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ABSTRACT
Photodynamic therapy (PDT) involves the systemic administration of a tumor-specific photosensitizer and local irradiation of visible light,

can generate highly cytotoxic molecular species in the tumor and kill malignant cells directly or by shutting down the tumor microvascula-

ture. Collectively data show that anti-tumor immunity is an important mechanism that mediates the PDT-induced tumor-destroying effects in

many types of cancers. However, it is unknown whether PDT also promotes anti-tumor immunity in gliomas in the central nervous system

(CNS). Here we show that the PDT generates regional and systemic anti-tumor immunity in mice with G422 gliomas in the brain. The

infiltration of immune cells and the release of inflammatory factors, such as TNF-a and IFN-g, are increased in animals with G422 gliomas

following PDT when compared with those without receiving PDT. The lymphocytes that are isolated from PDT-treated mice are able to induce

anti-tumor immunity in nude mice. The anti-glioma immunity fostered by PDT is inhibited in complement C3 knockout mice and the nude

mice indicate the requirement of the activities of complement C3 and T cells. Thus, T cells that produce cytokines, along with complement C3,

may play crucial roles in mediating PDT-induced anti-glioma responses. J. Cell. Biochem. 112: 3035–3043, 2011. � 2011 Wiley-Liss, Inc.
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G liomas are the most common primary brain tumor. The

hallmarks of glioma cells include their ability to deeply

penetrate the surrounding tissue and to inhibit anti-tumor immune

responses. Although progress has been made in glioma treatment in

the past few decades, the resistance of gliomas to radiotherapy and

chemotherapy leads to devastating tumor growth and a dismal

prognosis [Tait et al., 2007; Simon and Schramm, 2009].

Photodynamic therapy (PDT), an adjuvant treatment following

surgical resection, involves the systemic administration of a tumor

selective-localizing photosensitizer that is only excited when

exposed to a specific wavelength of light [Dolmans et al., 2003].

PDT has been shown to be an effective treatment for malignant

gliomas [Muller and Wilson, 2006; Xiao et al., 2009]. It has been

reported that 73% of patients with astrocytomas multiforme and

75% of patients with glioblastomamultiforme treated with PDT have

prolonged survival [Stylli et al., 2005]. Recent evidence suggests

that PDT-induced tumor-destroying effects may be mediated

through direct cytotoxicity, microvascular disruption, and inflam-

mation [Nowis et al., 2005]. The development of anti-tumor

immunity is thought to contribute to PDT-induced inflammatory

responses [Castano et al., 2006; Mroz et al., 2010]. However, the

mechanism through which PDT induces anti-tumor immunity in the

brain has not been explored.

The present study was designed to investigate the effects of

PDT on anti-tumor immunity in mice with G422 gliomas. This

study provides evidence that PDT elicits anti-tumor immunity in

the mouse brain by inducing an inflammatory infiltration in

immunocompetent mice. However, PDT provides poor tumor

control in immunodeficient mice that lack T cells or complement

C3. The lymphocytes isolated from PDT-treated mice are able

to generate anti-tumor immunity in vitro and in nude mice.

Taken together, these results suggest that anti-tumor immunity may

play a crucial role in mediating PDT-induced tumor-destroying

effects.
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MATERIALS AND METHODS

MOUSE GLIOMA MODELS

All animal experiments were approved by the Subcommittee on

Research Animal Care of the Third Military Medical University of

China (ID: 2007181). G422 and GL261 mice glioblastoma cells were

purchased from the Cell Bank of the Chinese Academy of Sciences

and cultured in RPMI-1640 media containing 10% fetal calf serum

and penicillin/streptomycin. Male BALB/c mice (immunocompetent

mice, n¼ 60), nude mice (T cells-related immunodeficient mice,

n¼ 30), and complement C3 knockout mice (complement C3-related

immunodeficient mice, C3-KO mice, n¼ 24), weighing 18–22 g,

were provided by the laboratory animal center of the Third Military

Medical University. The G422 tumor cells (1� 105, 5ml) were

implanted using a microinjector that was placed 2mm anterior and

2mm lateral to the junction of the sagittal and lambdoid sutures

[Sun et al., 2010]. All procedures were performed aseptically. Two

mouse models were used in this study: an orthotopic tumor model

that was implanted in the brain and a subcutaneous model. To

distinguish between these models, the mice with the gliomas that

were implanted in the brain were referred to as brain glioma-bearing

mice, whereas the mice with the gliomas that were implanted in the

subcutaneous region were referred to as subcutaneous glioma-

bearing mice. The subcutaneous model was only used to study the in

vivo immunoactivity of splenocytes that were isolated using the

brain model.

PDT AND TUMOR RESPONSE ASSESSMENT

Animals were given PDT after implantation when the tumors

reached a size of 3mm in diameter. For the PDT, each mouse was

given an intravenous injection of hematoporphyrin derivatives

(HPDs, 10mg/kg, Huading Ltd., Chongqing, China) [Li et al., 2006].

After 24 h, gliomas were subjected to irradiance. The skin was cut

open to expose a skull area (3� 3mm2) where the tumor was located

for irradiance. The light was produced by a Lumacar-051 light

source (Citec UK Ltd., London, UK) with a 150-W QTH lamp and a

630-nm interference filter. The light was delivered through an 8-mm

core diameter fiber optic catheter with an irradiance of 80–90mW/

cm2 and a radiant exposure of 150 J/cm2. Shammice that were given

a microinjection of vehicle instead of the HPD injection were also

subjected to the light therapy as a control.

FOLLOW-UP OF MICE

The orthogonal diameters of the tumors were measured twice a week

using 7.0 MRI (BioSpec In-vivo MR Spectroscopy/Imaging System.

Bruker BioSpin International AG, Switzerland) after tumor

implantation (Fig. 1D–F) and were verified using hematoxylin

and eosin (H&E) stain at specific time points. The maximal diameters

of the tumors were measured in three trans-planes: coronal (d1),

sagittal (d2), and transverse (d3). In addition, the tumor volume was

calculated with the following formula: d1� d2� d3�p/6 [Genti-

lini et al., 2010]. The orthogonal growth was measured by the using

of vernier caliper in the mice with subcutaneous tumor. The

specimens were subjected to flow cytometry analysis, cytokine

determination and in vitro cytotoxicity measurements at 24, 48, 72,

96, and 120 h after light exposure. For the survival duration

observations, each mouse was sacrificed when either the tumor

reached a diameter of 0.6 cm or when the mouse lost 15% or more of

body weight.

FLOW CYOMETRY

The flow cytometry analysis was carried out to determine the

percentage of apoptotic cells of tumors out of the total number of

cells after PDT [Korbelik and Sun, 2006]. Tumors were excised,

weighed, enzymatically disaggregated, and obtained as single cell.

The cells were stained with fluorescein isothiocyanate (FITC)-

conjugated annexin V followed by phycoerythrin (PE)-conjugated

rabbit monoclonal antibody against active caspase-3. The apoptotic

cells were identified when they were positively stained with both

antibodies [Vermes et al., 2000].

Fresh isolated tumor was dissociated, centrifuged, washed, and

the Percoll-gradient isolation technique was used to isolate

inflammatory cells from tumor tissues [Hussain et al., 2006].

Peripheral blood was collected by orbital sinus venipuncture after

PDT and erythrocytes were depleted with the lysis buffer. Cells were

stained with monoclonal antibodies (mAb) against specific cell-

surface antigens (CD4, CD8, and CD68) as previously described

[Kabingu et al., 2007]. The CD4, CD8, and CD68 mAbs were

conjugated with FITC, PE, PerCPCy5.5, and allophycocyanin

(PharMingen, SanDiego, CA), respectively. The flow cytometry

analysis was performed using a two-laser FACStar Plus flow

cytometer (Becton-Dickinson, San Jose, CA) at 488 nm by employ-

ing 420/20, 530/30, and 575/30 band pass filters and a 640 long pass

filter. A minimum of 20,000 cells were used for the data analysis.

DETERMINATION OF CYTOKINE CONCENTRATIONS

The concentrations of tumor necrosis factor-a (TNF-a) and

interferon-g (IFN-g) in the splenic lymphocytes culture super-

natants tumor tissue homogenates of glioma pre- and post-

treatment and were determined using commercially available

enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems,

Wiesbaden-Nordenstadt, Germany) according to the manufacturer’s

instructions [Mabrouk et al., 2007].

SPLENOCYTE ISOLATION FOR CO-CULTURE AND

TRANSPLANTATION

Single cell suspensions were obtained by passing spleens through a

70mm mesh nylon cell strainer (BD Falcon) to make single cell. The

cells were harvested using centrifugation, were depleted of

erythrocytes with the lysis buffer (155mM NH4Cl, 10mM KHCO3,

1mMEDTA, pH 7.3) and were washed with PBS. About 5� 106 G422

cells per well were seeded to 12-well plates, followed by the addition

of 1� 105 splenocytes to each well. After 3 days, the number of cells

was counted. For the adoptive transfer studies, T lymphocytes

(1� 107 cells/mouse) that were separated from splenocytes were

immediately injected into the recipient mice through the tail vein.

Flow cytometry verified that the purity of the T cell population was

>90% by fluorescence-labeled anti-CD3mAb [Korbelik et al., 1996].

STATISTICAL ANALYSIS

All measured values were presented as mean� SD. The survival

analysis was performed using the Kaplan–Meier method. The
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survival curves were compared for statistical differences using the

log rank test and SPSS13.0 software. The differences between groups

were tested for significance using a one-way analysis of variance

(ANOVA). P values <0.05 were considered to be statistically

significant.

RESULTS

PDT INHIBITS GLIOMA GROWTH AND INCREASES APOPTOTIC CELL

DEATH IN GLIOMA

We employed a glioma model in which G422 glioma cells were

injected into the brain of immunocompetent BALB/c mice. We first

measured survival time in the brain glioma-bearing mice treated

with PDT and without PDT. The median post-PDT survival time was

42.5� 6.1 days with PDT, significantly prolonged than those

without PDT (9.0� 1.5 days) (Fig. 1A, Chi-square¼ 12.03, P¼ 0.01).

This prolonged survival duration was accompanied by a reduced

tumor volume in animals at the 72-h post-PDT. As shown in

Figure 1B, the average tumor volume was reduced by 78.32%

after PDT. In addition, the percentage of apoptotic tumor cells

was significantly increased, with a peak value at 48 h after PDT

(Fig. 1C). The tumor cell growth before PDT, and the necrosis and

hemorrhage of tumor tissue 24 h after PDT could also be observed

(Fig. 1G,H).

Fig. 1. Effects of PDT on G422 gliomas in mice brain. G422 glioma cells were injected into the brain of BALB/c mice and PDTs were performed after the tumor growth to 3mm

in diameter. The survival time, tumor growth, and apoptosis of tumor cells were measured in the mice treated with PDT (þPDT group) or without PDT (�PDT). A: Kaplan–Meier

analysis shows that PDT significantly improves the overall survival duration of glioma-bearing BALB/c mice (Log Rank, n¼ 6 for each group, Chi-square¼ 12.03, P¼ 0.01).

B: A statistical analysis suggests that PDT significantly reduces the G422 tumor volume in tumor-bearing mice (Student’s t test, n¼ 6 for each group, �P< 0.05). C: PDT induces

apoptosis of G422 tumor cells (ANOVA, n¼ 6 for each group, �P< 0.05, vs. 0 h). D–F: Tumors were detected by MRI. G: H&E staining shows that the tumor invasion into the

brain. H: Necrosis and hemorrhage could be found in the tumor 1 day after PDT (H&E �200). [Color figure can be seen in the online version of this article, available at http://

wileyonlinelibrary.com/journal/jcb]
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PDT POTENTIATES ANTI-GLIOMA IMMUNITY

Because the increase in CD68R cells indicates an activated

inflammatory infiltration in the CNS including the macrophages,

myeloid/mononuclear lineage cells, gamma/delta T cells, and

activated CD4R and CD8R T cells [Asai et al., 1999; Strik et al.,

2004], the proportions of CD68þ cells in the isolated inflammatory

infiltration cells from glioma tissue at 0, 24, 48, and 72 h after PDT

(þPDT) were measured. Take the brain glioma-bearing BALB/c mice

that did not receive an HPD injection were used as a sham control

(�PDT). As shown in Figure 2A, the proportion of CD68þ cells is

increased after PDT in the tumor tissues at 24 h and peaked at 48 h.

Inflammatory factors, such as tumor necrosis factor-a (TNF-a)

and interferon-g (IFN-g), secreted from immunocytes mediate

inflammatory reactions [Herman et al., 1996]. The levels of TNF-a

and IFN-g in glioma tissues pre- and post-treatment were measured.

The results showed that PDT significantly increased the levels of

TNF-a and IFN-g in the tumor tissue after PDT, with peak levels of

these factors occurring at 72 h post-treatment (Fig. 2B,C).

PDT ENHANCES SYSTEMIC ANTI-GLIOMA IMMUNITY

The ratio of CD4þ/CD8þ lymphocytes in the blood reflects the

activation status of systemic immunity [Kabingu et al., 2007]. We

compared the proportion of blood CD4þ/CD8þ lymphocytes in

BALB/c mice without tumor implantation and without PDT (control

group), in brain glioma-bearing mice without PDT (�PDT) and in

brain glioma-bearing mice with PDT for 72 h (þPDT) (Fig. 3A). The

data showed that the increase of the CD4þ cells and the decrease of

the CD8þ cells, the ratio of blood CD4þ/CD8þ lymphocytes in

glioma-bearing mice without PDT was remarkably lower than that

in the control mice (Fig. 3A). However, PDT elevated the ratio of

CD4þ/CD8þ lymphocytes to a normal level at 72 h after treatment

(Fig. 3A). The levels of TNF-a and IFN-g secreted by splenic

lymphocytes that were collected from the culture supernatants in

these three groups of mice were also measured. PDT significantly

increased the levels of TNF-a and IFN-g in splenic lymphocytes of

brain glioma-bearing mice (Fig. 3B,C).

To provide evidence for the involvement of splenic lymphocytes

in anti-glioma immunity, G422 glioma cells and GL261 glioma cells

(also derived from mouse) were respectively co-cultured in vitro

with the splenic lymphocytes that were collected from mice without

tumor implantation (control), glioma-bearing BALB/c mice without

PDT (�PDT), and with PDT for 72 h (þPDT). The death rate of both

G422 and GL261 cells was significantly increased after co-culture

with splenic lymphocytes collected from mice treated with PDT

(Fig. 4A).

PDT SUPPRESSES GLIOMA GROWTH IN VIVO THROUGH

LYMPHOCYTE-MEDIATED ANTI-TUMOR IMMUNITY

The positive in vitro findings led us to investigate whether PDT

exerted its inhibitory effect on glioma growth by enhancing

systemic immunity in vivo. Splenic lymphocytes, harvested from the

brain glioma-bearing mice treated with or without PDT

(þLymþPDT/þLym�PDT) were injected into nude mice with

intracerebral and subcutaneous G422 gliomas. The tumor volumes

in these nude mice were measured at 14 days after the lymphocyte

injection. As shown in Figure 4B, the splenic lymphocytes collected

from the brain glioma-bearing mice treated with or without PDT

were effective in inhibiting not only the intracerebral but also

subcutaneous tumor growth of the nude mice. However, PDT

remarkably enhanced splenic lymphocyte-mediated suppression of

intracerebral and subcutaneous tumor growth (Fig. 4B).

T CELLS AND COMPLEMENT C3 ARE REQUIRED FOR THE INHIBITION

OF G422 GLIOMA GROWTH

The T lymphocyte mediated immune response is proved to be mainly

response for the PDT-induced anti-tumor immunity, and the

complement C3 was identified as a major chemoattractant in the

advanced phase of PDT-induced inflammatory infiltration [Cecic

and Korbelik, 2002; Stott and Korbelik, 2006; Mroz et al., 2010]. To

test the possible roles of T cells and complement C3 in PDT-induced

anti-glioma effects, we used nude mice with T cell-related

immunodeficiency, the complement C3 knockout mice (C3-KO

mice), and BALB/c mice. The G422 cells were implanted into the

Fig. 2. PDT enhances regional anti-glioma immunity. The inflammatory cells were isolated from tumors with or without PDT. The proportion of CD68þ cells were quantified by

cytometry and the level of TNF-a and IFN-g of the tumor homogenates were measured by ELISA. A: A statistical analysis shows that PDT increases the number of CD68þ cells in

the glioma tissue of BALB/c mice (ANOVA, n¼ 6, �P< 0.05, vs.�PDT); B: PDT increases TNF-a levels in the glioma tissue (ANOVA, n¼ 6, �P< 0.05, vs.�PDT); C: PDT increases

levels of IFN-g in the glioma tissue (ANOVA, n¼ 6, �P< 0.05, vs. �PDT).
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brain of these three strains of mice (Fig. 5A–C), and the volumes of

the gliomas were measured at various time points after tumor cell

injection (Fig. 5D). The growth rate of the gliomas was the fastest in

the C3-KO mice, followed by that in the nude mice and the BALB/c

mice. Thus, the BALB/c mice had the longest median survival

duration (44.3� 6.0 days), followed by 24.8� 5.2 days for the nude

mice and 18.6� 5.8 days for the C3-KO mice. However, when the

host mice died, the average size of the tumors (37.43� 1.67mm3 in

BALB/c mice, 37.46� 2.31mm3 in nude mice and 39.10� 2.89mm3

in C3-KO mice) was similar for the three strains of mice (Fig. 5A–D).

PDT-INDUCED ANTI-GLIOMA EFFECTS DEPEND ON THE ACTIVITY

OF T CELLS AND COMPLEMENT C3

Our data thus far suggest that T cells and complement C3 play

critical roles in the suppression of G422 glioma growth. We

therefore examined the effects of PDT on the survival time, tumor

volume, apoptotic rate of tumor cells, proportion of CD68þ cells, and

levels of inflammatory factors in BALB/c mice (BALB/cþ PDT),

nude mice (Nudeþ PDT), and C3-KO mice (C3-KOþ PDT) with brain

G422 tumors. The BALB/c mice with brain G422 tumors that were

treated with light but not HPD (BALB/cþ light) were used as a

Fig. 4. Splenic lymphocytes of tumor-bearing mice with PDT suppress glioma growth in vitro and in vivo. Splenic lymphocytes, harvested from the brain glioma-bearing mice

treated with or without PDT (þLymþPDT/þLym�PDT) were co-cultured of G422 and GL261 cells or injected into nude mice with intracrebral and subcutaneous G422 gliomas.

The tumor volumes were observed at 14 days after the lymphocyte injection. A: A statistical analysis indicates that the co-cultures of G422 and GL261 cells, respectively, with

splenic lymphocytes from tumor-bearing mice with PDT (þPDT) increase apoptotic cell death of both G422 and GL261 cells (ANOVA, n¼ 6 for each group; �P< 0.05 vs.�PDT;
#P< 0.05 vs. control). B: A statistical analysis shows that the tumor volume in the nude mice after the injection of splenic lymphocytes collected from the G422 tumor-bearing

mice treated with PDT (þLymþPDT) is significantly reduced (ANOVA, n¼ 5 for each group, �P< 0.05 vs. þLym�PDT, #P< 0.05 vs. þLymþPDT).

Fig. 3. PDT enhances systemic anti-tumor immunity in mice with G422 gliomas. The proportion of blood CD4þ/CD8þ lymphocytes and the levels of TNF-a and IFN-g secreted

by splenic lymphocytes in BALB/c mice without PDT (control group), brain glioma-bearing mice without PDT (�PDT) and brain glioma -bearing mice with PDT for 72 h (þPDT)

were analyzed. A: A statistical analysis shows that the fractions of blood CD4þ/CD8þ lymphocytes are increased at 72 h after PDT in glioma-bearing BALB/c mice (ANOVA, n¼ 6

for each group; �P< 0.05 vs. �PDT; #P> 0.05 vs. control). B,C: Statistical analyses show that the levels of TNF-a and IFN-g secreted by splenic lymphocytes of tumor-bearing

mice with PDT (þPDT) are significantly elevated (ANOVA, n¼ 6 for each group; �P< 0.05 vs. �PDT; #P< 0.05 vs. control).
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control. We showed that the median survival durations were 43 days

for the BALB/c mice, 18 days for the nude mice and 9 days for the

C3-KO mice after PDT. The PDT resulted in a 78.32% reduction of

tumor volume in BALB/c mice, 23.54% in nude mice and 11.76% in

C3-KO mice at 72 h after treatment. At 72 h after PDT, the

proportions of the apoptotic tumor cells were dramatically increased

in the brain glioma-bearing BALB/c mice with a peak value at 48 h.

This proportion was significantly higher than nude mice (Fig. 6A).

However, PDT had no significant effects on the proportions of

apoptotic tumor cells in the C3-KO mice.

Although PDT significantly increased the number of CD68þ cells

in the glioma tissue in all three strains of mice (Fig. 6B), the

treatment only significantly enhanced the release of TNF-a and IFN-

g in the BALB/c mice (Fig. 6C,D), as well as IFN-g in the nude mice

(Fig. 6D).

DISCUSSION

Accumulating evidence suggests that the failure of host immune

systems to eradicate glioblastomas is due to the inability of

glioblastomas to stimulate an effective anti-tumor immune

response. Thus, active immunization of patients with malignant

gliomas is regarded as a therapeutic strategy to promote anti-tumor

response [Grauer et al., 2009; Albesiano et al., 2010; Waziri, 2010;

Yang et al., 2010]. Indeed, recent findings indicate that anti-cancer

treatment, such as chemotherapy, radiotherapy, hyperthermia, and

high intensity focused ultrasound, can induce necrosis in tumors

and boost anti-tumor immunity [Hirschberg et al., 2004; Wu et al.,

2004; Heisel et al., 2008; Zitvogel et al., 2008]. Using the well

established brain glioma models by implanting G422 or GL261

mouse glioma cells in mice brain, which can mimic the growth of

human glioma such as the forming of spheres and invasion to the

normal brain [Zhang et al., 2004], our study provides evidence to

further support the anti-tumor immune strategy in the CNS. At the

same time, PDT, an effective adjuvant treatment for gliomas, showed

no obvious harm to the normal brain and no severe side effects were

observed as we had reported [Li et al., 2006].

A PDT-induced inflammatory reaction is thought to be enhanced

by the recruitment of neutrophils, mast cells, and monocytes

[Vonarx et al., 1997; Dolmans et al., 2003; Nowis et al., 2005;

Castano et al., 2006; Kousis et al., 2007], and the inflammatory

mediators that are released from these cells enable the massive

recruitment of immune cells to the tumor site [Krosl et al., 1996;

Cecic and Korbelik, 2002]. In the present study, the inflammatory

cells isolated from the tumor tissue were stained with monoclonal

Fig. 5. Effects of T cells and complement C3 on glioma growth. The G422 cells were implanted into the brains of nude mice with T cell-related immunodeficiency, the

complement C3 knockout mice (C3-KO mice) and BALB/c mice. The tumor volumes of the gliomas were measured. A–C: Sample histological sections of G422 tumor with H&E

staining. The sections were prepared from gliomas in the BALB/c mice at 49 days (A), the nude mice at 24 days (B), and the complement C3 knockout mice at 17 days (C) after

tumor implantation. D: Summarized data shows the volumes of the G422 tumors in the brains of the three mouse strains at various time points after tumor implantation,

indicating that the G422 tumors grows the fastest in the complement C3 knockout mice, followed by the nude mice and the BALB/c mice. The average sizes of the tumors were

similar at the time point when the host mice died (ANOVA, n¼ 6 for each group, #P> 0.05). The average survival duration is 35 days for the BALB/c mice, 21 days for the nude

mice, and 14 days for the C3-KO mice (ANOVA, n¼ 6 for each group, �P> 0.05). Tu, tumor.
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antibody against specific CD68. The proportion of CD68þ cells is

dramatically increased in the glioma tissue despite the immuno-

background of the mice after PDT. The treatment also markedly

enhances the release of TNF-a and IFN-g in the BALB/c mice.

Although the subtypes of lymphocyte were not identified, but the

CD68R cells indicates an activated inflammatory infiltration in the

CNS [Asai et al., 1999; Strik et al., 2004], the increasing of

proportions of CD68þ cells could indicate the higher activation of

infiltrated inflammatory in the tumor tissue in the brain. Thus, PDT

may enhance anti-glioma immunity by promoting regional

infiltration of inflammatory cells and increasing the release of

cytokines.

T cell-mediated immune responses represent the main type of

cellular anti-tumor immunity in cancer patients. The CD4þ/CD8þ

ratio is usually used as an indicator of a patient’s anti-tumor

immunity and also as prognostic markers for cancer patients

receiving immunomodulative therapy [Korbelik and Dougherty,

1999; Kabingu et al., 2007]. In the brain glioma-bearing mice, the

blood CD4þ/CD8þ ratio is significantly lower, but PDT increases

CD4þ/CD8þ ratio, implying that PDT reverses the immune ability of

the host and exerts anti-tumor immunity through systemic CD4þ T

cells.

Although in the early stage of the PDT, the cell death mainly

causes by direct cytotoxicity and microvascular disruption,

increasing evidence indicates that PDT promotes systemic immunity

and generate specific vaccines to antagonize tumors, and the

localized inflammatory effect of PDT also initiate the formation of

anti-tumor immunity [Krosl et al., 1995; Krosl et al., 1996;

Hendrzak-Henion et al., 1999; Jiang et al., 2002; Skivka et al., 2004;

Korbelik and Sun, 2006; Kabingu et al., 2009]. PDT induces systemic

anti-tumor immunity in mice with G422 gliomas by increasing the

ratio of blood CD4þ/CD8þ lymphocytes, which enhances the ability

of splenic lymphocytes to kill glioma cells and promotes the release

of TNF-a and IFN-g. Interestingly, the splenic lymphocytes from

mice after PDT also have inhibitory effect on the growth of

intracerebral and subcutaneous implanted G422 tumors in the nude

mice, indicating that PDT-mediated systemic immunity can

suppress tumor growth outside the treatment region.

It is interesting to note that PDT increases the infiltration of

inflammatory cells, regardless of the immunity status of the host, in

all three strains of mice. However, the treatment had the greatest

anti-glioma effects in the normal immunocompetent BALB/c mice,

suggesting that PDT-induced anti-glioma effects depend on the

activity of T cells and complement C3. The T lymphocyte mediated

Fig. 6. Effects of T cells and complement C3 on PDT-induced anti-glioma effects. The apoptotic rate of G422 tumor cells, proportion of CD68þ cells and levels of inflammatory

factors in BALB/c mice (BALB/cþ PDT), nude mice (Nudeþ PDT) and C3-KO mice (C3-KOþ PDT) after PDT were measured. A: A statistical analysis shows the proportions of

apoptotic tumor cells out of the total number of cells before and after PDT in the three types of mice (ANOVA, n¼ 6 for each group, �P< 0.05 vs. C3-KOmice; #P< 0.05 vs. nude

mice). B: A statistical analysis shows the effects of PDT on the proportions of CD68þ cells out of the total number of cells in the glioma tissue in all three strains of mice (ANOVA,

n¼ 6 for each group, �P< 0.05 vs. BALB/cþ light). C: A statistical analysis shows the effects of PDT on TNF-a release in the tumor tissue of all three strains of mice (ANOVA,

n¼ 6 for each group, �P< 0.05 vs. BALB/cþ PDT, #P< 0.05 vs. BALB/cþ light, §P< 0.05 vs. BALB/cþ light). D: A statistical analysis shows the effects of PDT on IFN-g release

in the tumor tissue of all three strains of mice (ANOVA, n¼ 6 for each group, �P< 0.05 vs. BALB/cþ PDT, #P< 0.05 vs. BALB/cþ light, §P< 0.05 vs. BALB/cþ light).
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immune response is proved to be mainly response for the PDT-

induced anti-tumor immunity, and the complement C3 was

identified as a major chemoattractant in the advanced phase of

PDT-induced inflammatory infiltration [Cecic and Korbelik, 2002;

Stott and Korbelik, 2006; Mroz et al., 2010]. Thus, the activation of T

cells and complement C3 may play critical roles in mediating PDT-

induced anti-glioma immunity.

PDT-mediated tumor destruction may provide tumor-specific

antigens to T cells and activates the immune cascade that stimulates

the release of a wide variety of potent mediators, such as vasoactive

substances, components of the complement cascades, cytokines (IL-

6, IL-1b, IL-2, tumor necrosis factor-a, and granulocyte colony

stimulating factor), growth factors, and other immunoregulators

[Castano et al., 2006; Korbelik and Sun, 2006; Kabingu et al., 2009;

Mroz et al., 2010]. As one of the key effect molecules engaged in

immune reactions, complement C3 is activated after PDT, and this

activation has been identified as a major PDT-induced host response

[Stott and Korbelik, 2006]. PDT did not induce a sufficient immune

response in nude mice and C3-KO mice in our study, indicating that

the activation of T cells and their complements are crucial in PDT-

induced anti-glioma immunity.

Collectively, the present data showed that the PDT generates

regional and systemic anti-tumor immunity in mice with gliomas in

the brain. The infiltration of immune cells and the release of

inflammatory factors, such as TNF-a and IFN-g, were response for

the regional effects of PDT-induced anti-glioma immunity.

Furthermore, we showed that the lymphocytes isolated from the

PDT-treated mice were able to induce anti-tumor immunity in nude

mice suggested the activation of systemic immune by PDT. We also

provided evidence that the anti-glioma immunity fostered by PDT

was inhibited in complement C3 knockout mice and the nude mice,

indicated the requirement of the activities of complement C3 and T

cells. Although more details, such as the identification of the

subtypes of lymphocytes, especially the role of microglia infiltration

and activation in the CNS should be studied deeply, the present

study provided clear evidence that the T cells along with

complement C3, might play crucial roles in mediating PDT-induced

anti-glioma responses.
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