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Abstract A reproducible therapy model for advanced

intracerebral B16 melanoma is reported. Implanted tumors

(D0), suppressed by a single 15 Gy radiosurgical dose of

100 kVp X-rays (D8), were further suppressed by a single

ip injection of a Treg-depleting mAb given 2 days prior to

the initiation (D9) of four weekly then eight bi-monthly sc

injections of GMCSF-transfected, mitotically disabled B16

cells. The trends of seven independent experiments were

similar to the combined result: The median (days) [SD/total

N] of survival went from 15[1.09/62] (no treatment control)

to 35.8[8.8/58] (radiation therapy only) to 52.5[13.5/57]

(radiation therapy plus immunotherapy). Within 2 weeks

after immunization, tumors in mice receiving radiation

therapy plus immunotherapy were significantly smaller

than tumors in mice treated only with radiosurgery.

Splenocytes and lymph node cells from immunized mice

showed increased interferon c production when cultured

with syngeneic tumor cells. We suggest that our model will

be useful for the development and testing of novel com-

bination therapies for brain tumors.
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Background

It is estimated that there are *200,000 brain tumor cases in

the United States each year of which most (*160,000) are

brain metastases [1, 2]. The median survival of these

patients after diagnosis is currently measured in months

[3]. Clearly, improvements in therapy are urgently needed

to address brain metastases.

While melanomas represent 3–5 % of primary solid

tumors [4], *20 % of those patients develop metastases

that have a very high likelihood (*40–75 %) of involving

the brain [4]. Hence, for therapy regimens of metastatic

disease to be widely durable, they must be capable of

treating brain metastases too. There has been increasing

interest in the use of immunotherapy for cancer in general

and metastatic melanoma in particular [5]. A review of 56

Phase II and III clinical trials of vaccine therapy for 4375

stage IV melanoma patients revealed that *25 % of the

study population experienced some benefit from a form of

immunotherapy but no overall survival benefit over other

therapies [6]. More recently, ipilimumab has shown to

prolong overall survival by 4 months [7] with efficacy for

some patients with brain metastases [8]. Adoptive immu-

notherapy using engineered T cells recently has been

reported to have significant efficacy for both systemic and

intracerebral melanomas [9], but logistical hurdles will

need to be overcome before such strategies can become

widely available. Hence, there is still great interest in

developing cost-effective strategies for active immuno-

therapy of melanoma [10] including combination therapies

[11]. Our strategy is to identify clinically translatable
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regimens that are very effective in rigorous, clinically

relevant animal models, and then to test the most suc-

cessful of these in clinical trials. Toward that end, we have

developed an advanced intracerebral melanoma therapy

model in the mouse using the B16 melanoma [12]. Our

model differs from most of the other experimental brain

tumor models studied in that brain tumor therapy in our

study is initiated when the tumors are well formed, vas-

cularized, and advanced, that is, *50–60 % of the time

between tumor cell implantation and the time the mouse is

required to be euthanized (virtual death). This model is

now being used to devise and rigorously test combination

therapies for intracerebral melanoma.

Materials and methods

Cell culture

B16 cells obtained from the ATCC (Manassas, VA) and

PancO2 murine pancreatic adenocarcinoma [13] obtained form

the NCI tumor bank (Frederick, MD) were grown on Sarstedt

tissue culture Flasks (Newton, NC) in DMEM-CM (GIBCO

#11995) supplemented with glutamine (2 mM), Penn/Strep

(100 U/ml penicillin; 100 lg/ml streptomycin), and Fungizone

(0.25 lg/ml) all from Invitrogen (Grand Island, NY).

In vivo experimentation

All of the work and study protocols performed were

approved by the University of Connecticut Health Center

Animal Care and Use Committee.

Mouse anesthesia

Briefly, C57/BL6 mice (Charles River), each weighing

approximately 18–20 g, were anesthetized by intraperito-

neally injecting approximately 0.06 ml/20 g of a Keta-

mine/Xylazine mixture containing 1.1 ml phosphate

buffered saline, 1.0 ml Ketamine solution (20 mg/ml,

Lederle Parenterals, Inc.), and 0.11 ml xylazine solution

(20 mg/ml, Ben Venue Labs).

Intracerebral tumors

Intracerebral B16 melanoma tumors were initiated by

injecting 200 cultured untreated cells mixed together with

1,800 disabled cells [pre-irradiated by 100 Gy (several

hours before implantation) in a volume of 1.0 ll into the

brains of C57BL6 mice (Charles River, Kingston, NY)],

isogeneic with the B16 tumor. Briefly, tumors were initiated

in deeply anesthetized mice by inoculating 1 ll of culture

medium containing the tumor cells into the left striatum

*3 mm deep at a point along the (serrated) coronal suture

approximately halfway between the mid-sagittal line and

the cranial insertion of the left temporalis muscle (*5 mm

posterior to the interocular plane). At that point, a 0.5-mm

burr hole was drilled through the skull, and a 27-gauge

needle (fitted with a depth-limiting plastic collar to ensure

cell injection *3 mm beneath the skull) that was connected

to a 1-ll Hamilton microsyringe by flexible tubing was then

inserted into the burr hole. Following a steady 30-s infusion

of the cells, another 30 s was allowed for the cells to settle

before withdrawing the inoculation needle from the brain.

This technique [13] resulted in a locally expanding and

partially infiltrating tumor of the striatum and around the

needle track, with no evidence of blood- or cerebrospinal

fluid-borne metastases. Untreated, mice had to be eutha-

nized 13–20-day post-implantation (median *day 15.5)

when the mice showed signs of imminent death from a large

intracerebral melanoma.

Irradiations

Irradiations were performed at the Philips RT100 X-ray

facility located at Brookhaven National Laboratory (Upton,

NY) 8 days after tumor implantation. The beam was filtered

with 1.7 mm Al. A 3.5-mm-thick, 30.7-mm-high, 30.5-

mm-wide lead shield containing a 6-mm-wide, *9.5-mm-

high rectangular notch was taped to one vertical side of a

movable plastic block (Fig. 2A). Each anesthetized mouse

was positioned prone on the flat horizontal surface of the

block, and its left foreleg drooped over the edge of the

block, apposed to the caudal edge of the lead shield. The

mid-interocular line of the anesthetized mouse was made

horizontal by rotating its head by its ears manually, and the

mid-sagittal plane of the head was swiveled manually *12�
from the sagittal to allow the irradiated zone of the head to

be as close to the RT-100’s anodal focal point as was

mechanically and anatomically feasible for the individual

mouse. In this manner, the anteroinferior corner of the notch

was noted to be about 0–2 mm below the posterior canthus

of the left palpebral fissure—that dimension varying

according to the size of the individual mouse’s head. After

the mouse was so positioned, the site of tumor initiation was

near the middle of the 6-mm-wide rectangular notch in the

shield, and the block was slid and swiveled on its supporting

table to expose the notch symmetrically to the vertical,

circular, 25 mm diameter open end of the RT-100’s irra-

diation gun, the mouse’s anteroposterior axis pointing in the

direction of the RT-100’s electron beam.

Dosimetry

The BNL Medical Department Phillips RT-100 was oper-

ated at 100 kVp, 8 mA, and the beam was filtered with
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1.7 mm Al, resulting in a median beam energy of 37 keV.

The source-to-aperture distance was 10 cm. The 3.5-mm-

thick shield effectively blocked beam penetration. The

dose rate 3 mm deep in the brain, around the tumor’s

isocenter, was calculated to be a nominal 7.6 Gy/min using

an absolute calibration of a radical ion chamber and its

electrometer and 2 min measurements of the dose in the

ion chamber and the electrometer prior to each session.

Immunotherapy

Seven days post-tumor implantation mice received an ip

injection of 0.5 mg mAb PC61 directed to CD25, the alpha

subunit of the IL-2 receptor [14] (National Cell Culture

Center, Milwaukee, WI) to reduce the number of T regulatory

cells (Tregs). Figure 1 shows that CD4?CD25? cells (of

which [90 % are FoxP3?) are reduced 99 % 2 days after

PC61 injection. About *50 % of CD4?FoxP3? Treg cells

are depleted by PC61 treatment (Fig. 1D), a value consistent

with previous findings [15]. Nine days post-tumor cell

implantation mice received the first subcutaneous (sc) injec-

tion of 106 irradiated (100 Gy) granulocyte macrophage

colony stimulating factor (GMCSF)-transfected B16 cells

(B16-GMCSF) (kindly provided by Glenn Dranoff, Harvard

Medical School, Boston, MA) [16] which was repeated

weekly (four total) and then bimonthly (up to 4 months).

Fig. 1 Depletion of CD4?CD25? cells by PC61 and of CD4? cells

by Gk1.5. A Timeline of manipulations. Upward arrow, day (D) of

treatment; cross symbol, treatment. B a Radiation only (R) mice

(no other treatment); b radiation?immunotherapy (R?I) mice

received PC61, D7; c, R?I mice received Rat IgG2b, D7; d FoxP3

and isotype control (performed on all samples). C Depletion of CD4

cells assayed D12: a radiation only (R) mice (no other treatment);

b radiation?immunotherapy (R?I) mice received PC61, D7 and

Gk1.5, D9; c R?I mice received PC61, D7 and Rat IgG2b, D9;

d FoxP3 and isotype control (performed on all samples). D Summary

table: mean ± SD, N and statistical significance (**p \ 0.01;

*p \ 0.05). NDP no detectable population (100,000 cells collected)
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CD4 cell depletion study

Starting 9-day post-tumor cell implantation, ten mice in the

radiation therapy plus immunotherapy group received their

first ip injection of 200 lg rat anti-mouse CD4 (Gk1.5,

BioXCell, W. Lebanon, NH). Injections were repeated

every 3 days for a total of eight injections (3 weeks).

Figure 1B shows that CD4? cells are reduced [99 %

3 days after the first Gk1.5 injection. Immunotherapy was

as described above.

ELISPOT assay

The enzyme-linked immunospot (ELISPOT) assay was

used to quantify cells secreting interferon gamma (IFNc) as

spots on 96-well plates. An ELISPOT kit was used (BD

Biosciences Cat # 551083) according to manufacturer’s

instructions. Splenocytes and cells from the subiliac lymph

node draining the immunization site were prepared from

naı̈ve control mice (C), B16-implanted mice that received

radiation therapy only (R) or radiation plus immunotherapy

(R?I). Briefly, cells recovered from crushes of crudely

minced tissues were filtered (40 lm strainer) and centri-

fuged. Erythrocytes were lysed by resuspension of pellets

in 2 ml TAC buffer (13.1 mM Tris pH 7.2; 139.6 mM

ammonium chloride) for 5 min followed by 10 ml cell

culture medium and centrifuged again. Splenocytes and

lymph node cells were resuspended in 5 and 2.5 ml cell

culture medium, respectively, and counted. Splenocytes or

lymph node cells (100,000) and 40,000 tumor cells (B16 or

PANCO2) were added per well. Negative controls (no

tumor cells) and positive controls [5 ng/ml PMA (Phorbol

12-myristate 13-acetate) and 500 ng/ml Ionomycin (PMA/

I)] were used. Each condition was plated in duplicate and

averaged. A dissecting stereo-microscope with attached

digital camera was used to photograph each well. Image-J

software was used to quantify the area subsumed by the

spots using Image-J’s intelligent background subtraction,

auto threshold, and particle analysis functions.

Quantification of intracerebral B16F10 tumors using

in vivo luciferase bioluminescence

Approximately 250 B16F10-LUC2 cells (PerkinElmer)

were mixed with 5,000 irradiated (*100 Gy) B16 cells

and implanted in the brains of C57Bl6 mice. After 7 days,

the brains of the mice were imaged using an IVIS Spectrum

In Vivo Imaging System (Caliper Life Sciences, Hopkin-

ton, MA). Briefly, mice were anesthetized with 2 % iso-

flurane plus oxygen, shaved, and imaged for 120, 60, 30,

15, 5, and 1 s, 13 min following a sc injection of 75 mg/kg

D-Luciferin (Caliper Life Sciences, Hopkinton, MA.).

Photons per minute were obtained after selecting a region

of interest that encompassed the portion of the head con-

taining the tumor.

FACS analysis of antibody depletions

Eighteen mice implanted intracerebrally with B16 mela-

noma cells were irradiated on day 8 after implantation (D8).

Four mice received no further treatment (radiation only). Of

the 14 irradiated mice, 11 mice received a single injection of

0.5 mg mAb PC61 (anti CD25) on D7 and of these, 4 also

received a single injection of 0.2 mg mAb Gk1.5 (anti CD4)

on D9, and 4 received a single injection of 0.2 mg of Rat

IgG2b (Gk1.5 isotype) on D9. Three mice received 0.5 mg

of the rat IgG2b (PC61 isotype) on D7 (Fig. 1A). On day 9,

after tumor cell implantation, two radiation only, three PC61

(D7) and three isotype (D7) mice were euthanized, and cell

suspensions prepared from their spleens were labeled as

indicated (Fig. 1B, D). On D12, two radiation only, four

PC61?Gk1.5 and four PC61?RatIgG2b were euthanized,

and cell suspensions prepared from their spleens and labeled

as indicated (Fig. 1C, D). 1B: FITC-amCD4 (FITC rIgG2b),

PE-amCD25 (PErIgG1), AF647-amFoxP3(AF647rIgG2b).

1C: APC-amCD4(APCrIgG2b), PerCP-amCD8(PerCPrIg

G2a), FITC-amCD3(FITCrIgG2b).

Interpretation of data: survival curves

The Wilcoxon log-rank test was used to compare median

survival among the treatment groups. Some animals lived a

year and were right censored at 365 days. Statistical

evaluation of results was in two steps. First, for each

experiment, we compared R and R?I groups and used the

unadjusted p value from the log-rank test and alpha level of

significance of 0.05. Second, we compared C versus R and

C versus R?I groups and report Bonferroni corrected

p values to account for the two additional tests being

conducted. Analyses were conducted using the LIFETEST

procedure in SAS. Tumor size—Wilcoxon nonparametric

rank sum analysis—appropriate for small groups of ani-

mals was used to assess the likelihood that the size of the

tumors in two groups of mice was the same or different.

ELISPOT assay—These data were analyzed using a two-

factor ANOVA with the factors treatment (c, r, r?i) and

challenge (no, b16, panc02, and pma) and the two-factor

interaction term. p values for subgroup comparisons were

estimated using the LSMEANS option in the GLM pro-

cedure in SAS. Depletion assay—For the antibody deple-

tion data, we used a one-way ANOVA, followed by

Tukey’s HSD test, to compare the group means [a, R (no

treatment) versus b, R?I (depleting antibody treatment)

versus c, R?I (isotype antibody treatment) for A, (PC61)

and B, (Gk1.5) antibodies at the a = 0.01 or 0.05 levels

(**, *)], respectively.
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Results

Combination of radiation therapy and immunotherapy

for advanced intracerebral melanoma

To study the efficacy of the combination of radiation

therapy and immunotherapy for advanced intracerebral (ic)

melanomas, mice implanted ic with B16 melanoma on D0

received either no treatment (C), radiation only (R) on D8

when the tumors were advanced or radiation?immuno-

therapy (R?I) (see ‘‘Materials and methods’’). Figure 2a

shows the positioning of mice prior to irradiation. Each

exposure lasted 2 min corresponding to an average tumor

dose of 15 Gy. This dose is well tolerated; mice live

without any signs of illness or weight loss for at least a

year. Figure 2b shows a typical swath of non-pigmented

fur that develops at the site of irradiation after

*2–4 months after irradiation. Table 1 summarizes the

data of the seven independent experiments that were per-

formed and the aggregate data of all seven experiments

combined. In five of the seven independent experiments

(A, B, D, E, F), the comparison of R to R?I was statisti-

cally significant. However, the aggregate of all seven

experiments was highly statistically significant. All of the

comparisons of C versus R?I were statistically significant

as was the aggregate. In three of the seven independent

experiments, the comparison of C and R was statistically

significant as was the aggregate. All of the comparisons of

the aggregate of the seven experiments were highly sta-

tistically significant (p \ 0.0001). Figure 2a, b shows the

Kaplan–Meier survival plots of mice that correspond to

experiments F and A in Table 1, respectively. Table 1 also

summarizes the seven experiments in aggregate, the med-

ian day of virtual death for untreated, radiation-only and

radiation plus immunotherapy groups ±SD was 15 ± 1.09,

35.8 ± 8.8, and 52.5 ± 13.5, respectively. Figure 2c

shows the aggregate Kaplan–Meier survival plot of the

seven separate experiments summarized in Table 1. The

Wilcoxon log-rank test was used to compare median sur-

vival among the treatment groups of each of the seven

experiments and the aggregate of all seven experiments. It

can be seen that the p value of the comparison between

radiation therapy only and radiation therapy plus immu-

notherapy was \0.05 in five of the seven individual

experiments. The p value of all comparisons in the

aggregate analysis (Fig. 2c) was \0.0001. Hence, survival

of mice with advanced intracerebral melanoma that

received radiation plus immunotherapy is greater than mice

with similar tumors that received either no treatment or

15 Gy radiation therapy only. Further, survival of mice

with advanced intracerebral melanoma that received 15 Gy

radiation therapy only is greater than mice with similar

tumors that received no treatment.

Tumors in mice with advanced intracerebral melanoma

that received radiation plus immunotherapy are smaller

than those found in radiation-only-treated mice

Seven days after the implantation of 250 B16F10 luciferase

expressing cells (B16F10-LUC2) into the brains of twenty-

six C57BL6 mice, the size of each of the tumors was

determined using the IVIS (see ‘‘Materials and methods’’),

and the mice were split into two groups with roughly

equivalently sized tumors in each group (Group A median

tumor size = 970,000 counts/min and mean tumor

size = 1,983,000; Group B median tumor size =

1,025,000 counts/min and mean tumor size = 1,902,150).

The R?I group (B) received 0.5 mg PC61 on day seven.

On the eighth day, both R (A) and R?I (B) groups received

radiation therapy (15 Gy) (see ‘‘Materials and methods’’).

On the ninth day, the mice in the R?I group (B) also

received their first immunotherapy treatment that was

repeated on day 16 (see ‘‘Materials and methods’’). Imag-

ing was then performed 22 days after tumor cell implan-

tation (13 days after radiation therapy). Figure 3 is a plot of

the ratios of the sizes of intracerebral melanomas (photons/

min) in the two groups (see ‘‘Materials and methods’’) on

D21/D7. The median ratio Group A = 0.885 whereas the

median ratio Group B = 0.28. Wilcoxon nonparametric

statistics indicates that the two groups A and B differ from

one another (p \ 0.02).

Splenocytes and lymph node cells from mice treated

with radiation plus immunotherapy have increased

numbers of cells that produce interferon c
when cultured either with tumor cells syngeneic

for C57Bl/6 mice or non-specifically activated

with PMA/Ionomycin as revealed by the ELISPOT

assay

Splenocytes and cells from the subiliac lymph node

draining the immunization site, isolated (see ‘‘Materials

and methods’’) from naı̈ve control mice (c), mice treated

for intracerebral melanoma by radiation therapy only

(r) and mice treated for intracerebral melanoma by radia-

tion plus immunotherapy (r?i) were added to wells of

ELISPOT dishes at 100,000 cells/well (see ‘‘Materials and

methods’’) with either no additions, B16 cells (40,000),

PANC-02 cells (40,000), or 5 ng/ml PMA/500 ng/ml Ion-

omycin and cultured for 18 h. Spots representing IFNc
production were revealed and quantified according to sec-

tion ‘‘Materials and methods.’’ The data obtained using

surviving mice 1, 2, and 3 weeks after the initiation of

immunotherapy were pooled as were data from surviving

mice 4–7-week post-initiation of immunotherapy. Figure 4

shows that splenocytes from r?i-treated mice 1–3 weeks

after the start of immunotherapy when incubated with

Cancer Immunol Immunother (2013) 62:1187–1197 1191
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PANCO2 cells or PMA/I produce statistically greater IFNc
(p \ 0.05) than splenocytes from c or r mice when incu-

bated with PANC02 or PMA/I. This result is true for

lymph node cells isolated from r?i-treated mice

4–7 weeks after the start of immunotherapy. Incubation of

cells from spleens of immunized mice (1–3 weeks) with

B16 cells showed increased levels of IFNc that showed the

same trend but was not statistically different (p \ 0.09).

For lymph node cells and splenocytes isolated 1–3 and

4–7 weeks, respectively, after the initiation of immuno-

therapy, only incubation with PMA/I resulted in statisti-

cally greater IFNc production (p \ 0.05) than the

corresponding cells from c or r mice. The data support the

hypothesis that splenocytes and cells from lymph nodes

draining the site of immunization from mice treated with

radiation and immunotherapy are immune primed com-

pared with cells from control mice and mice receiving

radiation therapy only and such cells produce increased

levels of IFNc when either stimulated with PMA/I or

when incubated with some tumor cells syngeneic to the

host.

Abrogation of immunotherapy-induced life extension

by anti-CD4 antibody treatment

To test the hypothesis that CD4 T cells play a role in the

immunotherapy-induced life extension we obtain, one

group of ten mice receiving radiation therapy plus immu-

notherapy also received eight ip injections of anti-CD4

mAb Gk1.5 (200 lg/mouse) every 3 days starting on day 9

(the first day of immunotherapy). Figure 5 shows that the

untreated control group differs from radiation-only-treated

mice (p \ 0.003) and from radiation plus immunotherapy-

treated mice (p \ 0.0001). Further, radiation-only-treated

mice differ from mice receiving radiation plus immuno-

therapy (p \ 0.04). However, radiation-only and radiation

plus immunotherapy-treated mice did not differ from

radiation plus immunotherapy mice additionally treated

with anti-CD4 mAb (p \ 0.99, p \ 0.52, respectively).

These data support the hypothesis that mice receiving

radiation therapy plus immunotherapy mount a T cell

response to the intracerebral B16 tumor that has a com-

ponent of CD4 T cell dependency.

Fig. 2 The combination of radiosurgery and immunotherapy for

advanced intracerebral B16 melanoma in mice. Mice bearing

advanced intracerebreal B16 tumors were irradiated as described in

section ‘‘Materials and methods’’ 8-day post-implantation. A shows a

mouse positioned for irradiation as described in ‘‘Materials and

methods.’’ B shows a mouse with a swath of non-pigmented fur that

develops at the site of irradiation after 2–4 months. A, B shows two of

the seven independent experiments that were performed and summa-

rized in Table 1. C shows all seven experiments summarized in

Table 1 combined. Wilcoxon log-rank tests were used to compare

median survival among groups (see Table 1 for p values and

‘‘Materials and methods’’ for details)
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Discussion

We have developed a therapy model for advanced intra-

cerebral melanoma that utilizes the extremely aggressive

and widely used B16 melanoma model. Therapy consists of

a single dose of sub-optimal radiation therapy (15 Gy

X-rays delivered via a Philips RT-100 irradiator) and

immunotherapy [in this case a single dose of mAb PC61 to

reduce Tregs followed by multiple doses of irradiated and

clonogenically disabled GMCSF-secreting B16F10 cells

(GVAX)]. X-ray therapy is not started until day 8 after B16

cell implantation—a time when the tumor is more than half

way between the time of implantation and the time of death

(median, D15.5). Melanoma brain metastases have been

modeled since the mid-1970s using the subcutaneous,

intravenous, intracarotid, intracardiac, and intracerebral

tumor initiation routes [reviewed, 17]. Each approach

offers advantages and disadvantages when used for therapy

studies [17, Table 3, 18]. Our intracerebral implantation

model is unique as it combines external radiation therapy

and immunotherapy to treat advanced intracerebral tumors.

The use of a rigorous model at an advanced stage of tumor

development addresses key problems that may be inher-

ently associated with preclinical mouse models as useful

predictors of therapy regimens effective in humans [19,

20]. The model can be made more rigorous by starting

therapy later and/or by irradiating less. Long-term survival

is at *10 %, suggesting that additional regimens that

provide further benefit should be observable. Hence, we are

using this model to develop and compare clinically relevant

combinatorial therapies.

The use of external-beam radiation therapy to debulk

advanced intracranial tumors in combination with immu-

notherapy has been studied to a greater extent for gliomas

[21] than for melanomas. Previously, a study combining

boron neutron capture therapy with immunotherapy for

advanced 9L gliosarcomas occupying 2 % of the rat brain

at the time of therapy initiation was one of the first of

such studies for advanced tumors [22, 23]. Since then,

radiation therapy has been combined with immunotherapy

and other combination strategies to treat experimental

gliomas and other tumors [21, 24]. The combination of

radiation therapy, chemotherapy, and immunotherapy for

glioma is currently being tested in clinical trials [25, 26].

We suggest that our preclinical model of advanced

intracerebral melanoma can be used to test a large number

of combination therapies relatively inexpensively—the

most successful of which could then be translated to

Table 1 Combination of radiation therapy and immunotherapy for advanced intracerebral B16 melanoma in mice

Untreated control (C) Radiation therapy only (R) Radiation therapy?immuno

therapy (R?I)

p values

R versus R?I R versus C R?I versus R

A 14 (10–16)

N = 12

30 (15–43)

N = 9

45 (21–80)

N = 10

0.005** 0.015* \0.0001**

B 16 (13–#)

N = 14

28.5 (24–60)

N = 10

53 (28–100)

N = 11

0.004** 0.18 0.0003**

C 15 (13–18)

N = 10

36.5 (18–56)

N = 10

42.5 (12–#)

N = 10

0.3 0.02* 0.0003**

D 17 (13–21)

N = 5

23 (13–29)

N = 5

43.5 (39–60)

N = 4

0.005** 0.99 0.0011**

E 15 (13–16)

N = 5

50 (37–84)

N = 5

72 (56–93)

N = 4

0.05* 0.23 0.0002**

F 17.3 (14–26)

N = 8

38 (16–57)

N = 11

54 (21–#)

N = 10

0.04* 0.22 \0.0001**

G 15.5 (14–18)

N = 8

45 (35–#)

N = 8

79.5 (39–#)

N = 8

0.28 0.01* \0.0001**

A–G 15 (10–26)

N = 62

35.8 (13–#)

N = 58

52.5 (12–#)

N = 57

\0.0001** \0.0001** \0.0001**

Seven independent experiments were performed as described in ‘‘Materials and methods.’’ Shown are the median survival in days, the range in

parentheses, and the number of Mice (N) in each group. Wilcoxon log-rank tests were used to compare median survival among groups (see

‘‘Materials and methods’’ for details)

# Mice that lived for a year

* p B 0.05; ** p B 0.01 II versus I and III versus I, Bonferroni corrected p values
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clinical trials for the treatment of melanoma that has

spread to the brain [27].

We have confirmed that 99 % of CD4?CD25? cells (of

which *90 % are FoxP3?) were depleted 2 days after the

injection of 0.5 mg mAb PC61 (Fig. 1B) while

CD4?FoxP3 Treg cells are depleted about 50 % (Fig. 1D,

Table). It has been shown that under such conditions

CD4?CD25? cells and CD4?FoxP3? cells return with

time [15, 28]. Such partial and transient depletions of Treg

cells have been shown to increase the generation and

function of tumor-specific CD8 T cells in response to

vaccination in a variety of tumor models that resulted in

enhanced immunotherapy and prolongation of life [29–33,

to cite a few]. For this reason, an initial depletion of

CD4?CD25? cells prior to the first immunization was

incorporated into our protocol.

GM-CSF secreting autologous tumor cell vaccine is

effective at inducing an immune response in intracerebral

tumor bearing and irradiated isogeneic mice. The GMCSF

secreted in vivo by the transfected cells can be expected to

increase the population of migratory dendritic cells (DC)

and DC in lymphoid tissue and promote the induction of

Th1-type immune responses after vaccination, which are

important to the anti-tumor response [34].

Our data show that virtually all of CD4? cells are

depleted 3 days after the first injection of anti-CD4 mAb

on day 9, the day of the first immunization. Since the mice

received a similar injection of anti-CD4 mAb every 3 days

for 3 weeks, CD4 T cells should have remained depleted to

some degree from 9- to 30-days post-tumor cell implan-

tation. It is reported that CD4 T cells return slowly

(*20 % after the first month, *40 % after the second

month, and *100 % after 100 days) after depletion [35].

Therefore, any residual immunotherapy efficacy observed

could be due to the return of CD4 cells and/or the contri-

bution of CD8 T cells. Depletion of both CD4 and CD8 T

cells might be expected to inhibit the effects of immuno-

therapy more completely.

As has been the general experience with tumor vaccines,

the anti-tumor response is not durable. A variety of mech-

anisms are now known that serve to limit the sustainability

of active immunotherapy against cancer. For example, GM-

CSF has also been shown to augment the proliferation and

function of Tregs that may serve to limit the efficacy of

GM-CSF secreting cell vaccines [36]. This may be part of

the explanation as to why long-term survival is so low in

this immunotherapy model. Therefore, additional strategies

to decrease Tregs [37, 38]—such as the use of low-dose

cyclophosphamide [39] and/or the checkpoint blockade

inhibitor mAb, anti-CTLA-4 [40]—can now be tested in

this system. Other clinically relevant combinatorial strate-

gies to alter the immunosuppressive tumor environment,

utilize immunotherapy-compatible chemotherapy, improve

immunization schemes, enhance tumor debulking, and

reduce T cell anergy/fatigue now can be tested and com-

pared in our rigorous model. The most successful of these

combinatorial strategies may be considered candidates for

translation to clinical trials.

Fig. 3 Tumors in mice with advanced intracerebral melanoma that

received radiation plus immunotherapy are smaller than those found

in radiation-only-treated mice. Seven days after the intracerbral

implantation of 250 luciferase expressing B16F10 cells (B16F10-

Luc2), bioluminescence was quantified and mice were sorted into two

groups with similar distributions of tumor sizes. All mice were

irradiated (15 Gy) (‘‘Materials and methods’’). In addition, half the

mice received immunotherapy and received the first vaccination on

day 9 (‘‘Materials and methods’’). The ratios of tumor size (counts/

min) on day 21 divided by tumor size on day 7 is shown for radiation-

only and radiation plus immunotherapy groups. Circle each mouse,

Parentheses circle dead mouse
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Fig. 4 ELISPOT assay: splenocytes and lymph node cells from mice

treated with radiation plus immunotherapy have increased numbers of

cells that produce IFNc when cultured either with tumor cells

syngeneic for C57Bl/6 mice or non-specifically activated with PMA/

Ionomycin. Splenocytes and lymph node cells, prepared from control

(naı̈ve) mice and surviving mice whose intracerebral tumors were

treated with radiation only and radiation plus immunotherapy, were

added to microwells with no added cells, B16 or PANC02 cells or

PMA/Ionomycin for 18 h prior to the development of spots for IFNc
(‘‘Materials and methods’’). Data from mice 1–3 and 4–7 weeks after

the initiation of immunotherapy were pooled and shown in Fig. 3.

Spleen (1–3): Panc and PMA: c versus r?i**, r versus r?i**, spleen

(4–7): PMA: c versus r?i**, r versus r?i**, lymph node (1–3): PMA:

c versus r?i**, r versus r?i**, lymph node: Panc and PMA: c versus

r?i**, r versus r?i** (**p B 0.01)

Fig. 5 Abrogation of immunotherapy-induced life extension by anti-

CD4 antibody treatment. Mice were implanted intracerebrally with

200 B16 cells on day 0. No treatment control (C) radiation only

(15 Gy, day 8) (R); radiation?immunotherapy (R?I); radiation?im-

munotherapy?anti-CD4 (eight ip injections of anti-CD4 mAb Gk1.5

(200 lg/mouse) every 3 days starting on day 9, the first day of

immunotherapy) (R?I?anti-CD4). C differs from R (p \ 0.003) and

from R?I (p \ 0.0001). Further, R differs from R?I (p \ 0.04).

However, R- and R?I-treated mice did not differ from R?I?anti-

CD4 (p \ 0.99; p \ 0.52, respectively)
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