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bstract

Cancer treatment combining chemotherapy and immunotherapy has been vigorously exploited to further improve cancer therapeutic efficacy.
his study investigated a new chemoimmunotherapy approach utilizing hydrogel as a local anti-cancer drug delivery system. Chitosan hydrogel
ontaining doxorubicin (CH-DOX) and vaccinia virus vaccine expressing Sig/E7/LAMP-1 (Vac-Sig/E7/LAMP-1) were used as chemoimmunother-
peutic agents. It was found that intratumoral injection of CH-DOX effectively inhibited tumor growth itself and, in addition, exhibited a synergistic
ntitumor effect in combination with a vaccinia virus-based vaccine. This combination did not decrease but rather increased the number of tumor-

+
pecific CD8 T cells primed by vaccinia virus-mediated vaccination; the resulting antitumor effects were further improved up to 60 days as
ompared with monotherapy after tumor challenge, and the survival of tumor-bearing mice was dramatically prolonged. This study is a pioneer
eport that demonstrates the use of a biodegradable hydrogel system as an anti-cancer drug delivery system for successful chemoimmunotherapy.
t is hoped that, this study can provide a foundation for a rational approach to improve antitumor efficacy of chemoimmunotherapy.

2007 Elsevier B.V. All rights reserved.
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. Introduction
Many clinical or preclinical trials for cancer treatment have
eveloped multi-modality treatment regimens that can be more
ffective than the single use of a cancer therapeutic agent (Lake
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ig/E7/LAMP-1, sorting signal of the lysosome-associated membrane pro-

ein type-1; Vac-Sig/E7/LAMP-1, vaccinia vaccine expressing Sig/E7/LAMP-1;
ac-WT, wild type vaccinia virus; IFN-�, interferon-�; APC, antigen presenting
ell; MHC, major histocompatibility complex; HPV 16, human papilloma virus
6; CTL, cytotoxic T lymphocyte; EGCG, epigallocatechin gallate
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nd Robinson, 2005; Nowak et al., 2003). However, it has been
idely assumed that the use of combined therapy of chemother-

py and immunotherapy for cancer treatment is unrelated to
nhanced synergistic antitumor effects due to immune toler-
nce and suppression induced by the immunotoxicity of the
nti-cancer drugs.

The therapeutic efficacy of chemoimmunotherapy for cancer
as often been limited by the serious side effect of the toxicity to
ealthy tissue of the cancer drugs. To overcome this limitation,
ocal treatment of tumors using varied cancer therapy strategies,
uch as radiotherapy (Barcellos-Hoff et al., 2005), the use of
nti-angiogenesis agents (Bocci et al., 2002), prodrug strategies
Denny, 2004), or the use of hydrogel-based drug delivery sys-
ems (Konishi et al., 2003), have been utilized as a means to
ake the therapy more effective by enhancing the efficacy of
he local toxic agent against tumors with minimal damage to
he host immune systems. One of the approaches to administer
ytotoxic-chemotherapeutic agents, the use of hydrogel systems
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or intratumoral injection, has been developed to reduce inher-
nt toxicity of anti-cancer drugs (Olson et al., 2003). Especially,
he use of injectable thermosensitive hydrogel systems for local
rug delivery to clinically treat cancer has been developed as a
elivery system for the administration of anti-cancer drugs (Han
t al., 2004; Chenite et al., 2000; Jeong et al., 1997; De Groot et
l., 2002).

We have focused on the further development of novel hydro-
el systems using chitosan as a polymer matrix due to its
iocompatibility and biodegradability, and have demonstrated
reviously that the chitosan solution displayed a sol–gel phase
ransition at physiological pH and in a temperature-dependent

anner and formed an endothermic hydrogel after subcuta-
eous injection into mice. Moreover, we have confirmed in vivo
iodegradation of chitosan hydrogel in a mouse model after
ubcutaneous injection (Han et al., 2004). Thus, the chitosan
ydrogel system could be a promising thermosensitive injectable
elivery system to administer local anti-cancer drugs with a
eduction of the severe side effects of the drugs.

Most tumors express an array of antigens that could act as tar-
ets for immune-mediated destruction, and a number of potential
mmunotherapies have emerged to exploit this property (Nowak
t al., 2002; Melief et al., 2000). Notably, to enhance the immu-
ity for tumors, various vaccine systems have been developed
o elicit T cell-mediated immunotherapy for the treatment of
umors without side effects and provide long-term treatment effi-
acy (Kim et al., 2003, 2004). Among them, the use of vaccinia
irus vaccines have become one of the most prevalent vectors for
ntigen-specific immunotherapy and show promise (Hsieh et al.,
004). Vaccinia vectors have elicited potent antigen-specific, T
ell-mediated immune response, and have generated antitumor
ffects in numerous preclinical models (Ji et al., 1998). We have
eveloped vaccinia virus systems against cervical cancer, which
s highly associated with human papilloma virus (HPV) infec-
ion. To overcome the weak antigenicity of E7, wild type E7
as linked with the sorting signal of the lysosome-associated
embrane protein 1 (Sig/LAMP-1), leading to the enhance-
ent of MHC class I and class II presentation of the encoded
7 antigen by dendritic cells (DCs) to T cells. Vaccinia virus
xpressing Sig/E7/LAMP-1 (Vac-Sig/E7/LAMP-1) generated
reater antitumor immunity against an E7 expressing murine
umor model, TC-1, than Vac-E7 (Kim et al., 2003; Hsieh et al.,
004).

Though immunotherapies including vaccinia virus-mediated
reatments are generally effective at least against small tumors
n murine tumor models, the therapeutic efficacy of them against
stablished tumors was not satisfied (Lin et al., 2003). One of
ossible reasons might be due to the fast growth of the tumors.
ost cytotoxic cancer drugs including DOX generate a quick

ntitumor effect to fast-growing tumor cells. Furthermore, novel
hermosensitive chitosan hydrogel system we have developed
llows us to treat tumors locally without the severe side toxicity
f the cancer drugs and damaging the immune system by direct

ntratumoral injection. From these reasons, we hypothesized
hat the combination of chemotherapy using chitosan hydrogel
ontaining DOX (CH-DOX) with immunotherapy using Vac-
ig/E7/LAMP-1 might act synergistically against fast-growing
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umors. In addition, the combined treatment could potentially
xploit the adjuvant effects of enhanced immune response by
nhancing the presentation of tumor-specific antigens to the
mmune system, called ‘cross-presentation’ (Zagozdzon et al.,
988; Van der Most et al., 2006).

In this study, we investigated a synergistic antitumor immu-
ity induced by the combination of Vac-Sig/E7/LAMP-1 and
H-DOX. Interestingly, we observed a significant increase
f E7-specific CD8+ T cell immunity after combining Vac-
ig/E7/LAMP-1 vaccination with intratumoral injection of
H-DOX. The possible mechanisms of interaction will be dis-
ussed.

. Materials and methods

.1. Mice

Female C57BL/6 mice (5–6 weeks old and 20 g) were
urchased from Daehan Biolink (Chungbuk, Korea). All of
he procedures for animal experimentation were performed
ccording to approved protocols and in accordance with rec-
mmendations of the NIH guideline for the proper use and care
f laboratory animals.

.2. Cell line

The HPV-16 E7-expressing murine tumor model, TC-1, has
een described previously (Olson et al., 2003; Jeong et al.,
997). In brief, HPV-16 E6, E7, and ras oncogene were used
o transform primary C57BL/6 mice lung epithelial cells to
enerate TC-1. The cells were grown in RPMI 1640, supple-
ented with 10% (v/v) fetal bovine serum (FBS), 50 units/ml

enicillin/streptomycin, 2 mM l-glutamine, 1 mM sodium pyru-
ate, 2 mM non-essential amino acids, and 0.4 mg/ml G418 at
7 ◦C in a 5% CO2 incubator. Cells were maintained within their
xponential growth phase.

.3. Preparation of CH-DOX

CH-DOX was used as a chemotherapeutic agent. We have
reviously described the preparation, composition, thermosen-
itivity, biocompatibility, and biodegradability of chitosan
ydrogel system as an in vitro or in vivo depot system (Han et
l., 2004). Briefly, chitosan solution (medium molecular weight
f 161 kDa, viscosity of 200,000 cps and a degree of deacety-
ation of 80%) was obtained by dissolving 400 mg of chitosan
n 18 ml of 0.1 M HCl solution. Glycerol 2-phosphate disodium
alt hydrate (�-GP) solution was prepared by dissolving 2 g of
-GP in 1 ml of distilled water. The chitosan solution was cooled

o 4 ◦C and continuously stirred while adding 1 ml of �-GP solu-
ion and the final volume was brought to 20 ml with the addition
f distilled water. The final concentration of chitosan in the mix-
ure is 2% (w/v). It was successfully formed at body temperature

nd physiological pH in vivo after subcutaneous injection into
ice. In addition, chitosan hydrogel showed an in vivo degra-

ation after subcutaneous injection into mice. Notably, the mice
id not demonstrate severe side effects such as pus and inflam-
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Fig. 1. Tumor growth inhibition in tumor-bearing mice with different injec-
tion route at a dose of 6 mg DOX/kg body weight. 5 × 105 TC-1 cells were
inoculated into mice subcutaneously. The arrow indicates the injection day of
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ation and maintained a healthy appearance after implantation
f the hydrogel.

.4. Vaccinia virus vaccine

The preparation of vaccinia virus vaccine encoding E7 has
lso been described previously (Lin et al., 1996, 2003; Hsieh
t al., 2004). Wild type vaccinia virus (Vac-W.T.) and vaccinia
irus expressing Sig/E7/LAMP-1 (Vac-Sig/E7/LAMP-1) were
mplified by infecting TC-1 cells in vitro according to a stan-
ard protocol. The viral stocks were preserved at −70 ◦C prior to
accination. Before use, the virus was thawed at 37 ◦C. The liq-
id phase stock was centrifuged at 1500 rpm for 2 min. After
entrifugation, the stocks were diluted with minimal essen-
ial medium (MEM) without FBS to a final concentration of
× 108 plaque-forming units (PFU)/ml. Mice were immunized

ntraperitoneally with 3 × 106 PFU of the vaccinia vaccines
0.1 ml of the diluted vaccine).

.5. Antitumor activity

5 × 105 cells of murine TC-1 cervical cancer in 20 �l were
arefully inoculated into C57BL/6 mice subcutaneously. After
esigned days following tumor inoculation, therapeutic agents
ere injected intratumorally or intravenously at a dose of 6 mg
OX/kg body weight. For the determination of tumor volume,

ach individual tumor size was measured with a caliper and the
umor volume was calculated using the following equation:

umor volume (mm3) = width × length2

2
(1)

.6. Flow cytometry analysis

Cell surface marker staining of CD8 and intracellular
ytokine staining for interferon-� (IFN-�), as well as flow
ytometry analysis were performed as described previously
Kim et al., 2003, 2004; Hsieh et al., 2004). Briefly, spleno-
ytes were harvested from mice after chemoimmunotherapy.
efore intracellular cytokine staining, 5 × 106 pooled spleno-
ytes from each group were incubated for 16 h with 1 �g/ml
RAHYNIVTF) peptide containing an MHC class I epitope
aa 49–57) for detecting E7-specific CD8+ T cell precursors.
ntracellular IFN-� staining and flow cytometry analysis were
erformed. Analysis was performed on a Becton-Dickinson
ACScan with CellQuest software (Becton Dickinson Immuno-
ytometry System, Mountain View, CA, USA).

.7. Statistical analysis

All of the data expressed as means standard deviation (S.D.)
re representative of at least three different experiments. Data for

he intracellular cytokine staining with flow cytometry analysis
nd tumor treatment experiments were evaluated by analysis
f variance (ANOVA). Comparisons between individual data
oints were made using a Student’s t-test. All p-values <0.05
ere considered significant.

1
t
T
w

he chemotherapeutic agent after TC-1 cell inoculation (*p < 0.005). The data
resented are from one representative experiment of the three performed, and
epresent the mean of six mice ± S.D.

. Results

.1. Intratumoral CH-DOX injection enhances antitumor
ctivity

The antitumor activity of free DOX and CH-DOX was
valuated after intravenous or intratumoral injection in TC-1
umor-bearing C57BL/6 mice (six per group) at a dose of 6 mg
OX/kg body weight, and the results were shown in Fig. 1. CH-
OX as a chemotherapeutic agent was successfully formed as
hydrogel after intratumoral injection as described previously

Han et al., 2004). Intratumoral injection of chitosan hydro-
el (CH) alone failed to inhibit tumor growth when compared
o PBS, confirming that the hydrogel itself does not have any
herapeutic effect against tumor cells. In contrast, injection of
ree DOX decreased the tumor growth significantly after direct
ntratumoral injection as compared to intravenous injection.
he intratumoral injection of CH-DOX, however, resulted in
nhanced antitumor activity than that of free DOX (*p < 0.005).
his greater effectiveness of the intratumoral injection of CH-
OX is presumably due to the local release of the drug into the

umor site directly and the prolonged exposure of tumor cells to
he drug as compared with systemic administration of free DOX
Konishi et al., 2003). Thus, the use of intratumoral injected
H-DOX was selected for further study.

.2. Determination of Vac-Sig/E7/LAMP-1 vaccination
ime contributes to enhance antitumor effect and immune
esponse

To optimize the treatment schedule, we immunized the TC-

tumor-bearing mice with Vac-Sig/E7/LAMP-1 and further

reated with CH-DOX at various times as described in Fig. 2b.
o evaluate the antitumor effects of treatments, tumor volume
as measured at 17 days after tumor inoculation. As shown
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Fig. 2. Determination of the optimum vaccination time of Vac-Sig/E7/LAMP-1 in combination with CH-DOX. The antitumor effect of combined therapy with
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ifferent Vac-Sig/E7/LAMP-1 vaccination times (a). Experimental protocol of c
t 0 or 3 days before or after tumor treatment with CH-DOX at a dose of 6 m
erformed, and represent the mean of three mice ± S.D.

n Fig. 2a, vaccination at 3 days before tumor treatment with

H-DOX generated the smallest tumor volume. In contrast, vac-
ination of TC-1 bearing mice with Vac-Sig/E7/LAMP-1 at 0 or
days after treatment with CH-DOX failed to decrease tumor

ig. 3. Tumor growth inhibition by the combination of CH-DOX and Vac-
ig/E7/LAMP-1 in TC-1 bearing mice. The experimental protocol was shown

n Fig. 2(b). Vac-Sig/E7/LAMP-1 was vaccinated at 3 days before CH-
OX treatment. The arrow indicates the injection day of chemotherapeutic or

mmunotherapeutic agents after TC-1 cell implantation into mice. The antitumor
ctivity of combined therapy of CH-DOX and Vac-Sig/E7/LAMP-1 was mon-
tored for 17 days (*p < 0.01). The data presented are from one representative
xperiment of the two performed, and represent the mean of six mice ± S.D.
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ed therapy (b). TC-1 bearing mice with Vac-Sig/E7/LAMP-1 were immunized
X/kg. The data presented are from one representative experiment of the two

olume. Thus, 3 days before CH-DOX intratumoral injection
as selected for an optimized vaccination time.

.3. Combined therapy using a hydrogel and
ac-Sig/E7/LAMP-1 generate better antitumor effects than
onotherapy

To evaluate the increasing synergistic antitumor effects of
he combined therapy, we performed an in vivo tumor treatment
xperiment on the basis of the protocol selected in Fig. 2. Empty
hitosan hydrogel and Vac-W.T. were used as negative controls.
he tumor volume was monitored for 17 days after tumor inoc-
lation and visual images of tumors produced in mice at 17
ays were captured. As shown in Fig. 3, the combination of
H-DOX and Vac-Sig/E7/LAMP-1 led to the highest tumor

uppression, although there are significant antitumor effects
n the group treated with empty CH plus Vac-Sig/E7/LAMP-

or CH-DOX plus Vac-W.T (*p < 0.01). In contrast, all mice
o-treated with empty hydrogel and Vac-W.T. had a simi-
ar tumor volumes as compared to mice treated solely with
BS.

.4. Combination of CH-DOX treatment with
ac-Sig/E7/LAMP-1 enhances E7-specific CD8+ T cell

mmune response

We assessed the antitumor immune response in the mice
reated as described in Fig. 3 by performing flow cyto-
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Fig. 4. Flow cytometry analysis of E7-specific IFN-�-secreting CD8+ T cells in mice treated with the combination of CH-DOX and Vac-Sig/E7/LAMP-1. As
described in Fig. 3, the antitumor effect of combined therapy was the highest as compared to other monotherapies. The immune response at above mentioned time
(as shown in Fig. 3(a), the result at 17 days) was confirmed. Cell surface marker staining of CD8 and intracellular cytokine staining for interferon-� (IFN-�), as
well as flow cytometry analysis were performed. Mice (six per group) were sacrificed at 17 days and then splenocytes were harvested. Before intracellular cytokine
staining, 5 × 106 pooled splenocytes from each group were incubated for 16 h with 1 �g/ml (RAHYNIVTF) peptide containing an MHC class I epitope (aa 49–57) for
detecting E7-specific CD8+ T cell precursors. Immune response of E7-specific IFN-�-secreting CD8+ T cell precursors/3 × 105 spenocytes for combined therapy was
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plenocytes (b). The data presented in this figure are from one representative ex

etric analysis by determining the number of E7-specific
FN-�-secreting CD8+ T cells. As shown in Fig. 4a and
, the combination of Vac-Sig/E7/LAMP-1 with CH-DOX
reatment resulted in a remarkable increase in the num-
er of E7-specific IFN-�-secreting CD8+ T cells compared
ith that of CH- or CH-DOX plus wild type vaccine

ontrols or PBS alone. Notably, the combined therapy of
ac-Sig/E7/LAMP-1 with CH-DOX generated significantly
ore E7-specific IFN-�-secreting CD8+ T cells than that of
ac-Sig/E7/LAMP-1 vaccine with an empty chitosan hydro-
el. This enhancement of E7-specific CD8+ T cell immune
esponse might not be caused by an adjuvant effect of
H-DOX since the combined therapy of CH-DOX with
ac-WT failed to generate a significant E7-specific CD8+
cell immune response. Thus, our results indicate that
H-DOX does not hamper but rather enhances the tumor-

pecific CD8+ T cell immune response induced by Vac-Sig/E7/
AMP-1.
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ting the number of E7-specific IFN-�-secreting CD8 T cell precursors/3 × 10
ent of the three performed, and represent the mean of three mice ± S.D.

.5. Combined therapy of CH-DOX with
ac-Sig/E7/LAMP-1 vaccinia virus vaccine increases
ong-term antitumor activity and mice survival than
onotherapy alone

In the treatments of tumors, the efficacy of antitumor effects
argely depends on their durability and sustenance. In that
oint of view, the long-term therapeutic effects were assessed
n terms of tumor volume (Fig. 5a) and survival (Fig. 5b) of
ice treated as described in Fig. 3. As shown in Fig. 5a, co-

reatment with Vac-Sig/E7/LAMP-1 and CH-DOX exhibited
potent suppression of tumor growth at least up to 60 days

fter tumor challenge. In the case of long-term survival of
he mice, as shown in Fig. 5b, the combination of CH-DOX

nd Vac-Sig/E7/LAMP-1 was more effective than any single
herapy at least up to 70 days after tumor challenge. Notably,
evere side effects such as weight loss caused by DOX were not
bserved in groups of the mice treated with CH-DOX in com-
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Fig. 5. Long-term tumor growth inhibition of combined therapy in tumor-
bearing mice. 5 × 105 murine TC-1 cells were inoculated into the mice
subcutaneously and the animals were treated with a combination of Vac-
Sig/E7/LAMP-1 and CH-DOX (6 mg/kg), following protocol presented in
Fig. 2(b). Mice were vaccinated with Vac-Sig/E7/LAMP-1 at 3 days before
CH-DOX treatment. Antitumor activity of long-term tumor growth inhibi-
tion was monitored for 60 days by measuring tumor volume of live mice
(*p < 0.005) (a). Cumulative survival of mice by combination of CH-DOX and
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ac-Sig/E7/LAMP-1 (b). Data of (a) and (b) are from an independent and rep-
esentative experiment of the two performed, and represent the mean of five
ice ± S.D.

ination of Vac-W.T. or Vac-Sig/E7/LAMP-1 to the end of this
xperiment.

. Discussion

Immunotherapy and chemotherapy are generally effective
gainst small-sized tumors, but many tumors grow rapidly
nd, eventually, fast-growing tumors become resistant to both
herapies as seen in both preclinical and clinical cases. There-
ore, to overcome this intrinsic resistance of the established
umor, effective cancer therapeutic strategies have been devel-
ped (Lake and Robinson, 2005; Van der Most et al., 2006).
mong them, multi-modality treatment regimens which com-

ine immunotherapy with apoptosis-induced chemotherapeutic
rugs have been widely studied in various clinical or preclinical
ettings (Lake and Robinson, 2005; Nowak et al., 2003). It has
een assumed that combining chemotherapy and immunother-
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py in cancer treatment do not result in a synergistic increase of
ntitumor effects because of immune suppression caused by the
mmunotoxicity of the cancer drugs (Lake and Van der Most,
006; Nowak et al., 2006).

Hydrogel systems can be used as a delivery system after
dministration into a mouse body or tumor tissue directly, which
an reduce the systemic side effects of anti-cancer drugs (Han
t al., 2004; Chenite et al., 2000; De Groot et al., 2002). Bio-
ompatibility and biodegradability of these systems are key
arameters for their medical and pharmaceutical applications. To
atisfy these specific properties, we prepared a thermosensitive
hitosan hydrogel containing a chemotherapeutic agent, DOX
CH-DOX), as an intratumoral composition for local delivery
f an anti-cancer drug. In our previous study, we have reported
n vivo biodegradation of chitosan hydrogel in a mouse model.
he chitosan hydrogel systems used in this study was completely
egraded and disappeared for 7–10 days after injection under our
xperimental conditions (Han et al., 2004). It is notable, how-
ver, that the release speed of DOX from chitosan hydrogel might
e faster than biodegradation rate, as has been reported at our
ther previous paper (Konishi et al., 2003; Olson et al., 2003; Han
t al., 2004; Chenite et al., 2000; Jeong et al., 1997). We expected
hat the chitosan hydrogel had great potential as a thermosensi-
ive injectable delivery system for the local drug administration
f cancer-killing agents without the severe systemic side effects
ncluding an immunotoxicity (Han et al., 2004).

To check the possibility of CH-DOX as a biocompatible and
ocal cancer drug delivery system for future clinical chemoim-

unotherapy, first of all, we evaluated the antitumor effects of
H-DOX itself by measuring tumor volumes after injection via
arious routes. Among them, intratumoral injection of CH-DOX
xhibited the strongest antitumor effects (Fig. 1). The antitumor
ffects of the intratumoral injection of free DOX maintained
or 7 days after injection. On the other hand, the effectiveness
f the intratumoral injection of CH-DOX was sustained more
han 9 days after injection, suggesting that the chitosan hydro-
el system might prolong the exposure of tumor cells to DOX
s compared with intratumoral administration of free DOX. To
nderstand a precise action mechanism of CH-DOX after intra-
umoral injection a pharmacokinetic study is needed.

We tried to further improve the therapeutic efficacy by
ombining CH-DOX with Vac-Sig/E7/LAMP-1. Although the
ombination of chemotherapy with immunotherapy offers a
romising method for cancer treatment, it is necessary to deter-
ine the best synergistic effects of this systemic approach
hile avoiding the undesirable immunotoxicity that might be

aused by the chemical agents. The rationale for the use of
he hydrogel system for chemoimmunotherapy is that intratu-

oral delivery of anti-cancer drugs for local treatment may be
ore effective in treating cancer cells by increasing the local

oxic effects with a minimal damage to the host immune sys-
ems. Therefore, the hydrogel system could reduce the systemic
mmunotoxicity of anti-cancer drugs, and could represent one

f the best delivery systems of chemotherapeutic agents for
hemoimmunotherapy to treat tumors (Olson et al., 2003). In
ddition to the injection route of the chemoimmunotherapeutic
gent, the injection timing between vaccination and CH-DOX
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dministration is also crucial for determining the antitumor
ffects of chemoimmunotherapy. It is noteworthy that anti-
ancer drugs can generate harmful effects on the viability of
mmune cells as well as a live or attenuated virus. The viability
f live or attenuated virus such as Vac-Sig/E7/LAMP-1 could
e affected by genotoxic cancer drugs. DOX is also a genotoxic
rug, which can act as a potential anti-viral agent for several
iruses (Sekizawa et al., 2003). As shown in Fig. 2a, vaccina-
ion of TC-1 bearing mice with Vac-Sig/E7/LAMP-1 at 0 or 3
ays after treatment with CH-DOX failed to further reduce the
umor growth by vaccination. Although the systemic toxicity
f anti-cancer drugs can be significantly reduced by using the
ydrogel system for local delivery of cancer drugs, a vaccinia
irus-based vaccine system seems to be highly sensitive to can-
er drugs. DOX released from tumor might decrease the number
f live Vac-Sig/E7/LAMP-1 locally or, possibly, systemically.
n our unpublished data, we have found that less then 1 × 106

FU of Vac-Sig/E7/LAMP-1/mouse, which was one tenth of the
iter used in this study, was not sufficient to induce significant
7-specific IFN-�-secreting CD8+ T cell immunity. However,
re-vaccination with Vac-Sig/E7/LAMP-1 at 3 days before CH-
OX treatment avoided these anti-viral effects of DOX and,

n turn, generated the strongest antitumor effects as shown in
ig. 3.

More importantly, the optimized combinational protocol of
re-vaccination and CH-DOX treatment elicited a greater num-
er of E7-specific IFN-�-secreting CD8+ T cells as compared
o pre-vaccination with CH as shown in Fig. 4. As noted in
he literature, many of chemotherapeutic agents such as DOX,
yclophosphamide, gemcitabin, adriamycin and 5-fluorouracil
lightly increased the antitumor immune response via cross-
resentation of an apoptotic tumor body mediated by caspase
ctivation (Lake and Van der Most, 2006; Nowak et al., 2006;
asares et al., 2005). However, we failed to observe a significant

nduction of antitumor immune response after the combina-
ion of CH-DOX and Vac-W.T. treatment in our experimental
ettings (Fig. 4a). Thus, the enhanced antitumor immunity of
he combined therapy does not seem to be caused by a direct
djuvant effect of CH-DOX. On the basis of this observation,
e propose that CH-DOX treatment may augment the antitu-
or immunity induced by the vaccinia viral vaccine through

nhanced tumor cell death, resulting in the uptake of tumor anti-
en by antigen presenting cells (APCs) through an exogenous
ross-presentation pathway, a process involving the presentation
f an exogenous antigen through the MHC class I pathway to
D8+ T cells (Kang et al., 2007). In our previous report, we
ave observed an increase in the number of tumor antigen pre-
enting CD11c+ DCs in draining lymph nodes of tumor-bearing
ice and, accordingly, an increase of the tumor-specific CD8+

cell immunity in tumor-bearing mice treated with epigallo-
atechin gallate (EGCG), a major component of polyphenols
nown as cathechins that have antitumor activity, combined with
Sig/E7/LAMP-1 DNA vaccine in a dose-dependent manner
Kang et al., 2007). Taken together, our findings provide evi-
ence that chemotherapy may aid in boosting antigen-specific
umor immunity via cross-presentation of dead tumor cells (Lake
nd Van der Most, 2006; Nowak et al., 2006). However, we

C
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id not rule out the possible immunological events other than
D8+ T cell immunity in developing the anti-cancer effect
y CH-DOX. Some evidence regarding the immunomodulat-
ng effects by DOX, has been indicated that DOX induced the
ctivation/differentiation of cells of the monocytic-macrophage
ype and stimulation of T cell responses (Ehrke et al., 1996),
ncreased production of interleukin-1, interleukin-2, and TNF-a,
nd modulation of natural killer (NK) cell function (Ehrke et al.,
996). Further studies on the antitumor effects of the combined
herapy are needed to confirm.

This strong antitumor effect continued, and survived all of
he mice treated by the combined therapy up to 70 days after
umor challenge (Fig. 5). This long-term protection of chemoim-

unotherapy seems to be highly associated with induction
f tumor antigen-specific antitumor immunity by the Vac-
ig/E7/LAMP-1 vaccine, especially E7-specific CD8+ T cell

mmunity. More than 50 of E7-specific CD8+ T cell among
× 105 spleenocytes were existed in each of the survived mice
t 70 days after tumor challenge (data not shown).

In this study, a thermosensitive chitosan hydrogel containing
oxorubicin (CH-DOX) was used as a local delivery system of a
hemotherapeutic agent for chemoimmunotherpay. The system
xhibited a synergistic antitumor effect after combination with a
accinia virus-based vaccine. This combination did not decrease
ut rather increased the tumor-specific CD8+ T cell immunity
rimed by vaccinia virus-mediated vaccination. We believe that,
his study is the first report demonstrating the use of a biodegrad-
ble hydrogel system as a cancer drug delivery system for the
pplication of successful chemoimmunotherapy. It is hoped that,
his study can be a foundation for a rational approach to improve
he antitumor efficacy of chemoimmunotherapy using hydrogel-
ased cancer drug delivery systems.
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