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Summary

Rats with advanced, imminently lethal, ∼4 mm diameter, left-sided intracerebral 9L gliosarcoma (9LGS), a well
characterized malignant tumor with some similarities to human high-grade astrocytomas, were used as a therapy
model 14 days post-implantation of 104 cells. Such tumor-bearing rats die within two weeks (median, 6 days)
thereafter if untreated. However, if these tumors are exposed on day 14 to 12–25 Gy of an electron-equilibrated
6 MV photon beam (radiosurgery), survival is extended about 5–6 fold to a median of 34 days, but long-term survival
(>1 year) is increased only to ∼18%. Multiple subcutaneous inoculations of radiation-disabled 9LGS cells post-
radiosurgery (immunoprophylaxis) extended lifespan and long-term (>1 year) survival minimally (median, 37 days;
25%, respectively). In sharp contrast, radiosurgery followed by multiple subcutaneous inoculations of radiation-
disabled 9LGS cells that had been transfected with granulocyte macrophage colony stimulating factor (GMCSF),
a cytokine with demonstrated immune-enhancing properties (i.e. gene-mediated immunoprophylaxis, GMIMPR)
increased long-term survival to ∼67%. To our knowledge, these results are the first to show that the combination of
photon radiosurgery and GMIMPR is effective for an advanced, imminently lethal brain tumor in a mammal. These
data raise the possibility that GMIMPR following radiation therapy might prove effective for the treatment of some
human malignant gliomas.

Abbreviations: 9LGS – 9L gliosarcoma; IMPR – immunoprophylaxis; GMIMPR – gene-mediated
immunoprophylaxis; FWHM – full width at half maximum; MRI – magnetic resonance imaging;
GBM – glioblastoma multiforme; MRT – microbeam radiation therapy; BNCT – boron neutron-capture therapy;
GMCSF – granulocyte macrophage colony stimulating factor; Gy – gray; sc – subcutaneous; ic – intracerebral;
im – intramuscular; UCHC – University of Connecticut Health Center.

Introduction

Despite improvements in radiotherapy and chemo-
therapy, the long-term prognosis for patients with
glioblastoma multiforme (GBM), which disables, and
then kills about 7000 Americans per year, remains
dismal. Those diagnosed with that neoplasm usu-
ally succumb to it within two years after the onset

of neurological symptoms. At the time of diagno-
sis, which is often several days after the first seri-
ous neurological symptoms, a GBM tumor is usually
large, that is, ∼3 cm in greatest diameter. Soon there-
after, as much as possible of the tumor is removed
surgically, which alleviates the immediate danger of
death. Postoperative fractionated photon-based radio-
therapy (usually megavoltage photons generated by an
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electron linear accelerator) in doses up to the limit
of tolerance of normal brain structures (in effect, of
normal brain endothelial and oligodendroglial cells)
usually extends life. But GBM, most often a uni-
lateral, unifocal neoplasm of the cerebrum, usually
recurs within 3 cm of its original margin, presumably
from microscopic nests of cells that infiltrate the sur-
rounding edematous brain tissue [1]. Therefore adjunct
therapies are needed that can be combined with postop-
erative radiotherapy to destroy microscopic remnants
of GBM. Tumor-directed chemotherapy, inhibition of
tumor angiogenesis, immunotherapy, and gene therapy
are being studied. Alternative methods of postoperative
irradiation, including boron neutron-capture therapy
(BNCT) [2] and microbeam radiation therapy (MRT)
[3], to allow more effective tumor suppression while
minimizing radiotoxicity in normal brain structures, are
also under investigation.

We have been using rats with advanced, clini-
cally relevant-sized, imminently lethal malignant brain
tumors as a model for human malignant gliomas. We
have been testing the efficacy of immunoprophylaxis
(IMPR), a form of immunotherapy, in combination
with minimally palliative radiosurgery using 6 MV
photons generated from an electron linear accelerator, a
kind of radiation generator widely available in radiation
oncology clinics. We define IMPR to be active immu-
nization to avert or delay tumor regrowth from micro-
scopic, clinically occult nests of tumor cells remaining
after macroscopic tumor-debulking procedures such as
surgical excision and/or irradiation, in contrast to the
term immunotherapy, which usually refers to active
immunization to treat a clinically evident tumor. ‘Clin-
ically relevant’ or ‘imminently lethal’ refers to a tumor
so advanced that the median residual life span of the
concomitantly untreated control animals will be no
more than one third of the total time between tumor
inoculation and death from tumor overgrowth. The
untreated 9L gliosarcoma (9LGS), a well established,
demonstrably immunogenic, malignant rat brain tumor
cell line, causes death 21 ± 3 (mean ± SD) days after
the intracerebral implantation in isogeneic rats of about
104 cultured 9LGS cells in 1 µl of culture medium.
Clinically relevant therapeutic intervention is not begun
until 14 days after tumor inoculation, at which time
the tumor volume relative to the brain volume approxi-
mates that of human GBM at diagnosis. We have shown
[4,5] that while immunization with a series of subcu-
taneous (SC) injections of radiation-killed unmodified
9LGS cells initiated on day 14 after tumor inoculation is
therapeutically ineffective, the same regimen becomes

highly effective if preceded by deliberately suboptimal
boron neutron-capture therapy (BNCT, a binary treat-
ment modality that can selectively irradiate tumor tis-
sue [2]). To our knowledge, the use of active IMPR
to successfully treat any large, clinically relevant-sized
experimental brain tumor is novel [5]. Since BNCT is
an experimental therapy available to only a small num-
ber of glioblastoma patients in Japan and Europe at
this time, and since most radiotherapy of human GBM
is mediated by megavoltage photons, we have tested
the combination of IMPR with megavoltage photon
irradiation of relatively large, clinically relevant-sized,
imminently lethal, intracerebral rat 9LGS brain tumors.
In this paper we show that, unlike the combination of
BNCT and IMPR with unmodified radiation-disabled
9LGS cells, which is decidedly effective, the combina-
tion of single-fraction photon irradiation and IMPR is
only marginally effective. However, in sharp contrast,
the combination of photon irradiation and granulocyte
macrophage colony stimulating factor (GMCSF) gene-
mediated IMPR (GMIMPR) is highly effective, pre-
sumably due to the immune-enhancing properties of
GMCSF [6–8]; of a large number of immunomodu-
lators tested, GMCSF was the most potent inducer of
anti-tumor immunity. To our knowledge, these results
are the first to demonstrate the therapeutic efficacy
of the combination of photon-based radiosurgery and
GMIMPR for an advanced, imminently lethal malig-
nant glioma in any species. Thus, these data raise the
possibility that GMIMPR following radiation therapy
may prove useful in the treatment of some human
malignant gliomas.

Materials and methods

Cell lines, animals, anesthesia, cell culture,
intracranial implantation of 9LGS cells

All protocols used were approved by the UCHC animal
care committee, protocol # 98-002 and were described
previously [4,5].

GMCSF transfectant

A rat GMCSF expression vector, in which rat GMCSF
PCR product was cloned into the eukaryotic expres-
sion vector pCR3 (Invitrogen), was generously pro-
vided by Dr. Martin Oaks, University of Wisconsin
Medical School, Milwaukee, WI [9]. Transfections
were performed using a Eukaryotic Transfection Kit
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(Stratagene Corp., La Jolla, CA). Supernatants from
9LGS-GMCSF transfected and 9LGS control cul-
tures were collected after 24 h of post-confluent cul-
ture and were compared with known quantities of
recombinant rat GMCSF for both: (a) their ability
to support the growth of FDC-P1 cells (American
Type Culture Collection), which require GMCSF
for their growth and viability [9] and (b) the pres-
ence of GMCSF by capture ELISA (R & D Corp.)
Robust transfectants were subcloned. The subclone
9LGMCSF 27-1 ((a) ∼150 ng GMCSF by the FDC-P1
test and (b) ∼375 ng GMCSF by capture ELISA/
106 cells/24 h) was used for these experiments. GMCSF
was undetectable in supernatants from control cultures
using both assays.

Magnetic resonance imaging (MRI)

MRI was performed in a 1.5 T whole-body clinical
scanner (Siemens Vision) with a human extremity
(knee) coil. High-resolution turbo spin-echo sagittal
imaging was used for selecting slice position with
imaging parameters as follows: repetition time (TR) =
3000 msec; echo time (TE) = 15 msec; field of view
(FOV) = 100 mm; matrix size = 256 × 256; slice
thickness (TH) = 2 mm; total number of slices =
9. For collecting tumor images, conventional spin-
echo T1-weighted axial images were collected at var-
ious times after a single ip injection of 0.2 ml of
the undiluted contrast agent gadodiamide (287 mg
gadodiamide/ml; Omniscan, Nycomed, Princeton, NJ)
with imaging parameters as follows: TR = 660 msec;
TE = 15 msec; TH = 2 mm; FOV = 80 mm; matrix
size = 256 × 256; imaging times = 3 min/scan;
resolution = 0.313 mm.

Subcutaneous (sc) injection of gamma-irradiated
9LGS cells

9LGS cells or GMCSF-transfected 9LGS cells were
removed from culture. Cell clumps were disrupted by
gentle hydrodynamic shearing through a Pasteur pipet.
A suspension of 5 × 107 cells per ml was exposed to
50 Gy (0.765 Gy/min) in a cesium-137 Gamma Cell 40,
(Nordion). Five million irradiated cells in 0.1 ml of
medium were injected sc through a 25-gauge needle
into the left flank of an anesthetized rat within 1 h after
radiosurgery. The injections were repeated after 7 days
and every two weeks thereafter as described.

Megavoltage photon irradiation

Therapy was initiated 14 days after intracranial implan-
tation of 9LGS tumor cells. The irradiation field,
which straddled the site of tumor injection, con-
tained much peritumor brain tissue as well as intracra-
nial, extracerebral tissue. Irradiations were performed
using 6 MV photons from a Varian 2100C linear
electron accelerator (LINAC) at the Department of
Radiation Oncology, UCHC. Since the accelerator
is used exclusively for patients on weekdays, irra-
diations were performed on Saturdays. The anes-
thetized rats were positioned on a mobile rat cradle
(Figure 1A) within a clear LexanTM plastic box during
irradiation. Anesthesia was by im ketamine/xylazine
(50/5 mg/kg, respectively). The beam was geometri-
cally collimated to be approximately 1.2 cm × 1.2 cm
square in cross-section. The FWHM boundary repre-
sented by the two vertical dashed lines in Figure 1F was
also approximately square, about 0.8 cm × 0.8 cm in
cross-section. The average whole-body radiation dose
of ∼1 Gy was readily tolerated. Irradiation times of
∼10 min, reflected a maximum head-entrance dose rate
of ∼2.5 Gy/min in the scalp around the central axis.
Because of the relatively shallow depth of the tumor
<1 cm deep, the LexanTM box was fitted with a 9-mm-
thick LexanTM lid which was used as a beam spoiler
[10] to achieve electron equilibration and, thereby,
approximate uniformity of physical absorbed dose with
increasing depth in each vertically irradiated tissue
column. The maximum head-entrance radiation doses
were determined from measurements with a minia-
ture Markus tissue-equivalent ionization chamber. In
a preliminary study, three normal rats each received
maximum head-entrance absorbed doses of 15, 20 or
25 Gy, respectively as described. All were alive and
apparently well one year later. Near the margins of the
full width at half maximum (FWHM) boundary, 4 mm
from the field’s central axis, absorbed head-entrance
doses were by definition half-maximum. Since we
wished to deliver a proven maximally tolerable radi-
ation dose, 25 Gymax was used in the LINAC/IMPR
studies reported here. The prone rat’s body was rotated
45 degrees (i.e. roll angle, 45 degrees counterclock-
wise around its long anatomical body axis) in the rat
cradle (Figure 1A–F). The radiation field was cen-
tered about 1 mm to the right of the midsagittal plane
(Figure 1F) and about 9 mm caudal to the interocular
plane (Figure 1B). The interocular plane is defined here
as the anatomic coronal plane that bisects both eyeballs.
Just before irradiation, the rat’s head was manually
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Figure 1. MRI (T1 images) and irradiation of a rat with an advanced intracerebral 9LGS. Intracerebral 9LGS tumors were initiated as
described in the section Methods. Imaging is at 13.5 days post-cell implantation. Ketamine/xylaxine anesthesia was used (see section
Methods). (A) An antero-posterior view of a rat’s head in the movable rat cradle is shown. The rat head, bolstered by crumpled tissue
paper, is cradled between two planes of the holder, each plane of which is angled 45 degrees from the horizontal. The head is positioned
so that the line joining the apparent centers of the eyeballs is positioned approximately parallel to the plane of the holder upon which
the rats jaw primarily rests. Since the interocular plane (see section Methods) is positioned perpendicular to the rat’s body axis, all the
parasagittal planes of the rat are approximately perpendicular to that same plane of the holder during irradiation. A millimeter scale is
seen below the right forefoot of the rat, which is magnified ∼50% less in frame A than are the linear scales of frames C–F. (B) Parasagittal
slice through the tumor centered ∼4 mm to the left of the midsagittal plane. The position of the 2-mm-thick coronal slice of the rat’s head
imaged in frames C–E is shown here between lines 2 and 3. In the rat, line 3 is 1.0 cm posterior to line 1, the mid-ocular plane. The tumor,
located ∼7–10 mm posterior to the mid-ocular plane, is seen as a dark zone extending as a band deep into the striatum from the surface
of the brain. (C) Coronal head slice (2-mm-thick) image centered 8 mm behind the mid-ocular plane, acquired immediately after the ip
injection of 0.20 ml of a 287 mg/ml solution of gadodiamide (Nicomed TM) into the ∼190 g rat. (D) ∼8 min after ip gadodiamide. Note
the enhancement in contrast of the left striatal tumor. (E) ∼16 min after ip gadodiamide. Note the increased contrast-enhancement of the
left striatal tumor. The tumor measures about 2 mm × 6 mm in this ∼2-mm-thick coronal slice of the rat’s head. The resultant swelling
of the left striatum is indicated by its displacement of the right striatum farther to the right. (F) A line drawing showing the apparent path
of the high-energy photons (dotted lines) within the 8-mm-wide (FWHM) irradiation field after manual positioning as described above.
The horizontal line represents 5 mm in the rat here as well as in frames C–E.

positioned and supported by crumpled tissue paper in
the movable cradle so that its interocular plane was
perpendicular to the long axis of its body. Weight loss
was slight (median, 3% and maximum, 8% of the body
weight on the day of irradiation) and transient (3–5 days
after irradiation). Subcutaneous fluid supplementation
was neither required nor given.

Combination of LINAC-based megavoltage photon
irradiation and either IMPR or GMIMPR

Half of the rats received sc injections of 5 × 106

irradiated unmodified 9LGS cells (IMPR) or 5 × 106

irradiated GMCSF-transfected 9LGS cells (GMIMPR)
immediately after 25 Gymax LINAC therapy, one
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week later, and every two weeks thereafter, as
indicated.

Measurements and statistics

The rats were randomly assigned to each treatment
Group following ic implantation of 9LGS cells. The
difference between Kaplan–Meier survival plots was
analyzed for statistical significance by the log-rank
test [11].

Results

Magnetic resonance imaging of an advanced
intracerebral 9LGS in a rat

Intracerebral 9LGS tumors were initiated as described.
Imaging of the tumor (Figure 1B–E) was at 13.5 days
post-cell implantation. Figure 1B is the image of a
2-mm-wide parasagittal slice, 3–5 mm to the left of
the midsagittal plane. The tumor is centered ∼8 mm
posterior to the mid-ocular coronal plane (line 1,
Figure 1B). This image was taken about 5 min after
ketamine/xylazine anesthesia (see section Methods).
The dark zone 8–10 mm posterior to the mid-ocular
slice (between lines 2 and 3, Figure 1B) evidently
contains non-CNS soft tissue (presumably, tumor tis-
sue) extending in a band deep into the striatum from
the surface of the brain. The distance between lines 2
and 3 represents 2 mm in the rat. Half an hour later,
0.20 ml of a 287 mg/ml solution of gadodiamide was
injected ip into the anesthetized, 190 g rat. MRI scans
are shown immediately after administration of the ip
gadodiamide (Figure 1C), then 8 min and 16 min after
ip gadodiamide (Figure 1D,E, respectively) in the
same 2-mm-thick coronal slice. Highest signal inten-
sity was seen 16 min after ip gadodiamide (Figure 1E).
The tumor in that slice measured ∼2 mm × ∼6 mm.
The coronal MRI images (Figure 1C–E) are rotated 45
degree counterclockwise just as the rats were rotated
during irradiation (Figure 1A). The middle of the
skin-entrance zone of the collimated photon beam
was placed approximately 1 mm to the right of the
midsagittal plane of the rat’s head (Figure 1F). From
these images, it is seen that the most superficial tumor
tissue is centered about 4 mm to the left of the mid-
sagittal plane, and that the 8-mm-wide zone within
the FWHM boundary would encompass such a tumor

macroscopically in its entirety (Figure 1F). How-
ever, the absorbed dose at the anatomic depth of the
tumor was about half of the maximum dose because
there it grazed the FWHM boundary. Some deviations
from nominal tumor dosimetry, therefore, would be
expected due to minor variations in the positioning
of rats and/or variations in the macroscopic growth
pattern of the tumor from one rat to another.

LINAC-based megavoltage photon palliation for
advanced intracerebral 9LGS in rats without IMPR

104 9LGS cells were injected ic (12–14 rats per group)
into the left striatum in 1 µl of culture medium as
described. Fourteen days later, when the resultant brain
tumors were expected to be about 4 mm in diameter
(∼40 mg) (12; D.D. Joel, personal communication),
the rats were anesthetized and the tumors were irradi-
ated with megavoltage photons to a physical absorbed
head-entrance dose of 25 Gymax. Seventy-six rats have
been treated this way over the course of six experi-
ments (N = 12, 12, 12, 13, 13, 14). In each exper-
iment, another group of rats harboring brain tumors
(5–6 control rats) was not irradiated. The results,
Figure 2, show that, in the absence of radiation treat-
ment, 97% of the rats die ∼2 weeks (median survival:
6 days) after the day of therapy, that is, ∼3 weeks after
tumor cell implantation. Irradiation alone extends life

Figure 2. Linear accelerator-based megavoltage photon irradia-
tion for advanced rat brain tumors. Kaplan–Meier plot showing
the fraction of surviving rats vs. days after therapy. Fischer 344
rats received an ∼1 µl ic injection of 104 9LGS cells 14 days
before treatment (see section Methods). Fourteen days later, day 0:
(A) Untreated control group, n = 38; (B) Radiation-only group,
n = 76, 25 Gymax irradiation given as a single (radiosurgical) frac-
tion. The data of both groups A and B represent the combined
results of six similar trials implemented at different times.
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over fivefold (median: 34 days); long-term survival is
18 ± 12% (mean±SD). Approximately 8% of the irra-
diated rats died within the same time frame as that of
the control rats.

The combination of LINAC-based megavoltage
photon palliation with IMPR for advanced
intracerebral (ic) 9LGS in rats

Two experiments were performed combining mega-
voltage photon therapy followed by IMPR for advanced
intracerebral 9LGS. Of the ∼30 rats in each experi-
ment, 24 were anesthetized and their brains were irra-
diated with megavoltage photons at a head-entrance
dose of 25 Gymax. Twelve of these rats also received sc
injections of 5 × 106 irradiated (50 Gy) 9LGS (IMPR).
Figure 3 shows the combined results of both exper-
iments. The day of death for each of the rats after
the date of irradiation, day 0, and the number of rats
that died on that day are shown on a Kaplan–Meier
survival plot. A survival analysis using the log-rank

Figure 3. Combination of megavoltage photon irradiation and
IMPR for advanced rat brain tumors. Kaplan–Meier plot show-
ing the fraction of surviving rats vs. days after therapy. Fischer
344 rats received an ∼1 µl ic injection of 104 9LGS cells 14 days
before treatment (see section Methods). Fourteen days later, day 0:
(A) Untreated controls, n = 13; (B) Radiation-only given as a sin-
gle fraction, 25 Gymax, n = 24; (C) Radiation plus multiple injec-
tions of 5×106 irradiated (50 Gy) cells on post-irradiation days 0,
7, 21 and every two weeks thereafter for one year, n = 24. The
data represent the combined results of two similar trials imple-
mented at different times. A survival analysis using the log-rank
test reveals that the rats that received LINAC irradiation plus
IMPR died significantly later than the rats that received LINAC
irradiation (p < 0.045), but that difference was observed only
within six weeks after LINAC therapy.

test reveals that, of the rats that survived no longer than
six weeks, those that received irradiation plus IMPR
died 30% later than those that received only LINAC
irradiation (p < 0.045). Although there are twice the
number of long-term survivors in the irradiation plus
IMPR group as in the irradiation-only group (6 vs. 3),
statistical significance of the difference at the >90%
confidence level was not quite achieved. One of these
irradiation plus IMPR long-term survivors died on
day 236. No tumor recurrence was seen, but radiation
damage resulted in shrinkage of brain tissue, behavioral
abnormalities and weight loss. Long-term survivors in
both groups survived for >12 months. If the radiation
plus IMPR survival curve (Figure 3) is superimposed
on the aggregate radiation-only curve (Figure 2), the
two curves merge; there is no statistically significant
difference between them.

The combination of LINAC-based megavoltage
photon palliation with gene-mediated
(GMCSF-transfected) IMPR for advanced
intracerebral 9LGS in rats

Two experiments were performed combining mega-
voltage photon therapy with GMIMPR for advanced
intracerebral 9LGS in rats. The combined results of
both experiments (Figure 4) show that, as before, irra-
diation alone significantly prolongs median survival
(6–33 days); there are approximately 15% long-term
survivors. In sharp contrast with the results using irra-
diated 9LGS cells (Figure 3), immunization of irradi-
ated rats with radiation-disabled GMCSF-transfected
9LGS cells resulted in about 67% long-term survivors
of all such rats in both experiments as of May 1, 2001
(day 233) at which time long-term, apparently healthy
survivors in experiment 1 had survived twelve months;
those in experiment 2 had survived about seven months.
As of day 365 in both experiments, there were 5 rats
alive of the original 27 in the radiation-only group and
16 rats alive of the original 27 in the radiation plus
GMIMPR group. One of the irradiation plus GMIMPR
long-term survivors (experiment 1) died on day 275.
There was no tumor recurrence but shrinkage of the
left striatum with anterior lateral ventricle enlarge-
ment, anorexia and behavioral abnormalities were seen.
Immunization in experiments 1 and 2 continued every
two weeks for nine and four months, respectively.
Although the median post-irradiation lifespan of rats
in the immunized group that did die is about the same
as that in the radiation-only group, that is, 34 days,
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the fraction of long-term survivors is about four-fold
greater, a highly significant increase as determined by
the log-rank test (p < 0.0007). If the radiation-plus-
GMIMPR survival curve (Figure 4) is superimposed on
the aggregate radiation-only curve (Figure 2), the two
curves are distinctly different. If rats bearing advanced
(14 days) 9LGS tumors are immunized with irradiated
GMCSF-transfected 9LGS cells without prior irradia-
tion (n = 10), they die on the same schedule (median,
6 days) as do untreated controls (median, 6 days)
(n = 9).

Discussion

Radiotherapy for human brain tumors is gener-
ally delivered by a LINAC in thirty daily frac-
tions of 1.8–2.0 Gy each over a six-week interval.
However, such fractionated megavoltage photon irra-
diation of experimental, advanced, large imminently
lethal (∼7 days to death if untreated) intracerebral
tumors in rats would be prohibitively time-consuming,
labor-intensive and costly. Therefore, we adopted a
radiosurgical paradigm in which a single irradiation is
performed on day 14 after intrastriatal implantation of
9LGS cells, when the tumor weighed ∼20–40 mg [12];
MRI on one of the rats performed on day 13.5 revealed
a tumor with dimensions about 3 mm × 2 mm × 6 mm
(∼36 mm3) which occupied ∼2% of the ∼1800 mm3

volume of the brain of this ∼190 g rat [13]. Such a
single-fraction radiosurgical treatment regimen is anal-
ogous to our previous work with BNCT [5], which
was also delivered in a single fraction 14 days after ic
(intrastriatal) inoculation of 104 9LGS cells.

A 25 Gymax, 8-mm2 (FWHM), 6 MV photon irra-
diation (see Figure 1F) of an advanced 9LGS in the
rat brain on day 14 after cell inoculation can pro-
vide significant extension of life when compared to
no treatment at all (median survival of 34 days vs.
6 days post-radiation therapy, respectively) but only
modest long-term survival (∼18% vs. 2%, respec-
tively). Median survival times afforded by 40–80 Gy
cesium-137 whole-brain irradiations administered on
day 10 post-9LGS cell inoculation administered either
as ten daily fractions over two weeks or 10 twice-daily
fractions administered in 5 days were shorter [14].
Immunization with either unmodified 9LGS cells [5] or
GMCSF-transfected 9LGS cells, initiated on day 14 of
advanced tumor growth, was ineffectual without prior
radiation therapy. This is consistent with reports that
GMCSF gene-mediated immunotherapy, when applied

to gliomas 10 days post ic implantation, is without ther-
apeutic benefit [15]. All of the immunotherapy studies
of which we are aware that utilize tumor cells implanted
in the brain employ either pre-immunization strategies
using cytokines or cytokine-transfected tumor cells
or inoculation regimens that are started only a few
days (usually within 3 days) after tumor cell implan-
tation ([15–19] for recent references; [5] for expanded
list). For the study reported here, therapy was started
on day 14 after tumor cell implantation, when the
tumor was well vascularized, growing robustly, and had
already occupied a significant fraction of the intracra-
nial volume. IMPR using irradiated unmodified 9LGS
cells, initiated immediately after radiation therapy
(Figure 3) may have provided a statistically significant,
but modest, extension of life within the first six weeks
after therapy (median 29.5 vs. 20.5 days) but little or
no significant increase in long-term survival (increase
from 18% to 25%). However GMIMPR using GMCSF-
transfected 9LGS cells (Figure 4) increased the number

Figure 4. Combination of LINAC-based megavoltage photon
irradiation and IMPR for advanced rat brain tumors. Kaplan–
Meier plot showing the fraction of surviving rats vs. days after
therapy. Fischer 344 rats received an ∼1 µl ic injection of 104

9LGS cells 14 days before treatment (see section Methods).
Fourteen days later, day 0: (A) Untreated controls, n = 13;
(B) Radiation-only given as a single fraction, 25 Gymax, n = 27;
(C) Radiation plus multiple injections of 5×106 irradiated (50 Gy)
GMCSF-transfected 9LGS cells on post-irradiation days 0, 7, 21
and every two weeks thereafter for nine months (trial 1, n = 13)
and four months (trial 2, n = 14). The data represent the com-
bined results of the two similar trials (1 and 2) implemented at
different times. A survival analysis using the log-rank test shows
that the number of long-term surviving rats that received LINAC
irradiation plus GMIMPR is significantly greater than the num-
ber of long-term surviving rats that received LINAC irradiaton
only (p < 0.0007) and significantly greater than the number of
long-term surviving rats that received the combination of LINAC
irradiation plus IMPR with unmodified, irradiated 9LGS cells
(p < 0.001).
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of rats that survived long-term from 25% to 67%. This
represents the first demonstration that immunization
with GMCSF-transfected autologous tumor cells in
combination with megavoltage photon-mediated radio-
surgery can rescue most rats that present with large
(∼2% of the rat brain), otherwise imminently lethal
brain tumors. Although the immunogenicity of the
9LGS cell line is readily demonstrable [4,5,20,21], its
innate level of immunogenicity is evidently insuffi-
cient to rescue rats with advanced 9LGS tumors after
radiation therapy. Only after in vitro genetic transfec-
tion with the GMCSF gene does the immunogenicity
of the 9LGS tumor cell become sufficiently enhanced
to enable rescue of the majority of such rats. Immu-
nization was initiated on the day of radiation therapy,
repeated one week later and every two weeks thereafter
for nine months in experiment 1 and four months in
experiment 2. There was one radiation-damage related
death (day 275) in experiment 1 after immunization
was stopped and there have been no further deaths in
experiment 2 (as of July 1, 2001 or day 294). The ques-
tion of how long it would be necessary to immunize
patients is of great importance. Our rat data suggest
that GMIMPR for four months after radiotherapy may
be sufficient for maximal benefit.

There are many data from various experimental
tumor systems suggesting that tumor cells engineered
to secrete various cytokines, such as GMCSF [6,7] or
interleukin-4 [22,23] may evoke enhanced anti-tumor
immune responses ([24], for recent review), possibly by
promoting dendritic cell differentiation [25] and anti-
gen presentation to T cells by dendritic cells [8]. We
are currently determining the level of the rat’s immune
response that is associated with efficacy in our com-
bined radiation plus GMIMPR system. A number of
other parameters of this system also merit investiga-
tion to identify parameters critical to efficacy. These
include: (1) the level of GMCSF production. (Would
transfectants that produce higher levels of GMCSF
offer even greater therapeutic efficacy?) [26], (2) the
effectiveness of exogenous GMCSF [27] and (3) dif-
ferent IMPR regimens such as the number of irradiated
cells used, the timing of their administration and their
route of administration.

The results of photon radiosurgery plus IMPR using
unmodified 9LGS cells (Figure 3) can be contrasted
with the combination of BNCT plus IMPR, which
rescued about half the rats that would probably have
died had they received BNCT alone [5, Table 1]. It
is difficult to compare these two treatments directly
because the radiation doses used were different and

the kinds of radiation used in the two techniques are
largely different. The BNCT physical dose (absorbed
dose from BNCT in the boronated animal) used
without IMPR, 40 Gy, resulted in 60% long-term
(>1 year) survivors whereas single-fraction LINAC
(25-Gy-maximum) without IMPR resulted in only
∼10–15% long-term survivors. We postulate that the
superior debulking provided by the 40 Gy BNCT treat-
ment (∼4 logs kill) compared with 25 Gymax LINAC
(∼3 logs kill) [28] resulted in many fewer remaining
viable cells to be confronted by the immune system.
Our data suggest, therefore, that, for IMPR with irradi-
ated unmodified 9LGS cells to be as useful with pho-
tons as it was with BNCT, 9LGS cytoreduction should
be about tenfold greater than was apparently achieved
by our 25 Gymax photon radiosurgery. Alternative sce-
narios include (1) the combination of photon therapy
plus IMPR could become more effective if access of the
tumor-reactive immune cells to the brain were substan-
tially increased and (2) the rapidity and steepness of
the cytoreduction afforded by BNCT could be a factor
in the superiority of BNCT plus IMPR over LINAC
plus IMPR. BNCT radiation is a complex mixture of
both high and low linear energy transfer (LET) compo-
nents [2]. The high-LET radiation dose delivered dur-
ing BNCT may produce more rapid clonogenic cell
killing and possibly a more effective immune response;
to our knowledge there are few or no data on the mecha-
nisms of cell death following BNCT compared to pho-
ton therapy or on the relative enhancement by IMPR
of BNCT vs. photon therapy.

In conclusion, our studies of an advanced experi-
mental 9LGS show that, while IMPR has the ability to
significantly augment the prolongation of life afforded
by either BNCT and photon radiotherapy delivered in
a single fraction, the synergy of IMPR with the lat-
ter is much more effective using GMCSF-transfected
tumor cells than using untransfected tumor cells. This
shows that in at least one rat model of advanced malig-
nant brain tumor, most of the animals can be treated
successfully by the combination of radiation therapy
and GMIMPR and lends credence to the postulate that
GMIMPR following radiotherapy may prove useful in
the treatment of human gliomas.
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