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Abstract Despite temozolomide (TMZ) treatment, the

prognosis for patients with glioblastoma multiforme is still

dismal. As dose escalation of TMZ is limited by systemic

toxicity, intratumoral delivery emerges as an attractive

treatment modality, which may sustain cytotoxic drug

concentrations intratumorally and induce immunogenic

cell death. Both clinical and experimental gliomas have

responded to immunotherapy, but the benefit of simulta-

neous chemo- and immunotherapy is inadequately studied.

Here, we monitored survival of GL261-bearing C57BL/6

mice following a 3-day treatment with either intratumoral

TMZ (micro-osmotic pump, 4.2 mg/kg/day) or systemic

TMZ (i.p. injections, 50 mg/kg/day) alone, or combined

with immunization using GM-CSF secreting GL261 cells.

Peripheral and intratumoral leukocytes were analyzed by

flow cytometry and immunohistochemistry. Intratumoral

TMZ induced higher survival rate than systemic TMZ (45

vs. 8 %). When T cells were depleted following intratu-

moral TMZ, the therapeutic effect was completely abro-

gated (0 % survival). Intratumoral TMZ synergistically

increased survival rate of immunized mice (from 25 to

83 %), while systemic TMZ failed (0 %). While systemic

TMZ induced a transient leukopenia, intratumoral TMZ

and immunotherapy sustained the proliferation of CD8? T

cells and decreased the number of intratumoral

immunosuppressive cells. In conclusion, intratumoral TMZ

alone or in combination with immunotherapy could cure

glioma-bearing mice, due to attenuation of local immuno-

suppression and increase in potential effector immune

cells.
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Introduction

Patients with glioblastoma multiforme (GBM), the most

common primary malignant brain tumor, have a dismal

prognosis despite progress with conventional therapies

including surgery, concomitant radio- and chemotherapy

using the alkylating agent temozolomide (TMZ) and

adjuvant TMZ. The addition of TMZ has prolonged median

overall survival with 2.5 months, and the longtime follow-

up shows an increase in 5-year survival to 9.8 versus 1.9 %

with radiotherapy alone [1, 2]. This regimen has given an

overall gradual modest survival improvement [3]. How-

ever, not all patients receive concomitant therapy due to

toxicity or low performance status; thus, shorter overall

survival has been reported by others [4, 5].

Dose escalation of TMZ is limited by adverse effects

such as leukopenia [6, 7]. In order to sustain high cytotoxic

drug levels intratumorally, while reducing systemical tox-

icity, intratumoral delivery could be an alternative

approach. Intratumoral delivery of drugs has been admin-

istered to patients with malignant brain tumors in different

clinical settings [8, 9]. Wafer implants of the chemother-

apeutic drug, BCNU/carmustine, have been approved and

licensed for the treatment of malignant gliomas with proof
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of efficacy, but with conflicting reports of adverse effects

such as cerebral edema, infection and seizures [10–13].

Intratumoral delivery of TMZ has not been clinically tes-

ted, but promising results have been presented in experi-

mental brain tumor models. In the 9L gliosarcoma rat

model, locally delivered biodegradable or biocompatible

polymers containing TMZ induced long-term survivors

without neurological or systemic toxicities, while oral

TMZ failed [14, 15]. When combined with radiotherapy,

intratumoral TMZ further extended the survival [14]. TMZ

administered by i.c. micro-infusion to human glioma xe-

nografts in athymic rats induced cure without evidence of

toxicity [16].

Due to the infiltrative nature of GBM, with diffuse

dissemination of tumor cells beyond the tumor mass, and

general resistance to therapy, immunotherapy may repre-

sent a promising therapeutic approach. Immunotherapeutic

strategies have shown efficacy in experimental gliomas

[17–19] and have been tested against human malignant

gliomas, with partial clinical responses [20–22]. Moreover,

there is accumulating evidence that high tumor infiltration

of activated lymphocytes correlates with prognosis and

survival in patients with GBM [23].

Granulocyte macrophage-colony stimulating factor

(GM-CSF) is a hematopoietic cytokine that stimulates the

recruitment and differentiation of myeloid progenitor cells

into granulocytes, monocytes/macrophages. GM-CSF

endorses antigen presentation of DCs and macrophages by

inducing co-stimulatory molecules such as CD80 and MHC

class II expression [24–26]. Although high levels of GM-

CSF may expand immature myeloid derived suppressor

cells (MDSCs) with an immunosuppressive capacity [27,

28], we have earlier demonstrated that immunization using

GM-CSF-transduced tumor cells (GL-GM) increased sur-

vival of GL261 tumor-bearing mice compared with

immunization using GL261 wt-tumor cells, in a T cell-

dependent manner. Despite an initial increase in MDSCs

following immunization, the number later declined, which

coincided with an increase in differentiated macrophages

and DCs [19, 29].

Repeated cycles of chemotherapeutic drugs may induce

lymphopenia, which may counteract a T cell-dependent

immunotherapy. However, synergistic effects have been

reported when certain chemotherapeutics are combined

with immunotherapy [20, 30, 31]. Several mechanisms

have been proposed; the induction of immunogenic cell

death of tumor cells, homeostatic proliferation of lym-

phocytes, reduction in intratumoral or peripheral immu-

nosuppressive cells and upregulation of T cell attractant

chemokines, thus favoring T cell recruitment [32–39].

Systemic TMZ in combination with recombinant inter-

feron-b or dendritic cell vaccination have shown efficacy

[40, 41]; however, intratumoral TMZ combined with active

immunotherapy has not been evaluated.

In this study, we investigated the therapeutic efficacy of

intratumoral or systemic TMZ as monotherapies or com-

bined with immunizations using GL-GM cells in the

GL261 model. Also, we assessed a potential T cell-

dependent mechanism underlying the effect of intratumoral

TMZ.

Materials and methods

Cell line

The GL261 mouse glioma cells of C57BL/6 origin [42,

43], kindly provided by Dr. G Safrany, Hungary, were

previously transduced to produce GM-CSF (GL-GM) and

cultured as previously described [19].

Cell viability following TMZ exposure

Temozolomide (Temodal�, Schering Plough, Stockholm,

Sweden) was dissolved in DMSO (Sigma-Aldrich, Stock-

holm, Sweden) and further diluted in 0.9 % NaCl (Braun

AG, Melsungen, Germany).

On day 1–3, 5 9 104 GL261 cells were daily exposed to

500, 100, 50, 10 and 0 lM of TMZ. On day 6, the number

of viable cells was assessed by trypan blue staining

(GIBCO-Life technologies, Sweden). The cell viability was

determined by calculating the percentage of viable TMZ-

treated cells/viable nontreated cells (mean and SEM out of

3 experiments).

Measurements of MHC class I, MHC class II,

calreticulin and IP-10

On day 1–3, 5 9 104 GL261 cells were exposed to 100 lM

of TMZ. On day 4, the cells were stained (30 min, 4 �C)

using mouse PE-conjugated anti-mouse-H-2Db (KH95,

MHC class I) and anti-mouse-I-Ab (AF6-120.1, MHC class

II) antibodies. On day 5, cells were stained for calreticulin

using purified mouse anti-calreticulin antibody with the

secondary antibody anti-mouse IgG-FITC (BD Pharmin-

gen, Stockholm, Sweden). The expression was measured by

flow cytometry (Accuri, UK) and analyzed using CFlow-

Plus software (Accuri). The percentages of positive cells

were calculated by subtraction of isotype control staining or

secondary staining (mean and SEM out of triplicate sam-

ples). On day 4, 5 and 6, the supernatants of the TMZ-

treated cell cultures were collected and IP-10 concentration

was analyzed using an IP-10 mouse ELISA kit (Quantikine,

IP-10/CRG-2/CXCL10, R&D systems, UK).
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Survival study

All procedures were performed according to the practices

of the Swedish Board of Animal Research and approved by

the Committee of Animal Ethics in Lund-Malmö.

On day 0, syngeneic female C57BL/6 mice (Scanbur/

Charles River, Germany), 8–10 weeks old, were inoculated

i.c. with 5 9 103 GL261 cells as previously described [19].

Mice were observed daily and immediately euthanized

when neurological symptoms appeared, and brains were

examined for macroscopically visible tumors.

Surviving mice were either killed 100 days following

tumor challenge or rechallenged with a second tumor at the

contralateral side with no further treatment and observed for

another 70 days (n = 11). Mice receiving their first tumor

served as controls (n = 4). At the end of the experiment, all

brains were examined for macroscopically visible tumors or

freeze-sectioned and stained for remnant tumor cells.

TMZ administration

In order to determine the optimal systemic TMZ dose,

different doses of TMZ were administered on day 1, 2 and

3 following tumor inoculation (2.5 mg/kg, 12.5 mg/kg or

25 mg/kg mouse, n = 5–10/group, for experimental setup,

see Supplementary Fig. S1a). In the 25 mg/kg TMZ

treatment group, 1 mouse (10 %) survived, whereas all

other mice developed lethal tumors (Supplementary Fig.

S1b). As no signs of toxicity were detected, we increased

the TMZ dose to 50 mg/kg.

For systemic TMZ delivery (TMZ IP), tumor-inoculated

mice (n = 10) were injected i.p. on day 7–9 with 50 mg/kg

of TMZ diluted in 0.9 % NaCl.

For intratumoral delivery (TMZ IC), a 3-day active micro-

osmotic pump (Alzet� model 1003D, 100 ll, pumping rate

1 ll/h, Nova SCB AB, Sollentuna, Sweden) was filled with

2.5 mg/ml of TMZ (Temodal�, Merck Sharp & Dohme,

Sollentuna, Sweden), coupled to a brain infusion kit (Alzet�

brain infusion kit 3, Nova SCB AB) and incubated over night

in 37 �C. On day 7, pumps filled with TMZ (4.2 mg/kg/day)

were implanted into a subcutaneous pocket on the back of the

tumor-inoculated mice (n = 22). A brain cannula (connected

to the pump via a catheter tube placed subcutaneously along

the neck) was inserted through the skull intratumorally and

fixed using cyanoacrylate adhesive (Alzet� LOCTITE gel,

Nova SCB). The pump was removed when no longer active.

No loss of body weight or other signs of toxicity were

observed during the treatment.

T cell depletion

The mouse anti-CD4 (GK1.5) and anti-CD8 (53–6.7)

depleting antibodies (eBioscience, San Diego, USA) were

titrated by analyzing blood from antibody-treated mice as

previously described [29]. 100 lg depleted 98–99 % of all

circulating T cells.

I.p. injections with 100 ? 100 lg of mouse anti-CD4/

CD8 antibodies started 3 days before tumor inoculation,

followed by injections twice/week during 5 weeks. The sur-

vival of T cell-depleted mice (n = 8) treated with intratu-

moral TMZ (TMZ IC ? CD4/CD8-abs) was compared with

the survival of nondepleted TMZ IC-treated mice (n = 9).

Combined immunization and TMZ treatment

Initially, GL261-bearing mice were treated with systemic

TMZ on day 1, 2 and 3 (2.5, 12.5 and 25 mg/kg) and then

immunized with GL-GM cells on day 6, 20 and 34 (for

experimental setup, see Supplementary Fig. S1c). As this

treatment strategy was ineffective (Supplementary Fig.

S1d), another setting was explored.

On day 5, 19 and 33 following tumor inoculation, all

mice (n = 30) were immunized i.p. with 2 9 106 irradi-

ated (40 Gy) GL-GM cells/0.2 ml. Mice were then divided

into three treatment groups: (1) GL-GM (receiving

immunization only, n = 12), (2) GL-GM ? TMZ IP

(treated with systemic TMZ on day 7–9, n = 6) and (3)

GL-GM ? TMZ IC (treated with intratumoral TMZ, on

day 7–9, n = 12). For experimental setup see Fig. 2e.

Blood leukocyte analysis

Non-immunized and GL-GM immunized tumor-bearing

mice (n = 6/group) were administered TMZ IP or TMZ

IC. Blood was collected from vena saphena on day 12 and

19 and mixed with heparin (LEO Pharma AB, Malmö,

Sweden). 25 ll of untreated blood was added to each

sample. Cells were Fc-blocked (anti-CD16/32, 2.4G),

washed in PBS (with 1 % bovine serum albumin) and

incubated (30 min, 4 �C) with mouse FITC-CD4 (GK1.5),

FITC-CD8a (53–6.7), FITC-Ly6G (1A8), PE-CD4 (GK

1.5), PE-CD25 (PC61.5), PE-CD45 (30-F11), PE-CD11b

(M1/70), PerCPCy5.5-CD45 (30-F11), PerCPCy5.5-Ly-6C

(AL-21), APC-CD3 (145-2C11, BD Pharmingen) and

FITC-F4/80 Antigen (AbD Serotec) antibodies. Cells were

fixed with BD Cytofix/CytopermTM Fixation/Permeabili-

zation kit and stained with a FITC anti-human Ki-67

antibody (BD Pharmingen) or fixed and stained using a

FoxP3 Fixation/Permeabilization staining kit and an APC-

FoxP3 antibody (FJK-16 s, eBioscience). At the final step,

200 ll of PBS (with 1 % bovine serum albumin) was

added to each cell pellet, and fluorescence (the number of

positive events) was measured on a flow cytometer (Ac-

curi) with a volume gate set to 130 ll (corresponding to

16 ll of untreated blood). Data were analyzed using

CFlowPlus software (Accuri).
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Immunohistochemistry of tumor infiltrating T cells

Tumor-bearing mice (n = 3–7/group) were GL-GM

immunized on day 12 and/or administered TMZ IC or IP

on day 14–16 and killed on day 20. Brains were col-

lected, snap-frozen in liquid nitrogen-cooled isopentane

(-55 �C, VWR International AB, Lund, Sweden), cut

into 6 lm-thick sections using a cryostat (Leica, Wetzlar,

Germany), mounted on super-frost glass slides (VWR

International AB) and stored in -80 �C. Prior to stain-

ing, the sections were thawed and fixed for 10 min in

4 % paraformaldehyde (VWR International AB). Sections

were washed in PBS (GIBCO-Life technologies),

blocked for 20 min with 5 % goat serum (Jackson Immu-

noResearch Laboratories Inc. West Grove, USA) and

stained with primary antibodies: biotin anti-mouse CD8a
(53–6.7), rat anti-mouse CD4-PE (GK1.5) (5 lg/ml, BD

Pharmingen), biotin rat anti-mouse NK-1.1 (PK136)

(10 lg/ml, BD Pharmingen) and hamster anti-mouse

TCR-cd (5 lg/ml, BD Pharmingen) for 60 min in room

temperature. Sections were washed, incubated with the

secondary antibodies streptavidin Alexa Flour 594,

donkey anti-rat Alexa Fluor 594, goat anti-hamster Alexa

Flour 488 5 lg/ml, (Molecular Probes, Eugene, USA)

and mounted with Pro-long Gold anti-fading reagent

containing DAPI (Molecular Probes) for nuclear staining.

As negative control, primary antibodies were omitted.

Images were taken at 20x magnification using a fluorescent

microscope (BX-53, Olympus LRI instrument AB, Lund,

Sweden). Images covering a representative tumor area

(1585,000 lm2) were merged using Multi-image alignment

(Cellsens Dimension software, Olympus LRI instrument

AB), and the ratio of the stained area within the repre-

sentative area was calculated and expressed as percent

stained area.

Tumor infiltrating immunosuppressive cells

Tumor-bearing mice (n = 6/group) were immunized on

day 9 with GL-GM cells and administered either TMZ IP

or TMZ IC on day 12–14. On day 20, the frontal part of the

mouse brain containing the tumor was dissected out and

transferred to PBS. The brain was mechanically dissociated

and incubated with TrypLE Express (10 min, 37 �C,

GIBCO-Life technologies) before incubated with DNase

(20 lg/ml, Sigma-Aldrich) for 60 min. The cells were fil-

tered through a cell strainer (70 lg/ml, BD Pharmingen)

and stained and analyzed by flow cytometry for the per-

centage of CD11b?Gr1? cells (of total cells) and

FoxP3?CD25?CD4? (of CD4? cells) as mentioned above

(see paragraph Blood leukocytes analysis). A gate based on

blood leukocytes was set.

Statistics

Statistical differences between cells were determined using

the two-way ANOVA (Fig. 1b), the Kaplan–Meier survival

curves, using a log rank test (Fig. 2; Fig. S1), and the

leukocyte populations, using the nonparametric Mann–

Whitney U test (Tables 1, 2; Fig. 3; Fig. S2; Fig. S3). The

analyses were performed using GraphPad Prism� version

5.0a software (GraphPad software Inc, San Diego, USA).

p \ 0.05 was regarded as statistically significant.

Results

TMZ induces cell death and immunogenic modulation

of GL261 cells

The cell viability of the GL261 cells was decreased with

increasing doses of TMZ in vitro with an IC50 of 35 lM of

TMZ (Fig. 1a).

We have previously reported an up-regulation of MHC

class I and II expression on GL261 following interferon-c
exposure and irradiation [19]. Since TMZ might affect the

immunogenicity of the cells, we examined the modulation

of MHC I and II expression following TMZ exposure.

MHC class I was significantly up-regulated on TMZ-

treated as compared with nontreated cells (6.8 ± 1.2 vs.

1.4 ± 0.2 %) while MHC class II expression was not sig-

nificantly different (1.6 ± 0.5 vs. 1.0 ± 0.2 %, Fig. 1b).

Others have reported that certain chemotherapeutics

may induce immunogenic cell death via surface exposure

of calreticulin, or induce the production of T cell attractant

chemokines such as IP-10 [39, 44]. However, we could not

detect any calreticulin surface expression on the GL261

cells following TMZ exposure or any increase in the IP-10

production as nontreated GL261 cells had a higher pro-

duction of IP-10 than TMZ-treated cells (data not shown).

Intratumoral TMZ induces a higher survival rate

than systemic administration and the effect is T cell

dependent

Next, the efficacy of intratumoral or systemic TMZ

administration was investigated by monitoring survival in

the GL261 model (Fig. 2a).

All nontreated mice developed lethal tumors. Mice

treated with intratumoral TMZ (TMZ IC) had a survival
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Fig. 1 Effect of TMZ on cell viability and MHC expression of the

GL261 mouse glioma cell line following TMZ exposure in vitro.

a GL261 cells were daily exposed to different doses of TMZ for 72 h.

3 days following TMZ, the number of viable cells was counted using

trypan blue. The percentage of treated viable cells/untreated viable

cells was calculated. The viability of the untreated cells was regarded

as 100 %. The mean values and SEM out of 3 experiments are shown.

b GL261 cells were daily exposed to 100 lM of TMZ for 72 h. The

following day cells were stained for MHC class I and II and analyzed

with flow cytometry. The percentage of positive cells from 1 out of 3

experiments is presented here (mean values and SEM out of

triplicates) MHC class I expression: TMZ treated versus nontreated,

*p = 0.0441, two-way ANOVA

Fig. 2 Survival following intratumoral versus systemic TMZ, follow-

ing T cell depletion or combined with immunotherapy. Experimental

setups and Kaplan–Meier survival curves of GL261-bearing mice

receiving. a, b TMZ at day 7–9 administered either i.p. (TMZ IP,

50 mg/kg/day) or i.c. using a micro-osmotic pump/brain infusion kit

(TMZ IC, 4.2 mg/kg/day) or no treatment (nontreated), n = 51. c,

d TMZ IC alone or TMZ IC with injections of 100 ? 100 lg CD4? and

CD8? T cell depletion antibodies starting 3 days prior to tumor

inoculation, twice a week for 5 weeks (TMZ IC ? CD4/CD8-abs),

n = 17. e, f TMZ IC or IP and/or i.p. immunization with irradiated

2 9 106 GL-GM cells at day 5, 19 and 33, n = 30. Nontreated versus

TMZ IC ***p \ 0.0001. Nontreated versus TMZ IP ***p = 0.0004.

TMZ IC ? CD4/CD8-abs versus TMZ IC **p = 0.0014. GL-GM

versus nontreated *p = 0.0119. GL-GM ? TMZ IC versus nontreated

***p \ 0.0001. GL-GM ? TMZ IP versus nontreated *p = 0.0137.

GL-GM ? TMZ IC versus TMZ IP ***p = 0.0005. GL-GM ? TMZ

IC versus TMZ IC *p = 0.0421. GL-GM ? TMZ IC versus GL-GM

**p = 0.0048. GL-GM ? TMZ IC versus GL-GM ? TMZ IP

***p = 0.0009. Log rank test. Symptom-free survival was monitored

for 100 days
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rate of 45 %, while only 8 % of systemically TMZ-treated

mice (TMZ IP) survived (Fig. 2b).

In order to elucidate whether the therapeutic effect of

intratumoral TMZ was dependent on T cells, TMZ-treated

mice were depleted of CD4? and CD8? T cells (Fig. 2c).

All T cell-depleted TMZ-treated mice developed lethal

tumors, whereas 33 % of the nondepleted TMZ-treated

mice survived (Fig. 2d).

Increased survival following immunotherapy combined

with intratumoral TMZ

Next, we investigated whether TMZ administered intratu-

morally or systemically would increase the survival of

mice immunized with GL-GM cells (Fig. 2e).

25 % of the GL-GM immunized mice survived tumor

challenge. The addition of intratumoral TMZ (GL-

GM ? TMZ IC) increased survival rate to 83 %. However,

mice immunized with GL-GM followed by systemic TMZ

(GL-GM ? TMZ IP) all died (Fig. 2f).

Systemic but not intratumoral TMZ depletes blood

leukocytes

Several chemotherapeutics have been reported to exert

some of their effects by activating anti-tumor immune

reactivity. Here, we evaluated the immunological effects of

TMZ by assessing different leukocyte populations in blood

of tumor-bearing mice administered with either systemic or

intratumoral TMZ (day 7–9, Fig. 2a). On day 12, there

were a significantly lower number of total leukocytes

(CD45?) in TMZ IP-treated mice, compared with TMZ IC-

treated mice (Table 1, Supplementary Fig. S2a). More

specifically, there were significantly lower numbers of

macrophages (F4/80?), granulocytes (Ly6G?) and MDSCs

(CD11b?Gr?) found in TMZ IP-treated compared

with TMZ IC-treated mice (Table 1, Supplementary Fig.

S2b–d).

The numbers of CD4?CD3? T cells were not signifi-

cantly lower in TMZ IP-treated mice compared with TMZ

IC-treated mice (Table 1, Supplementary Fig. S2e). How-

ever, the number of CD8?CD3? T cells were significantly

lower in TMZ IP-treated mice compared with TMZ IC-

treated mice (Table 1, Supplementary Fig. S2f). Also, the

percentage of proliferating CD8? T cells was significantly

lower in TMZ IP-treated mice compared with TMZ IC-

treated mice (Table 1, Supplementary Fig. S2g).

On day 19, the numbers of total leukocytes, macro-

phages, granulocytes and MDSCs in TMZ IP-treated mice

were reconstituted to equivalent levels as in TMZ IC-

treated mice, while the percentages of both proliferating

CD8? and CD4? T cells were lower in TMZ IP-treated

than in TMZ IC-treated mice (data not shown).

It has been reported that a low dose of TMZ selectively

can reduce suppressive immune cell populations by

depleting FoxP3? regulatory T cells (Tregs) [36]. We

therefore studied the Treg/CD4 T cell ratio

(CD4?CD25?FoxP3?/CD4?) in blood following TMZ

treatment. However, the Treg/CD4 ratio in TMZ IP-treated

and TMZ IC-treated mice was not significantly different

(Table 1, Supplementary Fig. S2h).

Immunotherapy-induced T cell proliferation persists

in blood following intratumoral TMZ

Next, we investigated the effect of systemic or intratumoral

TMZ (day 7–9) on the number of leukocytes in blood of

GL-GM immunized mice (day 5, Fig. 2e). In conformity

with TMZ IP-treated mice, on day 12, there was a signif-

icantly lower number of total leukocytes, macrophages,

granulocytes and MDSCs in GL-GM ? TMZ IP-treated

mice when compared with both GL-GM immunized and

GL-GM ? TMZ IC-treated mice (Table 2, Supplementary

Fig. S3a–d). The amount of granulocytes on day 12 was

higher in GL-GM ? TMZ IC-treated mice compared with

GL-GM immunized mice (Table 2, Supplementary Fig.

S3c).

The number of CD4? and CD8? T cells in GL-

GM ? TMZ IC-treated mice was sustained at equal levels

as in GL-GM immunized mice (Table 2, Supplementary

Fig. S3e, f). However, both CD4? and CD8? T cell num-

bers were lower in GL-GM ? TMZ IP-treated mice com-

pared with GL-GM immunized and GL-GM ? TMZ IC-

treated mice (Table 2, Supplementary Fig. S3e, f). Fur-

thermore, there was a higher percentage of proliferating

CD8? cells (and CD4? T cells, data not shown) in GL-

GM ? TMZ IC-treated than in GL-GM ? TMZ IP-treated

mice (Table 2, Supplementary Fig. S3g).

Table 1 Surface and intracellular characterization of leukocytes day

12 in blood of TMZ IP- versus TMZ IC-treated mice (median values,

n = 6/group)

Cell type Treatment

TMZ IP TMZ IC pa

CD45 count 4,521 21,918 0.0043**

F4/80 count 887 1,747 0.0087**

Ly6G count 467 1,728 0.0152*

CD11bGr1 count 1,315 3,158 0.0152*

CD4CD3 count 5,335 7,961 0.1320 NS

CD8CD3 count 2,157 4,452 0.0260*

Ki67/CD8 % 3.65 4.30 0.0411*

FoxP3CD25/CD4 % 6.90 5.35 0.1320 NS

a Statistical differences using nonparametric Mann–Whitney U test

between: TMZ IP versus TMZ IC. All p-values in bold represent

significant differences between treatments
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One week later, the numbers of macrophages had

recovered in GL-GM ? TMZ IP-treated mice, while the

total amount of leukocytes, granulocytes and MDSCs were

still lower than in GL-GM immunized mice (data not

shown). Although no longer as pronounced, the percent-

ages of proliferating CD8? T cells were still higher in the

GL-GM ? TMZ IC-treated and GL-GM immunized mice

compared with GL-GM ? TMZ IP-treated mice (data not

shown).

On day 12, the Treg/CD4 ratio in both GL-GM ? TMZ

IC-treated and GL-GM ? TMZ IP-treated mice was higher

compared with GL-GM immunized mice (Table 2, Sup-

plementary Fig. S3h), but not on day 19 (data not shown).

Although not significantly different, GL-GM ? TMZ IP-

treated had a slightly higher percentage of Tregs on day 12

compared with GL-GM ? TMZ IC-treated mice (Table 2,

Supplementary Fig. S3h).

Increased intratumoral CD8?cell infiltration following

immunotherapy and intratumoral TMZ

The previous T cell depletion results indicated that the

effect of intratumoral TMZ was T cell-mediated. There-

fore, the amount of tumor infiltrating CD4? and CD8?

cells T cells was assessed. We also analyzed the

infiltration of NK-1.1? and TCRcd? cells as these cells

may contribute to the effect of the therapy. In order to

study the effects shortly after TMZ delivery, immuniza-

tion started day 12 and intratumoral TMZ treatment was

postponed to day 14–16. Representable images of sections

from tumors (day 20) and quantitative results of the

percent of CD4, CD8 or NK-1.1 stained tumor area are

shown in Fig. 3a–d.

Only occasional infiltrating CD4? and CD8? cells were

detectable in nontreated tumors (panel 1 Fig. 3a and

Fig. 3b,c). The infiltration of CD4? or CD8? cells in TMZ

IC-treated tumors was not significantly different from

nontreated tumors (panel 2, Figs. 3a–c). GL-GM ? TMZ

IP-treated tumors (panel 3, Fig. 3a) showed a less dense

infiltration of CD4? cells compared with tumors of GL-

GM (panel 4, Fig 3a) or GL-GM ? TMZ IC-treated mice

(panel 5, Fig 3a, * Fig. 3b). GL-GM ? TMZ IC-treated

tumors had a significantly higher infiltration of CD8? cells

compared with nontreated or TMZ IC-treated tumors (*,

Fig. 3c).

There was a high infiltration of NK-1.1? cells in all

treatment groups (Fig. 3a). TMZ IC tumors had the

highest infiltration of NK1.1? cells; however, this was

not significantly different compared with any other

treatment groups (Fig. 3d). NK-1.1 ? cells were double

labeled with either CD4 or CD8 in order to exclude that

also NK cells were depleted following CD4 and CD8

antibody injections. The vast majority of the infiltrating

NK-1.1? cells were negative for CD4 or CD8 (data not

shown). TCRcd? cells were also detected in tumors of

all treatment groups; however, there was no significant

difference between any of the treatment groups (data not

shown).

Lower percentage of intratumoral MDSCs following

immunotherapy and intratumoral TMZ

Next, we investigated the immunosuppressive cell popu-

lations infiltrating the tumors (day 20) following GL-GM

immunization (day 9) and TMZ IP or IC (day 12–14).

The percentage of MDSCs was significantly lower in

tumors treated with GL-GM ? TMZ IC compared with

GL-GM ? TMZ IP (*, Fig. 3e). Although not significant,

there was a trend toward a lower percentage of Tregs in

tumors treated with GL-GM ? TMZ IC than with GL-

GM ? TMZ IP (Fig. 3f).

Immunotherapy and intratumoral TMZ induce long-

term memory

Finally, we wanted to assess whether intratumoral che-

motherapy alone or combined with immunotherapy

induced a memory response. Mice that had rejected their

Table 2 Surface and intracellular characterization of leukocytes day

12 in blood of GL-GM immunized mice and/or TMZ IP- or TMZ IC-

treated mice (median values, n = 6/group)

Cell type Treatment

GL-GM ?

TMZ IP

GL-GM ?

TMZ IC

GL-GM pa,b,c

CD45 count 10,124 29,124 15,552 0.0022**,a

F4/80 count 777 2,197 1,922 0.0022**,a

Ly6G count 674 2,205 950 0.0043**,a

0.0022**,b

0.0260*,c

CD11bGr1

count

1,189 3,138 2,531 0.0022**,a

0.0411*,b

CD4CD3

count

4,865 7,114 9,563 0.0411*,a

0.0260*,b

CD8CD3

count

2,069 3,809 4,073 0.0087**,a

0.0260*,b

Ki67/CD8 % 5.96 12.3 9.15 0.0022**,a

FoxP3CD25/

CD4 %

9.15 6.65 5.55 0.0649 NSa

0.0411*,b

0.0411*,c

Statistical differences using nonparametric Mann–Whitney U test

between: a GL-GM ? TMZ IP versus GL-GM ? TMZ IC;
b GL-GM ? TMZ IP versus GL-GM; c GL-GM ? TMZ IC versus

GL-GM. All p-values in bold represent significant differences

between treatments
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first tumor (n = 11) were rechallenged day 105 with a

second tumor with no further treatment, and compared with

mice receiving their first tumor (n = 4).

Despite no additional treatment, one mouse immunized

with GL-GM cells and five mice treated with GL-

GM ? TMZ IC eradicated their second tumors (100 %

survival), demonstrating an evoked long-term memory

response (Table 3). Only one out of five mice receiving

TMZ IC treatment without immunization developed a

lethal tumor after rechallenge, indicating that intratumoral
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TMZ by itself induced a weaker immunological memory

response (80 % survival, Table 3).

Discussion

In the present study, intratumoral delivery of TMZ was

more effective than systemic administration. Also, this is

the first report demonstrating a synergy of intratumoral

chemotherapy and active immunotherapy in the treatment

of experimental gliomas.

Although the GL261 cells were sensitive to TMZ

in vitro, the therapeutic effect of systemic TMZ in vivo was

minimal. Even when we started systemic TMZ treatment

(2.5–25 mg/kg) on day 1, only 0–10 % mice survived.

Others have reported a 20–40 % survival after 2.5–10

mg/kg/day of systemic TMZ on day 2–6 in the similar

GL26 model [45]. To our knowledge, the beneficial effect

on survival following systemic TMZ as monotherapy has

only been modest in experimental brain tumor models, and

in most studies, very high doses of TMZ were used [46].

The superior effect of intratumorally delivered TMZ

reported here confirms previous results of other experi-

mental brain tumor models [46], for example, the 9L gli-

osarcoma model [14] and human xenografts in athymic rats

[16], although opposing data have been described in the

F98 glioma model [47]. The effect of intratumoral che-

motherapy is not restricted to TMZ as intratumoral car-

boplatin showed superior effect to systemic administration

[47]. The variable efficacy of TMZ in glioma-bearing

rodents may depend on several factors; differences in the

dosing, timing, administration and formulation of TMZ and

the immunogenicity and aggressiveness of the tumor model

[46]. In this respect, prolonged treatment might lead to

immunosuppression and thus reduce the effect [48].

As reported by others, toxicity after local TMZ delivery

was absent at doses that could reject tumors [14, 16],

tentatively due to a substantial dose reduction, implying

that the dose-limiting factor for TMZ is systemic toxicity

rather than local. In our experience, the toxicity of intra-

tumoral TMZ seems to be less than for other chemother-

apeutics such as cisplatin, which is promising from a

clinical perspective (unpublished data).

Other investigators have suggested an immune-mediated

mechanism of certain chemotherapeutics and ablative

radiotherapy, via the induction of immunogenic cell death

[32, 48]. Immunogenic cell death encompasses features

including release of high-mobility-group-box-1, up-regu-

lation of MHC, translocation of calreticulin to the plasma

membrane or up-regulation of T cell attractant chemokines

such as IP-10 [18, 33, 39, 49, 50]. The induction of high-

mobility-group-box-1 release from TMZ-treated GL261

cells has been reported [51]. After TMZ exposure in vitro,

we observed an up-regulation of MHC class I on the

GL261 cells, which may facilitate the cytotoxic killing by

CD8? T cells in vivo. However, we could neither detect

any calreticulin expression at the cell surface, nor verify an

increase in IP-10 expression, as the IP-10 levels from

nontreated cells were higher. It was recently suggested that

chemotherapeutic drugs can act immunostimulatory even

in the absence of classical immunogenic cell death [52].

After rechallenge, tumor rejection was seen in all

immunized animals, but also in four TMZ IC-treated mice,

suggesting an ability of TMZ to evoke a T cell-mediated

memory response. The absence of a curative effect of TMZ

following T cell depletion indeed emphasizes a T cell

dependency. The effect could either be direct by increased

T cell susceptibility in tumor cells as previously reported or

indirect by effects on antigen presentation and immune

Table 3 Immunization and intratumoral TMZ induced a long-term

memory

Treatment n Survival rate (%)

GL-GMa 1 100

GL-GM ? TMZ ICa 5 100

TMZ ICa 5 80

Nontreatedb 4 0

a Mice surviving more than 100 days after tumor challenge were

rechallenged with a second i.c. tumor with no further treatment
b Nontreated mice receiving their first tumor served as controls

Fig. 3 Tumor infiltrating cells of GL-GM immunized and/or TMZ-

treated mice. Tumor-bearing mice (n = 3–7/group) were either

nontreated, immunized with GL-GM cells on a–d day 12 or e,

f day 9, and/or administered TMZ on a–d day 14–16 or e, f day 12–14

either i.p. (TMZ IP, 50 mg/kg/day) or i.c. using a micro-osmotic

pump/brain infusion kit (TMZ IC, 4.2 mg/kg/day). Brain samples

were collected on day 20 following tumor challenge. a–d Frozen

brain sections were stained for CD4? (red, above), CD8a? (red,

middle), or NK-1.1.? (green, below) cells and analyzed by immu-

nohistochemistry. a Images of representative data from one animal of

each treatment: nontreated, TMZ IC, GL-GM ? TMZ IP, GL-GM

and GL-GM ? TMZ IC. Images were taken at 20x magnification.

DAPI (blue) was used as nuclear staining. Quantitative analysis of the

percent of b CD4, c CD8 and d NK-1-1. Stained area of a

representative tumor area (1,585,000 lm2). The medians and range

for each group are shown here. Statistical differences of CD4

stained area between: Nontreated versus GL-GM *p = 0.0286;

GL-GM ? TMZ IP versus GL-GM *p = 0.0286; GL-GM ? TMZ

IP versus GL-GM ? TMZ IC *p = 0.0424 or CD8 stained area

between: Nontreated versus GL-GM ? TMZ IC *p = 0.0424 and

TMZ IC versus GL-GM ? TMZ IC *p = 0.0242, nonparametric

Mann–Whitney test. e, f The percentage of e MDSCs (CD11b?Gr1?)

and f Tregs (FoxP3?CD25?) out of CD4? T cells in brain samples

were determined by flow cytometry. Each value and the median for

each group (GL-GM ? TMZ IP or GL-GM ? TMZ IC) are

presented here. Statistical differences between: GL-GM ? TMZ IP

versus GL-GM ? TMZ IC: MDSCs *p = 0.0295, nonparametric

Mann–Whitney U test (color figure online)

b
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activation. Nevertheless, we could not statistically distin-

guish the number of T cells infiltrating nontreated tumors

from TMZ IC-treated tumors or GL-GM tumors from

GL-GM ? TMZ IC-treated tumors. We speculate that the

T cells in the latter setting were more effective in tumor cell

lysis. One study indeed reported that chemotherapy could

make tumor cells more susceptible to cytotoxic T cells

through an increased permeability for Granzyme B [53].

An explanation for a synergistic effect of systemic che-

motherapy and immunotherapy has been proposed; chemo-

therapy reduces the pool of naı̈ve T cells, leaving the

remaining T cells with relatively increased availability of

cytokines. Through a peripheral homeostatic proliferation of

T cells, the expansion of specific anti-tumor T cells may be

facilitated [54, 55]. In this context, immunization during the

lymphocytic recovery period following chemotherapy has

been shown to enhance anti-tumor immunity [56]. We

therefore immunized glioma-bearing mice during the lym-

phocytic recovery phase following TMZ, and although fea-

tures of homeostatic proliferation were detected, systemic

TMZ followed by immunotherapy did not increase survival.

Furthermore, chemo- and immunotherapy may work in

synergy by reducing the numbers or function of immuno-

suppressive cells, as shown in a study where gemcitabine

enhanced anti-tumor activity by reducing the number of

splenic MDSCs in tumor-bearing animals [34]. A low-dose

metronomic regimen of the chemotherapeutic cyclophos-

phamide or TMZ was shown to specifically deplete Tregs

either systemically or intratumorally, but with lack of

effect on tumor growth [35–38]. In long-term treated

melanoma patients, TMZ induced lymphopenia and a

selective reduction of CD4?CD25? cells [6]. Contrary to

this, we observed a relative increase in peripheral Tregs

following both intratumoral and systemic TMZ, and a

nonselective reduction in peripheral T cells following

systemic TMZ. While we cannot exclude a selective

depletion of a subclass of more potent Tregs systemically

[57], we conclude that the superior effect of intratumoral

TMZ is due to sustained levels of cytotoxic T cells rather

than depletion of circulating Tregs. Though, we observed a

trend toward a lower Treg/CD4 T cell ratio and reduced

numbers of MDSCs intratumorally after intratumoral than

after systemic TMZ, implying that intratumoral TMZ

reduces immunosuppressive cells locally.

The lower numbers of immunosuppressive cells fol-

lowing intratumoral TMZ may facilitate the survival of

peripherally activated cytotoxic T cells with the capacity of

eradicating remnant tumor cells. We speculate that local

TMZ increases the intratumoral drug concentration, which

elevates the accumulation of dead cells and exposure of

tumor antigens presented on MHC class I and II for infil-

trating T cells, although this needs to be confirmed in

future experimental studies.

Intratumoral TMZ could be delivered in several ways

for treatment of patients. TMZ could be implanted either

directly into the tumor resection cavity following surgery

using sustained release formulations, or by placing a

catheter for convection enhanced delivery, either in com-

bination with immunotherapy or with standard treatments.

The use of Gliadel BCNU-loaded polymeric wafers in

combination with radiotherapy for the treatment of newly

diagnosed or recurrent GBM has proven to be effective and

safe [58]. Patients that were implanted with Gliadel wafers

following surgery and then administered TMZ and radio-

therapy treatment had an overall survival of 20.7 months

[13].

In conclusion, the therapeutic effect of intratumoral

TMZ is mediated by T cells and acts in synergy with

immunotherapy. Our results imply that toxicity of TMZ

can be minimized by local delivery, while retaining intra-

tumoral cytotoxic effects, which makes this concept clini-

cally attractive. Given the poor prognosis for GBM patients

undergoing current standard therapy, these results are of

high relevance when designing more potent clinical trials,

while minimizing drug toxicity.
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