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Abstract Photodynamic therapy (PDT)–generated cancer

vaccines have shown promising results in preclinical

studies and are being introduced in the clinics. Using an

SCCVII mouse squamous cell carcinoma-based whole-cell

autologous PDT vaccine model developed in our previous

work, we have examined systemic effects in vaccinated

mice that could be related to the induction of acute phase

response. The upregulation of gene encoding serum amy-

loid P component (prototypic mouse acute phase reactant)

was detected in the liver and to a lesser degree in the tumor

of vaccinated mice at 24 h post-PDT vaccine treatment. A

strong upregulation of gene for heat shock protein 70 was

found in both the liver and tumor of mice at 4 h after their

PDT vaccine treatment. Changes in the expression of genes

for glucocorticoid-induced leucine zipper and serum- and

glucocorticoid-regulated kinase 1 that are highly respon-

sive to glucocorticoid modulation were uncovered in both

the tumor and liver of vaccinated mice. A rise in the levels

of serum corticosterone was detected in mice at 24 h after

PDT vaccine treatment. The results indicate that a sudden

appearance of a large number of PDT vaccine cells elicits

host responses for securing their optimized clearance,

which in addition to producing seminal acute phase reac-

tants includes the engagement of glucocorticoid hormones.

It is becoming increasingly clear that a consummate exe-

cution of this process of PDT vaccine cell removal is

critical for tumor antigen recognition and the attainment of

potent antitumor immune response.
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Introduction

One of the most interesting applications of photodynamic

therapy (PDT), a clinically established modality for the

eradication of cancers and other lesions [1], is the devel-

opment of PDT-generated cancer vaccines [2]. In standard

application of PDT, tumor-focused illumination using light

wavelengths matching absorption characteristics of the

photosensitizing drug accumulated in the lesion after pre-

vious (usually systemic) administration produces cytotoxic

reactive oxidative species directly in targeted lesions [1, 3].

In contrast, for PDT vaccine application, the photosensi-

tizing drug is not administered to the tumor host nor is the

tumor illuminated. Instead, the host/patient is injected a

vaccine consisting of autologous tumor cells or their

lysates previously treated with PDT in vitro [2].

The first report on PDT-generated vaccines was pub-

lished by Gollnick et al. [4], followed by the findings

from our laboratory [5]. In their work, the Gollnick team

used lysates of Photofrin PDT-treated mouse tumor cells

as a prophylactic vaccine against the challenge with the

same tumor. Our work has established autologous thera-

peutic cancer vaccines based on PDT-treated tumor cells

or ex vivo tumor tissue that are effective in attaining

clearance of existing tumors [6–8]. While the earlier

reports described the development of PDT vaccines

relying exclusively on photosensitizer Photofrin [4, 5],

subsequent studies revealed that various other photosen-

sitizers, including hematoporphyrin monomethyl ether [9],

benzoporphyrin derivative [6], chlorin e6 [7], and

M. Korbelik (&) � S. Merchant

British Columbia Cancer Agency, B.C. Cancer Research Centre,

675 West 10th Avenue, Vancouver, BC V5Z 1L3, Canada

e-mail: mkorbelik@bccrc.ca

123

Cancer Immunol Immunother (2012) 61:1387–1394

DOI 10.1007/s00262-012-1206-8



hypocrellin SL052 [10], can also be used for generating

effective cancer vaccines.

From mounting evidence accumulated in various stud-

ies, it is clear that the therapeutic effect of PDT vaccine

comes from its capacity to induce a tumor-specific immune

response executed by cytotoxic T lymphocytes. The sup-

porting evidence includes the effectiveness against mis-

matched tumor types, acquisition of resistance against re-

challenge with the same tumor, effectiveness against

tumors growing distantly from vaccination site, prompted

accumulation of dendritic cells and their functional matu-

ration, absence of the vaccine effect in hosts depleted of

CD8? T cells, induction of tumor-specific interferon-c-

secreting T cells, and detection of high numbers of de-

granulating CD8? T cells in lesions regressing after vac-

cination but not in poorly responding lesions [2].

The therapeutic cancer vaccine generated by PDT that

was developed in our laboratory belongs to the class of

autologous whole-cell vaccines, with the vaccine cell

corpses providing material for tumor antigen capture and

presentation for attaining immune recognition of the tumor

and breakdown of immune tolerance. A key element is the

recognition by the host of the presence of cell death pat-

terns on PDT vaccine cells and the engagement of dead cell

disposal pathways conducive to the presentation of anti-

gens that were present in the vaccine material [2, 7]. The

advantages of whole-cell/polypeptide vaccination strategy

over targeting specific epitopes are in securing a greater

coverage of potential and diverse tumor antigens (even if

most of them remain unknown) with covering also the

determinants for engaging tumor-specific helper T cells;

this reduces the risk of encountering ‘‘tumor escape’’ by

downregulation of antigen expression [11].

The present report shows that PDT vaccine treatment

has important systemic effects preceding the development

of immune response, as it elicits an acute phase response

with the activity of adrenal hormones.

Materials and methods

Tumor model

Squamous cell carcinoma SCCVII, a recognized model for

poorly immunogenic head and neck cancer of spontaneous

origin [12], was grown subcutaneously in syngeneic C3H/

HeN mice. The tumors, implanted subcutaneously in the

lower dorsal region, were treated when they reached 5 mm

in the largest diameter. The vaccine therapy was carried out

as a single peritumoral injection. Its therapeutic outcome

was assessed by monitoring changes in tumor size deter-

mined by measurement of the lesion’s three orthogonal

diameters using a caliper as described in detail elsewhere

[8]. The approval for protocol used with mice was received

from the Animal Care Committee of the University of

British Columbia.

Vaccine treatment

Vaccine generation procedure, referred to as the ‘‘post-

incubation vaccine protocol’’ was described in detail in

earlier reports [7, 8]. Briefly, SCCVII cells (grown in alpha

minimal essential medium supplemented with 10% fetal

bovine serum) were treated by PDT by first exposing to

photosensitizer chlorin e6 (ce6, Frontier Scientific Inc.,

Logan, UT, USA) at a concentration of 0.5 lg/ml in serum-

free medium for 30 min at 37�C. The cells were next

washed and treated with 1 J/cm2 of 665 ± 10 nm light at

15 mW/cm2. After PDT, the cells were kept in serum- and

protein-free medium (S8284, Sigma Chemical Co., St.

Louis, MO, USA) for 16 h at 37�C. The cells were then

collected and concentrated for injecting at 2 9 107 per

mouse. Their viability was less than 20% and over 50%

were apoptotic. Before injection into mice, they were first

treated with X-rays (60 Gy). The same number of SCCVII

cells treated with X-rays only was used in the routine

control vaccine group. In some experiments, 3,4-methyle-

nedioxy-benzylidine-c-butyrolactam (KNK437) was added

to the medium at 25 lg/ml during the 16-h post-incubation

period. This inhibitor of heat shock protein induction was

obtained from EMD Bioscience (Mississauga, Ontario,

Canada). For blocking the activity of glucocorticoid hor-

mones, either glucocorticoid receptor antagonist mifepri-

stone (M80046, Sigma) or glucocorticoid synthesis

inhibitor metyrapone (856525 Sigma Aldrich) was injected

i.p. (50 mg/kg and 100 mg/kg, respectively) in selected

groups of mice immediately after vaccination.

Gene expression

Expression of the genes of interest was assessed using

quantitative real-time RT-PCR described in detail in our

previous reports [13]. Briefly, after total RNA isolation

from homogenized tumor or liver tissue, 1-lg samples

were processed using SuperScript III Platinum Two-Step

qRT-PCR kit with SYBR green (Invitrogen Canada Inc.,

Burlington, Ontario, Canada). Expression of mouse Hsp70,

SAP, and GILZ gene analysis including the details of their

specific primers was described previously [13–15]. Primer

for SGK-1 gene was GAGAAGGATGGGCCTGAAC-

GAT, amplicon size of 171 bp. Housekeeping gene gly-

ceraldehyde-3-phosphate dehydrogenase (GAPDH) was

served for normalizing the expression of investigated

genes.
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Corticosterone ELISA

Commercial ELISA kit developed by Kamiya Biomedical

Company (Seattle, WA, USA) was used for determining

corticosterone levels in mouse serum samples as described

in our previous work [15].

Statistical analysis

The difference between means of the data for various

treatment groups was analyzed using nonparametric Mann–

Whitney test, while tumor growth inhibition results were

statistically evaluated using log-rank test. For determining

whether the groups were statistically different, the signifi-

cance threshold was set at 5%.

Results

Standard treatment of tumors by PDT, where these lesions

are exposed to light in situ after the host was administered a

photosensitizing drug, was shown to induce an acute phase

response in host mice [13]. To determine whether this type

of host response can be instigated by PDT vaccine treat-

ment, the expression of gene encoding serum amyloid P

component (SAP, prototypic mouse acute phase reactant)

was examined in the livers and tumors of vaccinated mice.

The SCCVII tumor-bearing mice were killed at 24 h after

they were treated either with PDT vaccine, prepared

according to the protocol optimized in our previous work

[7, 8], or with control vaccine consisting of SCCVII cells

treated only with X-rays. The expression of SAP gene in

the tumor and liver of these mice was compared with that

found in untreated SCCVII tumor–bearing mice. The

results reveal a marked upregulation of SAP gene in the

livers of mice treated with PDT vaccine (Fig. 1). A sig-

nificant, but much smaller liver SAP gene upregulation was

found after control vaccine treatment. The treatment with

PDT vaccine also caused the upregulation of tumor SAP

gene, but the extent was modest, and no significant changes

were evident following control vaccine treatment.

Our recent studies have revealed that proimmune

chaperone heat shock protein 70 (Hsp70) can also get

expressed as acute phase reactant [14]. The examination of

the effect of PDT vaccine on Hsp70 gene expression

showed its upregulation in both tumor and liver at 4 h post-

treatment (Fig. 2). The upregulation of Hsp70 gene, but to

a significantly lower extent, was also evident at the both

sites after control vaccine treatment. At 24 h after therapy,

the Hsp70 gene expression dropped to pre-treatment levels

in the liver, while it remained only slightly elevated in the

tumor. No significant effect was seen at this time-point

after control vaccine treatment.

The importance of Hsp70 for the therapeutic impact of

PDT vaccines was demonstrated using KNK437, which

inhibits selectively the induction of this protein [16, 17].

The preparations of PDT vaccine prepared with KNK437

present during the 16-h post-incubation period were less

effective in inhibiting SCCVII tumor growth than PDT

vaccines prepared without it (Fig. 3).

Since adrenal hormones have an important role in PDT-

induced acute phase response [13, 15], it was warranted to

examine their involvement in the response to PDT vaccine.

A reliable indication of such event is changes in the

expression of genes particularly susceptible to glucocorti-

coid regulation. The results for one such gene, glucocor-

ticoid-induced leucine zipper (GILZ) [18], are shown in

Fig. 4a. It can be seen that this gene became downregulated
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Fig. 1 Expression of SAP gene in the tumor and liver of mice treated

with PDT vaccine. Mice bearing SCCVII tumors were treated with

either PDT vaccine or control vaccine using SCCVII cells exposed

only to X-rays (60 Gy). The vaccine was prepared by incubating

SCCVII cells with ce6 (0.5 lg/ml) for 30 min followed by exposure

to 665 ± 10 nm light (1 J/cm2) and then 16-h post-incubation at

37�C. The cells were then collected, exposed to X-rays (60 Gy), and

injected into SCCVII tumor-bearing mice (2 9 107 cells per mouse

peritumorally). The mice were killed at 24 h after vaccination and

their tumor and liver tissues collected for quantitative RT-PCR-based

analysis of the expression of SAP gene. The results are presented as

GAPDH-normalized SAP gene expression relative to that in the same

tissue of untreated tumor-bearing mice. Each treatment group

consisted of 4 mice; bars represent standard deviations. *Statistically

significant difference in response (P \ 0.05) compared to the

unvaccinated control group; **statistically significant difference in

response (P \ 0.05) compared to control vaccine group
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in the tumors at both 4 and 24 h after PDT vaccine, while

control vaccine had the opposite effect. In the liver, PDT

vaccine caused only a modest GILZ gene upregulation at

4 h post-treatment, but the effects seen after control vac-

cine were much more pronounced. Significant changes in

the expression of serum- and glucocorticoid-regulated

kinase-1 (SGK1), which is another glucocorticoid-suscep-

tible gene [19], were also detected in the tumor at 4 and

24 h post-PDT vaccine treatment. However, control vac-

cine exhibited a significantly lower effect on SGK1 gene

expression only at the 4-h time-point while its effect at the

24-h time-point was similar to PDT vaccine. In the liver,

the changes in SGK1 gene expression were detectable only

at 4 h post-treatment and were much less manifested than

in the tumor; the effect seen with PDT vaccine was only

slightly more pronounced.

In order to examine the relevance of glucocorticoid

activity for the therapeutic potency of PDT vaccines, glu-

cocorticoid receptor antagonist mifepristone was adminis-

tered to mice immediately after vaccination. The results

show that during the first 8 days post-therapy, the per-

centage of growth-inhibited tumors ranged 80–100% with

PDT vaccine alone group, while this inhibitory effect lasted

much shorter and never exceeded 50% with PDT plus

mifepristone group (Fig. 5a).

Treatment with another glucocorticoid-modulating

agent metyrapone (glucocorticoid synthesis inhibitor) also

reduced the percentage of growth-inhibited tumors com-

pared to PDT vaccine alone (Fig. 5b). These results dem-

onstrate that the activity of glucocorticoid hormones is

important for the therapeutic efficacy of PDT vaccines and

have in overall a positive contribution to the therapeutic

impact.

Evidence consistent with raised activity of glucocorti-

coid hormones after PDT vaccine treatment was obtained

by examining the levels of serum corticosterone, which is a

primary glucocorticoid in mice. A significant rise in serum

corticosterone was found in SCCVII tumor-bearing mice

24 h after they received PDT vaccine treatment (Fig. 6). In

contrast, no significant changes in serum corticosterone

were detected in mice treated with control vaccine.
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Fig. 2 Expression of Hsp70 gene in the tumor and liver of mice

treated with PDT vaccine. Mice bearing SCCVII tumors were treated

with either PDT vaccine or control vaccine as described for Fig. 1.

The mice were killed either 4 or 24 h after vaccination and their

tumor and liver tissues collected for quantitative RT-PCR-based

analysis of the expression of Hsp70 gene. The results are presented as

GAPDH-normalized Hsp70 gene expression relative to that in the

same tissue of untreated tumor-bearing mice. Each treatment group

consisted of 4 mice; bars represent standard deviations. *Statistically

significant difference in response (P \ 0.05) compared to the

unvaccinated control group; **statistically significant difference in

response (P \ 0.05) compared to control vaccine group
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Fig. 3 Effect of inhibition of heat shock protein synthesis induction

in PDT vaccine cells on therapy outcome. Mice bearing SCCVII

tumors were treated with PDT vaccine or control vaccine as described

for Fig. 1. The 16 h post-incubation in this protocol was carried out

either in the presence or absence of KNK437 (25 lg/ml). The vaccine

response was monitored by tumor size measurement and is shown as

percentage of growth-inhibited tumors smaller than the means minus

twofold SD of unvaccinated control group. Each treatment group

consisted of 6 mice. *Statistically significant difference in response

(P \ 0.05) compared to the unvaccinated control group; **statisti-

cally significant difference in response (P \ 0.05) compared to PDT

vaccine alone group
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Discussion

It is clearly established that the therapeutic effect of PDT-

generated cancer vaccines is based on inducing a strong

adaptive immune response against the treated malignancy

[2]. This evidently systemic response [7] is, as demon-

strated in the present study, preceded by other systemic

host defense activity. Our recent work has shown that the
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Fig. 4 Expression of GILZ and SGK1 genes in the tumor and liver of

mice treated with PDT vaccine. Mice bearing SCCVII tumors were

treated with either PDT vaccine or control vaccine as described for

Fig. 1. The mice were killed either 4 or 24 h after vaccination and

their tumor and liver tissues collected for quantitative RT-PCR-based

analysis of the expression of a GILZ gene and b SGK1 gene. The

results are presented as GAPDH-normalized GILZ or SGK1 gene

expression relative to that in the same tissue of untreated tumor-

bearing mice. Each treatment group consisted of 4 mice; bars
represent standard deviations. *Statistically significant difference in

response (P \ 0.05) compared to the unvaccinated control group;

**statistically significant difference in response (P \ 0.05) compared

to control vaccine group
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Fig. 5 Effect of glucocorticoid activity inhibition on the therapeutic

effect of PDT vaccine. Mice bearing SCCVII tumors were treated

with PDT vaccine as described for Fig. 1. At 30 min before

vaccination, the mice received intraperitoneal injection of either

a mifepristone (50 mg/kg) or b metyrapone (100 mg kg). Tumor

responses to vaccine treatment are presented as percentage of growth-

inhibited tumors (same as in Fig. 1). Each treatment group consisted

of 6 mice. *Statistically significant difference in response (P \ 0.05)

compared to the unvaccinated control group; **Statistically signif-

icant difference in response (P \ 0.05) compared to PDT vaccine

alone group
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treatment for solid tumors by PDT induces a strong acute

phase response including its hormonal component mani-

fested by the activity of adrenal hormones [13, 15]. This

prompted us to examine in the present work whether PDT

vaccine treatment, where 2 9 107 in vitro PDT-treated

tumor cells are injected in the host, elicits any comparable

host activity. The hallmark of acute phase response, an

effector process mobilizing resources from the entire

organism for the execution of a host-protecting response, is

the production of acute phase reactants at sites distant to

the local insult with liver representing a major participating

organ [20, 21]. This work provides evidence of the acti-

vation of genes of two important acute phase reactants,

SAP and Hsp70, in the liver of mice that received tumor-

localized injection of PDT vaccine.

The upregulation of gene encoding SAP, which is a

prototypic acute phase reactant of mice [22], was demon-

strated in PDT vaccine-treated mice at 24 h post-treatment

that was establish previously as the peak time interval for

the upregulation of this gene after standard PDT treatment

[13]. The increased activity of SAP gene was detected in

both the liver and tumor of vaccinated mice, but the effect

was much more pronounced in the liver.

We have demonstrated recently that Hsp70, known not

only for its protein chaperoning function but also as signal

transduction pathways participant and important regulator

of inflammatory and immune responses [23], functions as

one of the key acute phase reactants produced in the liver

and spleen of mice bearing PDT-treated tumors [14]. The

upregulation of Hsp70 gene peaking at the 4-h time-point

(similarly as with PDT) was evident in both the liver and

tumor of PDT vaccine–treated mice (Fig. 2). The impor-

tance of this protein for the therapeutic impact of PDT

vaccines, which was already implicated in our earlier work

[6], is clearly demonstrated by the loss of their efficacy

when Hsp70 induction in vaccine cells was blocked by

KNK437 (Fig. 3). The expression of Hsp70 on the surface

of PDT vaccine cells appears critical for their disposal

orchestrating immune recognition of tumor antigens and

leading to an efficient antitumor response. Since Hsp70

released into circulation has tendency to accumulate in

PDT-treated tumors and be retained on the surface of

cancer cells [14], it could be expected that Hsp70 produced

in the liver of PDT vaccine–treated mice will also be

attracted to the vaccine cells. Pentraxin SAP also functions

as one of the mediators facilitating disposal of dead cells

including those sustaining the insult from PDT treatment

[24]. Thus, both SAP and Hsp70, produced as acute phase

reactants during the acute phase response induced in PDT

vaccine–treated mice, are probably mobilized to facilitate

the process of vaccine cell disposal and will influence the

development of antitumor immunity.

A major event of acute phase response is the activation

of hypothalamic–pituitary–adrenal axis resulting in the

release of adrenal hormones [25]. Glucocorticoids pro-

duced by adrenal gland were shown to have an important

impact on the development of acute phase response in mice

bearing PDT-treated tumors [15]. The present study dem-

onstrates that the same hormones are mobilized after PDT

vaccine treatment and contribute to the therapeutic out-

come. Our results uncover changes in the expression of

glucocorticoid highly responsive genes GILZ and SGK1 in

the tumors and livers of vaccinated mice. By suppressing

inflammatory and both innate and adaptive immune reac-

tions through inhibitory effects on transcription factors NF-

jB and AP-1 as well as other elements of pro-inflammatory

and immune signal transduction pathways, GILZ is estab-

lished as a pivotal mediator of glucocorticoid-induced

responses [18]. Importantly, GILZ gene expression in

tumors becomes downregulated after PDT vaccine treat-

ment (in contrast to the effect of control whole-cell vac-

cine), thus creating a supportive environment for the

development of antitumor immune responses. Significant
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Fig. 6 Serum corticosterone levels in mice treated by PDT vaccine.

Mice bearing SCCVII tumors were treated with either PDT vaccine or

control vaccine as described for Fig. 1. Their blood was collected at

indicated post-vaccination time intervals for the ELISA-based

determination of serum corticosterone. Each treatment group con-

sisted of 4 mice; bars represent standard deviations. *Statistically

significant difference in response (P \ 0.05) compared to the

unvaccinated control group; **statistically significant difference in

response (P \ 0.05) compared to PDT vaccine alone group
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PDT vaccine-induced changes, particularly in the early

phase of response in tumor tissue, were found in the

expression of gene encoding SGK1. This regulatory kinase

transduces signals from glucocorticoid hormone and

growth factor pathways to downstream effectors ensuring

appropriate timing/context of physiological responses and

thus controlling a wide range of biological processes

including cell proliferation, cell survival, and (by influ-

encing sodium (Na?) homeostasis) the function/activity of

dendritic cells [19, 26].

Although glucocorticoids are primarily known as

powerful suppressors of the immune response, they act by

both suppressing and stimulating a large number of

inflammatory and immune mediators [27]. Given that

glucocorticoid activity contributes positively to its thera-

peutic impact (Fig. 5), PDT vaccine treatment is evidently

not associated with substantial immunosuppressive activ-

ity of these hormones. One such positive contribution is

manifestly the downregulation of genes that dampen

immune response such as GILZ. Other way for gluco-

corticoids to bolster the antitumor effect of PDT vaccines

is their engagement in phagocytic engulfment and pro-

cessing of vaccine cells. Glucocorticoids promote the

clearance of dead cells by enhancing opsonization and the

activity of scavenger systems and by stimulating macro-

phage phagocytic ability and antigen uptake [27, 28].

Therefore, faced with a sudden appearance of a large

number of (mostly dying) PDT vaccine cells, the host will

launch responses to secure the most effective clearance of

these cells that in addition to the production of supporting

acute phase reactants include the engagement of gluco-

corticoid hormones.

The exceptional potential for therapeutic efficacy of

whole-cell cancer vaccines generated by PDT is becoming

recognized owing to their manifested advantages over

other polyvalent vaccination strategies [2, 29]. The present

study suggests that the potency of PDT vaccines could be

related in part to their capacity to elicit acute phase

response that ensures the production of seminal acute phase

reactants and engagement of glucocorticoid hormones. The

latter represents one of the most powerful endogenous

regulatory systems for the control of immune and inflam-

matory responses [25]. To our knowledge, this is the first

finding of the proficiency of a cancer vaccine for inducing

an acute phase response, and it remains to be seen whether

PDT vaccines are in this respect unique among cancer

vaccines.
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