular Devices, Sunnyrale, CA, USA).

In vivo treatment of PDT-cell lysates plus ODN injection. Tumor-
bearing mice were given a peritumor subcutaneous injection
(at 0, 2, 4, 7 and 14 days) of PDT-cell lysates (5 x 10° cells/mouse)
and/or ODN (1 mg/kg), F/T lysates or medium alone. The tumor
diameter was determined by orthogonal caliper measurement
(1/2[length + width]). In addition, the survival of the treated tumor-
bearing mice was observed for approximately 40 days.

Cytotoxic T-lymphocyte assay. A °'Cr release assay was carried
out. Briefly, splenocytes were stimulated for 5 days in the presence
of 20 units/mL of interleukin-2 (R & D Systems, Minneapolis,
MN, USA) with TC-1 cells treated previously for 3 h with
mitomycin C (30 pg/mL). TC-1 target cells were labeled with
100 uCi/mL Na,51 CrO, for 2 h and used to incubate the stimulated
splenocytes for 5 h at 37°C. One-hundred microliters of supernatants
were harvested and counted on a gamma counter (Perkin-Elmer,
Waltham, MA).

Interferon-y TNF-o assay. IFN-y and TNF-o. were measured in
splenocytes of the PDT-cell lysates plus ODN treated mice.
Briefly, a 1-mL aliquot containing 6 x 10° splenocytes was added
to wells of 24-well plates. Then, 50 uL. PDT-cell lysates (5 x 10°
cells) or 4 x 10° TC-1 cells treated previously with mitomycin C
(30 ug/mL for 3 h) was added to each well. After 3 days of
incubation at 37°C in 5% CO,, cell supernatants were secured
and then used for detecting levels of IFN-y using commercial
cytokine kits (Biosource, Camarillo, CA, USA) by adding the
extracellular fluids to the IFN-y-specific ELISA plates.

Intracellular IFN-y staining and fluorescence activated cell sorting
(FACS) analysis. Mice were sacrificed to obtain cells from the
spleen at 3 weeks after the last injection with PDT-cell lysates
and/or ODN. Cells from the spleen (2 x 10°) were stimulated
with 20 UL of PDT-cell lysates for 6 h. The cells were incubated
with antimouse Fc receptor (BD Biosciences, San Jose, CA,
USA) for 1 h on ice, and then reacted with phycoerythrin (PE)
conjugated antimouse CD8 (Pharmingen, San Diego, CA) for
30 min on ice. The subsequently fixed/permeabilized cells in
Perm/Wash solution were stained with anti-IFN-y-fluorescein
isothiocyanate (FITC; Pharmingen) for 30 min at 4°C. After
washing three times with FACS buffer, cells were analyzed for
the percentage of IFN-y or CD8+ cells on a flow cytometer (BD
Biosciences). To identify dead cells and store INF-y in
cytoplasm, PI and Brefeldin A (BD Cytofix/Cytoperm Plus

748

Fixation/Permeabilization Kit, Cat. no. 555028) were used as
described in the manuals, respectively.

Statistics. Results are presented as means * the standard errors
of the means (SEMs). The data were analyzed using one-way
analysis of variance (ANOVA) and the Student’s #-test, and differences
were considered significant at P-values of <0.0001 and <0.01,
respectively.

Results

Photodynamic therapy greatly induces HSP70 release from TC-1
cells. Photodynamic therapy has been shown to enhance the host
antitumor immune response. To determine whether this enhancement
was at least a consequence of the effects of PDT on tumor cells,
we measured the amount of HSP70 released from PDT treated-
or F/T-cell lysates (LD,,). HSP70 has been shown to have potent
adjuvant capability to induce immune responses, and be abundantly
released from stress-induced cells, compared to other HSPs. As
shown in Fig. 1(a), PDT significantly induced HSP70 release
from TC-1 tumor cells, compared to F/T-cell lysates. These results
show that PDT further induces immunogenic or immunotherapeutic
HSP70 release from tumor cells, compared to the cell-stress
route by F/T cycles.

Photodynamic therapy-cell lysates + ODN therapeutically protected
animals from tumor growth. To further enhance the immune
response with PDT-generated cell lysates, including HSP70, we
investigated the effects of the combination of PDT-cell lysates and
ODN in vivo. TC-1 tumor-bearing mice were given a subcutaneous
injection of PDT-cell lysates and/or ODN, as described above.
The tumor growth was significantly suppressed in mice given
injections of PDT-cell lysates plus ODN injection when compared
with each separate group (Fig. 1b). These mice displayed a more
slowly growing tumor, compared with the other groups. The
survival rate of tumor-bearing mice was closely related to the
antitumor effect (Fig. 1c). Despite therapy, tumors kept growing
in most mice. Evaluation of the survival of mice in the coinjec-
tion group and the other groups after 40 days showed that the
survival of mice in the coinjection group was prolonged
compared to the other groups. In addition, there was no effect
in animals immunized with tumor cell lysates obtained by
the freeze-thaw (F/T) technique compared to lysates produced
by PDT. Thus, the generation of tumor lysate by PDT is more
effective than simple killing of the cells, for example, freeze-
thaw. These results demonstrate that the antitumor effect of
PDT-cell lysates was significantly enhanced, particularly, when
combined with ODN.

Photodynamic therapy-cell lysates plus ODN enhanced systemic
19G subclass production. We investigated the in vivo effects of
PDT-cell lysates and PDT-cell lysates plus ODN on the modulation
of the immune response by favoring the development of Thl
versus Th2 cells. As shown in Fig. 2, we analyzed the levels of
IgG subclasses, as they provide an indication of the Thl versus
Th2 nature of the immune response. We analyzed the IgG
subclasses induced by the PDT-cell lysates and/or ODN. The
results showed that PDT-cell lysates plus ODN injection enhanced
all four types of IgG isotype production significantly higher
than PDT (or F/T)-cell lysates or ODN alone. In particular, [gG2b
production was predominant after PDT-cell lysates plus ODN
injection, as compared with PDT-cell lysates alone. IgG3 was
found at low levels. IgG2b/IgG1 was calculated as 1.5 (PDT-cell
lysates) and 1.80 (PDT-cell lysates plus ODN). These results
may indicate an ongoing immune response associated with Th1
activity in these mice.

Photodynamic therapy-cell lysates plus ODN injection induces
significant secretion of IFN-y. We were next interested in evaluating
whether IFN-y was over-secreted by PDT (or F/T)-cell lysates
plus ODN. IFN-y has been known to play an important role in
driving Thl-type immune responses as well as inducing cytotoxic
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T-cell responses. As shown in Fig. 3(a), IFN-y production from
splenocytes was dramatically induced by injection with PDT-
cell lysates plus ODN. However, little induction of IFN-y
production was observed after injecting PDT (or F/T)-cell lysates
or ODN alone. This is consistent with our previous observation
that the antitumor effects were greatly enhanced only by PDT-cell
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lysates plus ODN injection. By contrast, splenocytes of animals
injected with PDT-cell lysates and/or ODN were subsequently
stimulated in vitro with TC-1 cells. As shown in Fig. 3(b), IFN-y
production was significantly induced by injection with PDT-cell
lysates plus ODN. However, little induction of IFN-y production
was observed by injecting PDT (or F/T)-cell lysates or ODN
alone. This illustrates that PDT-cell lysates plus ODN could induce
IFN-y production to a more significant level from splenocytes.
In particular, TNF-o. production was significantly induced
by injection with PDT-cell lysates plus ODN, compared to the
injection with PDT-cell lysates or ODN alone, as shown in
Fig. 4.

CTL was induced by immunization of PDT-cell lysates plus ODN.
To determine whether PDT-cell lysates plus ODN could induce
PDT-cell lysate-specific CTL activity in vivo, we immunized
animals with PDT (or F/T)-cell lysates and/or ODN. As shown
in Fig. 5, injection with PDT-cell lysates plus ODN induced
CTL activity to a significant level. However, animals immunized
with PDT (or F/T)-cell lysates or ODN alone showed only a slight
induction of CTL, compared to the control. This finding suggests
that PDT-cell lysates in the presence of ODN can induce PDT-
cell lysates-specific CTL responses in vivo.

Photodynamic therapy-cell lysates plus ODN vaccination resulted
in significant protection from tumor formation. It is important for
antigen-specific immune modulation to influence tumor formation.
We analyzed the protective efficacy of ODN coinjection in a murine
tumor formation model. Mice were immunized with PDT-cell
lysates and/or ODN, and then challenged with TC-1 cells (data
not shown). PDT-cell lysates plus ODN injection alone resulted
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in remarkable protection from tumor formation, whereas PDT-
cell lysates or ODN vaccine alone showed little tumor protection
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that when animals immunized previously with PDT-cell lysates
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dynamic therapy (PDT) or (or freezing/thawing[F/T])-cell lysates and/or
oligodeoxynucleotide (ODN). The experiments were repeated two more
times with similar results. *Statistically significant at P < 0.01; bars = SD.

plus ODN were challenged with tumor cells, ODN as a vaccine
adjuvant induced significant tumor growth inhibition.

Tumor protection was mediated by IFN-y from CD8+ T Cells. We
were next interested in evaluating the CD8+ T cell dependent
production level of IFN-y. Splenocytes from animals immunized
with PDT (or F/T)-cell lysates and/or ODN were subsequently
stimulated in vitro with TC-1 cells. IFN-y and TNF-o. production
were dramatically induced by injection with PDT-cell lysates
plus ODN. However, little induction of IFN-y production was
observed in the groups injected with PDT (or F/T)-cell lysates or
ODN alone. This was also consistent with intracellular IFN-y
staining levels of CD8+ T cells, as shown in Fig. 6. PDT-cell lysates
plus ODN-immunized animals alone showed a significant level
of IFN-y-releasing CD8+ T cells. However, animals individually
injected showed little induction of IFN-y-releasing CD8+ T-cell
populations. By contrast, splenocytes did not respond to intracellular
IFN-y and CD4+ T-cell staining at all (data not shown),
suggesting that PDT-cell lysates plus ODN injection can elicit
IFN-y production responses to a more significant level from
CD8+ T cells.

Discussion

It has been reported that the PDT-generated tumor cell lysates
were potent vaccines and PDT-generated vaccines are more
effective than other modes of creating whole tumor vaccines,
(i.e. UV or ionizing irradiation).” It has also shown that although
both UV and PDT-generated tumor cell lysates are able to induce
phenotypic dendritic cell (DC) maturation, only PDT-generated
lysates are able to activate DCs to express IL-12, which is critical
to the development of a cellular immune response. The limitation
of genetically engineered cancer vaccines have revitalized interest
in the use of ‘crude’ tumor lysates as vaccines, which are
generally created by UV or IR of tumor cells and are coinjected
with an adjuvant.®® Therefore, PDT-generated tumor cell lysates
as vaccines were superior at eliciting cytolytic activity and providing
protection, compared to those prepared by UV or IR.

Recent studies have demonstrated that synthetic ODN con-
taining CpG motifs induce strong Thl-like innate and acquired
immune responses. In particular, NK and dendritic cells are
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(or freezing/thawing[F/T])-cell lysates.

induced to produce pro-inflammatory cytokines such as IFN-y
and IL-12, and mediate cellular cytotoxicity.?*” In addition,
B cells are costimulated to secrete antibody.®® Depending on
the ODN backbone and the bases flanking the CpG, ODN can
induce predominant NK cell activation or B-cell proliferation.
Even though ODN has already been used as an adjuvant for
tumor therapy, we show for the first time that the protective and
immunotherapeutic significance of the combination of ODN and
TC-1 tumor cell lysates induced by PDT, compared to other
ODN combination therapies. These findings suggest that both
PDT-cell lysates and ODN are required for longer-lasting and
more robust prophylactic and therapeutic vaccine efficacies in
this tumor model system. It has been reported that the efficacy
of CpG-ODN, as adjuvant, in some models appears to be limited
in the induction of a protective immune response, and that single
administration of ODN does not provide a long-term protective
effect.?” Even in cases where protection for longer than a week
is desired, repeated administration of CpG ODNs has been
recommended.®” However, the potential side-effects associated
with administration of a non-specific proinflammatory stimulus
requires consideration.

Most previous reports have shown the possible effects of
ODN on the immune response. For example, coinjection with
immune response modifiers plus ODN was reported to be capable
of initiating an immune response in the absence of additional
adjuvant by enhancing IgG2a levels and CTL responses.®" In
the present study, however, ODN alone showed no beneficial
effects on tumor regression. This difference might be because
of ODN types tested, the doses of ODN, or injection routes
tested.!" Instead, coinjection with PDT-cell lysates plus ODN
significantly enhanced systemic IgG production higher than the
PDT-cell lysate vaccination alone. This is compatible with the
prior findings of other groups.®? Coinjection of CpG DNA
together with tumor antigen reveals a powerful effect of CpG
ODNs as adjuvant that includes antigen-specific B cell and
T cell responses.®>3% Furthermore, a significantly enhanced
production of all four IgG isotypes, 1gG1, IgG2a, IgG2b, and
IgG3 by ODN coinjection was also observed. This is consistent
with the previous findings that an increase in both IgG1 and
IgG2a has been observed following intranasal coadministration
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of hepatitis B surface antigen with ODN.®® The isotype profile
elicited by coinjection with PDT-cell lysates plus ODN suggests
that the immune response could be described as Th1-cell proliferative
responses. In addition, the immunization with a combination of
CpG ODN and PDT-cell lysate in mice resulted in a Thl-cell
response and improved vaccine efficacy.

Generation of CTL activity was also evaluated when antigen
was delivered along with ODN. CTL was significantly induced
after injection with PDT-cell lysates plus ODN alone. This is
consistent with the previous findings that antigen-specific CTL
activity is induced by codelivery with the antigens of hepatitis
B surface Ag or HPV 16 E7 plus ODN;*3? therefore, ODN
codelivery could be useful for the induction of antigen-specific
CTL activities. It has been reported that the interaction of ODNs
with toll-like receptor-9 leads to the secretion of proinflammatory
cytokines such as IL-1, IL-6, TNF-o and IL-12.%% TL-12 acts on
T and NK cells for the production of cytokines, primarily IFN-y.%
Consequently, coinjection with PDT-cell lysates plus ODN induces
a Thl-like pattern of cytokine production that is dominated
by TNF-o. and IFN-y. In addition, ODN may be useful as an
adjuvant for cellular and humoral immunity. The induction of
such innate immune responses and production of Thl-related
cytokines is very important for controlling the type of PDT-cell
lysate-specific immune response.

CD4+ T cells are also considered to be the predominant
source of IFN-vy, and one study has suggested that the percentage
of CD4+ cells producing IFN-y was reduced in patients with
allergic disorders.“” It has been reported that the proportions of
cells producing IFN-y and the amounts of IFN-y produced per
cell were similar for CD8+ and CD4+ cells, suggesting that they
both contribute significantly to IFN-y production.“" In this study,
CD8+ T cells were shown to contribute to immune defenses against
this antigen stimulation. Thus, PDT-cell lysate-specific CDS8 + cells
may contribute to the immune response by lysing infected cells
or by producing IFN-y or molecules with antitumor activity. The
results showed that both PDT-cell lysate and ODN are required
for induction of IFN-y from CD8+ T cells against the tumor
challenge. In addition, the ability of PDT-cell lysates plus
ODN to prime Thl cell responses, as well as CD8+ cytotoxic
T-lymphocyte responses, could hold important therapeutic
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implications for modulating the immune response in infectious
diseases.

In addition, PDT significantly induced HSP70 release from
TC-1 tumor cells, compared to F/T cell lysates, suggesting that
PDT had a profound effect on HSP70 release, which could have
a significant effect on the therapeutic outcome. HSP70 has been
shown to interact with antigen-presenting cells and has a potent
adjuvant capability to induce an antigen-specific CD8+ CTL
response.“? Although we have not investigated induction of
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