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Summary
Glioblastoma multiforme (GBM) is the most common primary human brain tumor. About 7000 new cases are
diagnosed yearly in the USA and GBM is almost invariably fatal within a few years after it is diagnosed. Despite
current neurosurgical and radiotherapeutic tumor cytoreduction methods, in most cases occult foci of tumor cells
infiltrate surrounding brain tissues and cause recurrent disease. Therefore the combination of neurosurgical and
radiotherapeutic debulking methods with therapies to inhibit occult GBM cells should improve prognosis. In this
study we have combined boron neutron-capture therapy (BNCT), a novel binary radiotherapeutic treatment modality
that selectively irradiates tumor tissue and largely spares normal brain tissue, with immunoprophylaxis, a form of
active immunization initiated soon after BNCT treatment, to treat advanced, clinically relevantly-sized brain tumors
in rats. Using a malignant rat glioma model of high immunogenicity, the 9L gliosarcoma, we have shown that
about half of the rats that would have died after receiving BNCT debulking alone, survived after receiving BNCT
plus immunoprophylaxis. Further, most of the surviving rats display immunological-based resistance to recurrent
9LGS growth six months or more after treatment. To our knowledge this study represents the first time BNCT and
immunoprophylaxis have been combined to treat advanced brain tumors in rats.
Abbreviations: GBM – glioblastoma multiforme; BNCT – boron neutron-capture therapy; 9LGS – 9L
gliosarcoma; FDA – Food and Drug Administration; BNL – Brookhaven National Laboratory; UCHC –
University of Connecticut Health Center; CSF – cerebro spinal fluid; SD – standard deviation; i.c. – intracerebral;
s.c. – subcutaneous; BMRR – Brookhaven Medical Research Reactor.
Introduction
Glioblastoma multiforme (GBM), the most common
of the malignant astrocytomas in adults, is newly diagnosed in about 7000 Americans (median age 59) every
year. At the time of diagnosis, GBM is usually over
3 cm in diameter. Surgical removal of the visible tumor
mass with non-eloquent portions of the adjacent edematous brain microscopically infiltrated with tumor
cells, when possible, alleviates the imminent risk of
death from brain swelling. Postoperative photon- or
proton-based radiotherapy provides further life extension. But GBM, which in adults is usually a unilateral, unifocal neoplasm of the cerebrum, usually recurs
within 3 cm of its original margin from microscopic

nests of cells that infiltrate the surrounding edematous brain tissue [1]. Median survival is only about ten
months using standard photon-based radiation therapy;
five year survival is less than 5%. Aggressive photonbased radiotherapy needed to kill clonogenic cells several centimeters beyond the macroscopic periphery
of the tumor and thereby prolong survival, however,
increases the probability of severe neurological sideeffects. For these reasons, new approaches to GBM
therapy are needed. One such approach, boron neutroncapture therapy (BNCT), is an experimental radiation
therapy.
BNCT [2–5, for reviews] is a binary treatment
modality that can selectively irradiate tumor tissue.
BNCT uses drugs containing a stable isotope of boron,
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B, to sensitize tumor cells to irradiation by low energy
(thermal) neutrons [6–10]. The interaction of the 10 B
with thermal neutrons (neutron-capture) causes the
10
B nucleus to split, releasing an alpha particle and
a lithium nucleus. These products of the 10 B(n,α)7 Li
reaction, which are very damaging to cells [11–13],
have a combined path length in tissue of approximately 14 µm [14], roughly twice the diameter of
a dividing GBM cell. Thus, most of the ionizing
energy imparted to tissue is localized to 10 B-loaded
cells so that it is the biodistribution pattern of the
boron compound that is the key to the effectiveness of BNCT. An FDA-approved clinical trial of
BNCT for patients with GBM was initiated at BNL
in September 1994; this trial, now in a dose escalation phase [15,16] has achieved clinically useful palliation of most of the 39 reported cerebral GBM patients
treated by p-boronophenylalanine-based BNCT after
neurosurgical debulking of the tumor [16]. BNCT
may offer some advantages for post-surgical debulking over conventional radiotherapy and chemotherapy
[4,5,17]. Although the median time to recurrence of
the tumor (12–15 months) has been improved only
slightly over that which is achieved from conventional
post-debulking radiotherapy [9–10 months], BNCT is
administered in one fraction; standard post-operative
radiotherapy for GBM requires thirty fractions over six
weeks necessitating weeks of travel to a radiooncology
center. Furthermore, BNCT can provide some patients
with a superior quality of remaining life due to exceptional sparing of normal CNS tissue. Like standard
post-operative radiotherapy, BNCT spares the patient’s
immune system. However, although the radiation risk
(sieverts) of BNCT implemented at a nuclear reactor
is comparable to that of conventional gamma therapy
[18], the scattered dose to the body is greater from
gamma rays than from the mixed radiations from the
reactor treatment directed to the head. Therefore the
systemic radiation to the body’s lymphopoietic system
may be less in total dose and less prolonged in time from
BNCT than from conventional post-operative radiotherapy. BNCT is currently undergoing further development and optimization, primarily for brain tumors
[9,19]. Although in theory BNCT can target all tumor
cells, it is likely that in human GBM, zones of poorly
vascularized tumor may receive suboptimal amounts
of boronated drug. Statistically, it is likely that some
tumor cells may not be hit by any particle released
during boron neutron-capture reactions [20]. Therefore post-debulking BNCT combined with other forms
of GBM therapy to destroy remaining cells should

prove more efficacious for human GBM than BNCT
alone. In this paper we have modeled one such combination by comparing BNCT and immunoprophylaxis
(i.e. prophylactic immunotherapy) with BNCT alone
to treat intracerebrally transplanted, advanced gliosarcomas in rats.
There have been several reports of active immunotherapy of human gliomas with and without standard radiotherapy [for review, 21] which were well
tolerated, resulted in positive delayed hypersenstivity reactions [22–26] and, in some studies, provided
minor extensions of life. Relatively recent advances
in the cell and molecular biology of immunity have
spurred renewed interest in immunotherapy of brain
tumors [27]. There has also developed an interest in
using genetically modified tumor cells as immunogens [28]. However it appears to us that experimental brain tumor immunotherapy is often initiated when
the animal’s brain tumor is too small relative to the
animal brain under study to infer clinical relevance
due to the disproportion of scale with that appropriate for human tumors at the time of clinical treatment
relative to the size of the human brain. In this paper
we combine BNCT and prompt, post-BNCT immunoprophylaxis to treat large, imminently lethal (about
1–2 weeks prior to death), clinically relevantly-sized
experimental brain tumors (i.e. about 40 ± 20 mg)
of high immunogenicity, which occupy several percent of the volume of the test rat’s cranium. This
investigation should provide a frame of reference
for subsequent studies of immunoprophylaxis in rat
glioma models of lower immunogenicity, which we
believe will lead to analogous clinical immunoprophylaxis to help avert recurrence of human malignant
astrocytomas.

Materials and methods
Cell lines and animals
The transplantable rat 9L gliosarcoma (9LGS) cell line
was originally induced in a Fischer 344 rat by weekly
intravenous (i.v.) injections of N-nitrosomethyurea
[29] and susequently serially passaged in vitro at the
Department of Medicine, Montefiore Medical Center, Bronx, NY by Dr. Victor Hatcher before transfer
in the mid-1980s to the late Dr. Ralph G. Fairchild
at the Medical Department (BNL). The 9LGS/BNL
strain was transferred to H.M. Smilowitz (UCHC)
by J.A. Coderre (BNL) in 1996. Pathogen-free male
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Fischer 344 rats (∼ 8–12 weeks old) (Taconic Farms,
Germantown, NY) were used as indicated.
Anesthesia
For BNCT/immunoprophylaxis experiments, rats were
anesthetized for tumor implants or surgical procedures
with an intraperitoneal (i.p.) injection of 54 mg/kg
ketamine and 9 mg/kg xylazine. For the graded challenge response curves, rats were anesthetized by
isofluorane anesthesia using a Narkomed 2 anesthesia
machine (North American Drager, Telford, PA) for the
subcutaneous (s.c.) implantation of tumor cells.
Cell culture
Cells were maintained at UCHC in DMEM medium
(GIBCO) supplemented with 10% fetal bovine serum
(Hyclone) and Pen-Strep (GIBCO), removed from
tissue culture flasks with trypsin/EDTA solution
(GIBCO) and used between passages 12 and 25.
Subcutaneous implantation of 9LGS cells
For the initiation of s.c. tumors, 9LGS cells were
removed from T75 flasks (Sarstedt). Cell clumps
were mechanically disrupted using a Pasteur pipet;
5,000,000 cells were suspended in 0.1 ml of medium
and injected s.c. in the left flank of an anesthetized rat
through a 25 gauge needle. Over the course of each
experiment, > 95% of such cells proved viable by a
trypan blue dye-exclusion test.
X-irradiation of 9LGS cells
A suspension of 100,000,000 9LGS cells in 2 ml
was placed into a 5 ml glass injection vial, then irradiated through a 2.5-cm diameter collimator aperture for 10 min with Cu/Al-filtered 100 kVp X rays
(6.60 Gy/min). The physical absorbed dose delivered
to the cells thereby was 50 Gy. Alternatively, for the
graded challenge response curves, cells were irradiated
(0.765 Gy/min) in a cesium 137 Gamma Cell 40 Irradiator, Atomic Energy of Canada (Nordion).
Surgical removal of subcutaneous 9LGS tumors
Subcutaneous 9LGS tumors were excised 11–12
days after implantation from anesthetized rats using
asceptic surgical techniques. Rats were anesthetized

with ketamine/xylazine and the surgical field was
shaved and disinfected. By day 11, tumors weighed an
average of 865 mg and appeared larger than ∼ 1 cm2
in surface area tangential to the skin. Approximately
75% of the tumors were mobile and operable; ∼ 15%
of the tumors were fixed and too deep to remove; those
rats were euthanized. The other ∼ 10% had begun to
invade the underlying muscle but were not too deep to
be excised.
Intracranial implantation of 9LGS cells
Tumors were initiated in anesthetized rats weighing
about 200 g [6,7,12] by inoculating 1 µl of culture medium containing 10,000 cultured 9LGS cells
(> 95% viable) into the left striatum 4–5 mm deep at
a point 4 mm to the left of the midline along the (serated) coronal suture. A 0.5-mm burr hole was drilled
at that point through the skull. A 27-gauge needle,
which was fitted with a depth-limiting plastic collar
to ensure cell injection 4–5 mm beneath the skull, was
connected to a Hamilton microsyringe (Las Vegas, NV)
via flexible tubing. Following a 30-sec infusion of the
cells, another 30 sec was allowed for the cells to settle
before removing the inoculation needle from the brain.
This technique resulted in a locally expanding tumor
of the striatum and around the inoculation needle track
with no evidence of blood- or CSF-borne metastases
although, like human glioblastoma [30], this tumor
can seed the ventricles if inoculated more caudally
in the striatum. Death ensues 21 ± 3 (mean ± SD)
days after inoculation from intracerebral tumor growth
[7]. For intracerebral (i.c.) contralateral rechallenge,
10,000 cultured 9LGS cells in 1.0 µl of culture medium
were injected similarly 4 mm to the right of the midline
along the coronal suture.
Boron neutron-capture therapy
For rat brain tumor irradiations, the beam emerging from the Brookhaven Medical Research Reactor (BMRR) thermal neutron port was restricted to
a 2.0 cm-diameter aperture by a 10.16 cm-thick collimator made of 6 LiCO3 dispersed in polyethylene (Lipoly), molded with a centered conical aperture of 12 cm
diameter tapering to 2 cm diameter [31]. BNCT of
rats bearing intracerebral 9LGS was carried out 14
days after implantation when the tumors were approximately 4 mm in diameter [7,12]. Rats were anesthetized
for the BMRR irradiations with an i.p. injection of

234
ketamine (54 mg/kg) and xylazine (9 mg/kg). Each
anesthetized rat was placed supine and perpendicular to
the thermal neutron port with the tumor zone centered
in the 2 cm aperture. A blood sample was obtained from
each rat at the time of irradiation for boron analysis and
dosimetric calculations. After the irradiation, rats were
observed daily and body weights were recorded at least
three times per week for the first few weeks and at least
weekly thereafter. Groups of rats irradiated on different days were combined for analysis. A control group
of unirradiated, concurrently implanted 9LGS-bearing
rats was included with each series of rats irradiated on
one day.
Measurements and statistics
Subcutaneous tumor volumes in mm3 were calculated
using orthogonal tumor dimensions in mm (width [W ]
and length [L]) according to W 2 L/2 [32].
A measure of the likelihood that there is a statistically significant difference between groups of animals,
the confidence level p, was evaluated by the nonparametric Wilcoxon Two-Sample test with reference
to published tables of acceptance regions for the tiescorrected rank sum for p values in the range of 0.1–
0.001 [33]. P ∗ represents the confidence level for the
comparison with a group comprising the control group
in the indicated experiment and the control group in a
similar experiment.
Proportions of surviving rats were compared using
a χ 2 test [34].
Results
The combination of immunoprophylaxis and
BNCT for advanced rat brain tumors
After surgical reflection of the scalp, 10,000 9LGS
cells were injected intracerebrally in the left striatum
in 1 µl of culture medium [6,7,12] as described in
Methods. Fourteen days later, when these untreated
brain tumors were expected to be about 4 mm in diameter (∼ 40 mg) [6,7,12], the rats were anesthetized and
the tumors were irradiated at the thermal neutron port
of the BMRR for 3.15 MW-min (day 0). The animals
were injected with a total dose of 1200 mg BPA/kg
body weight prior to BNCT [13]. These conditions
provide sub-optimal BNCT in which approximately
1/2 of the rats are expected to survive long-term
(i.e. > 6 months). After irradiation on day 0, one group

of rats received no further treatment (BNCT only,
group 2); a second group of rats was not treated by
BNCT (untreated control, group 1); a third group
received BNCT on day 0 followed by a single s.c. injection of 5,000,000 cultured 9LGS cells into their left
thigh on day 0 and the resulting tumors were excised
surgically on day 11 (group 3); the fourth group of
rats received BNCT on day 0 followed by a series
of s.c. injections of 5,000,000 cultured and then irradiated (50 Gy) cells into their left thigh on days
0, 7, 21, 35, 49, 63 (group 4). A fifth group of rats were
not treated by BNCT and were similarly injected s.c.
with 5,000,000 cultured and irradiated cells into their
left thigh (group 5) on day 0. Table 1, the combined results of four separate trials, shows that none
of the rats survived long-term in the two groups not
treated by BNCT (group 1, median survival = 6 days
Table 1. The combination of immunoprophylaxis and boron
neutron-capture therapy for advanced rat brain tumors
Group N

Surviving Percent Death
fraction
(%)
(days following
BNCT/immunoprophylaxis)

1

20 0/20

0

2

43 26/43

60

3

27 21/27∗

78

4
5

33 28/33∗∗
14 0/14

85
0

Median
(days)

3, 4, 4, 4, 5, 6, 6, 6, 6
6, 6, 6, 6, 7, 7, 7,
8, 11, 11, 12, 18
18, 25, 25, 28, 32, 34
33, 33, 33, 34, 36,
39, 45, 48, 50, 51,
78, 95
25, 26, 32, 47, 49, 39.5
54
18, 22, 25, 28, 35 25
4, 4, 4, 5, 5, 5, 5, 5, 5
6, 6, 6, 8, 10, 10

Group 1: untreated; group 2: BNCT only; group 3: BNCT +
surgery of s.c. viable tumors; group 4: BNCT + multiple injections of irradiated cells; group 5: multiple injections of irradiated
cells.
Fischer 344 rats received a 1 ml intracerebral (i.c.) injection of
10,000 9LGS cells 14 days before treatment (see Methods). Fourteen days later, day 0: group 1 no further therapy; group 2, suboptimal BNCT alone (see Methods); group 3, sub-optimal BNCT
plus a single injection of 5,000,000 live 9LGS cells. The resulting
tumors were removed surgically eleven days later; group 4, suboptimal BNCT plus multiple injections of 5,000,000 irradiated
(50 Gy) 9LGS cells injected on days 0, 7, 21, 35, 49, 63. Group 5,
multiple injections of 5,000,000 irradiated (50 Gy) 9LGS cells as
above. The data of groups 1, 2, 3, 4 and 5 represent the combined results of 4, 4, 3, 3 and 1 similar trials implemented at
different times, respectively. ∗ χ 2 (1 degree of freedom) = 2.253,
p = 0.133; ∗∗ χ 2 (1 degree of freedom) = 5.397, p = 0.02.
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after BNCT treatment of the other groups; group 5,
median survival = 5 days following immunotherapy);
immunotherapy without BNCT was ineffective. However, sixty-three percent of the rats treated by BNCT
alone survived for six months, at which time they were
used for additional experiments. The median survival
time following BNCT and the percent long-term survival in the BNCT-only group were 34 days and 60%,
respectively. Rats treated by the combination of BNCT
and live-cell immunoprophylaxis (group 3) yielded
78% long-term survival. The median survival time of
the rats that died was 39.5 days. χ 2 test (one degree
of freedom) = 2.253, p = 0.133. BNCT and multiple injections of irradiated cells (group 4) yielded 85%
long-term survival; the median survival time of the rats
that died was 26.5 days. χ 2 test (one degree of freedom) = 5.397, p = 0.02. In one of the four trials, a
group of eight rats received only a single s.c. injection
of 5,000,000 cultured and then irradiated (50 Gy) 9LGS
cells into their left thigh on day 0. Of these rats, only
three survived (37%), which is similar to the group that
received BNCT only in that experiment, i.e. 4/8 (50%).
Rechallenge of surviving rats with intracerebral
9LGS cells
Some of the rats that had survived their implanted
9LGS tumors six months after therapy were rechallenged by i.c. injection of 9LGS cells symmetrically
into the contralateral, i.e., the right side of the brain.
Table 2 shows the survival of such rechallenged rats.
Whereas none of the untreated control rats (group 1)
survived 9LGS i.c. injections, two of the six rats that
had received BNCT therapy alone for their advanced
brain tumors (group 2) survived 9LGS rechallenge, as
observed in a previous experiment [35]. The data from
the previous and the present experiments have been
combined (group 2A). All of the six-month surviving rats that received BNCT plus viable-cell immunoprophylaxis (followed by the surgical removal of the
ensuing s.c. tumors) (group 3) and were rechallenged
(N = 4) survived the i.c. rechallenge. Two of the
three six-month surviving rats that had received a
single injection of X-irradiated 9LGS cells (group
4) survived i.c. 9LGS rechallenge. The data from
i.c. rechallenge of the six-month surviving rats that
had received BNCT plus viable cell immunoprophylaxis (group 3) or X-irradiated cell immunoprophylaxis (group 4) show that those survivors exhibited
better immunologic memory than did the six-month

Table 2. Intracerebral rechallenge of six-months surviving rats
with 9LGS
Group

N

Surviving
fraction

1
2
2A

5
6
12

0/5
2/6
4/12

0
33
33

4
3
7

4/4
2/3
6/7

100
66
86

3
4
3 and 4

Percent
(%)

Death/euthanasia (days
following rechallenge)
4, 5, 10, 10, 38
5, 5, 17, 34
2, 3, 5, 5
8, 9, 17, 34
None
10
10

Group 1: untreated control; group 2: six-month survivors, BNCTonly; group 2A: six-month survivors, BNCT-only (combined with
previous data (35)); group 3: six-month survivors, BNCT and
viable cell therapy; group 4: six-month survivors, BNCT and
single injection of X-irradiated cell therapy.
Six-month surviving rats from Table 1 were rechallenged with
10,000 9LGS cells i.c. on the contralateral side (Methods) and
followed for survival. Group 1 rats were untreated six to eight
week old rats which served as a control for the i.c. cell injections. Group 2 rats were BNCT-only survivors (Table 1 Group 2).
Group 2A represents combined data from group 2 (above) and
data from a similar group (35). Group 3 rats were six-month survivors which had received sub-optimal BNCT plus a s.c. injection
of viable 9LGS cells forming s.c. tumors that were removed surgically. Group 4 rats were six-month survivors which had received
sub-optimal BNCT therapy plus a single injection of x-irradiated
9LGS cells.

survivors that had received BNCT alone (group 2A)
(p < 0.01).
Graded challenge response curve:
immunoprophylaxis with unirradiated cells
Rats were injected with 5,000,000 untreated 9LGS
cells s.c. in their left thigh. The resulting tumors
(0.93 g ± 0.32 g; mean ± SD) were excised surgically
eleven days later. One week thereafter, the rats were
challenged by contralateral s.c. injections with increasing numbers of untreated 9LGS ‘challenge’ cells numbering 500,000–20,000,000. The ordinate of Figure 1
shows the proportion of rats in which the injected cells
formed a progressively growing neoplasm (filled circles). Whereas s.c. challenge with 500,000 cells (N =
6 rats) resulted in no progressively growing tumors,
challenge with 5,000,000 (N = 12) and 10,000,000
(N = 18) cells resulted in tumors in approximately half
of the rats; challenge with 20,000,000 cells (N = 6)
resulted in tumors in 5/6 rats.
In an additional six rats, untreated 9LGS cells were
first injected intradermally (i.d.) in the ipsilateral thigh.
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Figure 1. Graded challenge response curves. -•-: Immunoprophylaxis with unirradiated cells. Rats were injected with 5,000,000 untreated
9LGS cells s.c. in their left thigh (day-18). The resulting tumors were excised surgically eleven days later (day-7). One week thereafter
(day 0) the rats were challenged with contralateral s.c. injections of increasing numbers (500,000–20,000,000) of parental 9LGS cells
(abscissa). The ordinate shows the proportion of rats in which s.c. injected cells formed a progressively growing neoplasm. 500,000 cells,
N = 6 rats; 5,000,000 cells, N = 12 rats (two independent trials); 10,000,000 cells, N = 18 rats (three independent trials); 20,000,000
cells, N = 6 rats. -◦-: Immunoprophylaxis with multiple injections of irradiated cells. Rats were injected with 5,000,000 irradiated
(50 Gy) 9LGS cells s.c. in their left thigh (day-18). One week later the rats were boosted with 5,000,000 irradiated (50 Gy) cells (day-11),
a procedure that was repeated on days 21, 35, 49 and 63. On day 0 the rats were challenged with contralateral s.c. injections of increasing
numbers (5,000,000–20,000,000) of parental 9LGS cells (abscissa). The ordinate shows the proportion of rats in which s.c. injected cells
formed a progressively growing neoplasm. 5,000,000 cells, N = 14 rats (two independent trials); 10,000,000 cells, N = 14 rats (two
independent trials); 20,000,000 cells, N = 14 rats (two independent trials).

Intradermal tumors (0.05 cc ± .04 cc mean ± SD),
which were much smaller than s.c. tumors, were
excised surgically eleven days later. These rats were
then challenged on the contralateral side s.c. with
5,000,000 untreated 9LGS cells seven days thereafter.
All of the resulting tumors grew progressively.
Graded challenge response curve:
immunoprophylaxis with irradiated cells
Rats were injected with 5,000,000 cultured, irradiated
9LGS cells (50 Gy) s.c. in their left thigh. Tumors were
seen and palpated within three days. Those tumors
disappeared spontaneously over the next week. Seven
days after the first injection, the rats were injected s.c.
in the ipsilateral thigh again with 5,000,000 irradiated
cells. Similar s.c. injections of irradiated 9LGS cells
into the left thigh of these rats were performed on days
21, 35, 49 and 63. On day 18 after the first injection, the
rats were injected s.c. (i.e., ‘challenged’) with various
numbers of untreated 9LGS cells in the contralateral

(i.e., right) thigh. Figure 1 (open circles) shows the
proportion of rats in which the challenge cells formed
a progressively growing neoplasm at the site of injection (ordinate) as a function of the number of cells
injected (abscissa). On average, fewer than 1/4 of all
rats challenged with 5,000,000 (N = 14), 10,000,000
(N = 14) and 20,000,000 (N = 14) untreated cells
exhibited progressive tumor growth. These data suggest that immunoprophylaxis using multiple s.c. injections of irradiated 9LGS cells protects rats against a
large s.c. tumor-cell challenge better than does a single
injection of live 9LGS cells and better than does the surgical excision of the resulting tumor eleven days after
viable cell immunoprophylaxis.
Discussion
We have combined BNCT and immunoprophylaxis to
treat a clinically relevantly-sized experimental brain
tumor of the rat. To our knowledge, this represents
the first documentation of active immunoprophylaxis
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to treat large, clinically relevantly-sized and imminently lethal brain tumors. Immunoprophylaxis is
defined as active immunization to avert or delay tumor
regrowth following prior tumor-debulking procedures
such as surgical excision and/or local radiation therapy;
‘clinically relevant’ (i.e., imminently lethal) is defined
here as a tumor so advanced that the residual life span
of the concomitantly untreated control animals will
be no more than 1/3 to 1/2 of the total time between
tumor inoculation and death from tumor overgrowth in
the brain. The untreated 9LGS typically causes death
about three to four weeks after initiation under the
conditions we used (see Methods); in the experiments
reported here death was 21.2 ± 3.5 (mean ± SD) after
cell implantation. Thus ‘clinically relevant’ experimental therapy was not begun until 14 days after tumor
inoculation. Under these conditions, Table 1, group 6,
clearly shows that immunotherapy alone, initiated on
day 14 after tumor inoculation, provides no benefit
over no treatment at all. There are numerous reports
of experimental immunotherapy of brain tumors with
more favorable outcomes in which therapy was
initiated within one week of i.c. inoculation of tumor
cells [36–57]. However we are not aware of other
reports on immunotherapy or immunoprophylaxis of
clinically relevant experimental gliomas in immunocompetent hosts. A recent report has demonstrated the
efficacy of herpes virus therapy for genetically modified human GBM tumors in cyclophosphamide- and
RMP7- treated athymic rats [58].
The 9LGS rat tumor is a well established rat brain
tumor model which, although highly immunogenic,
nevertheless bears some informative similarities to
human GBM [7,29]. This model, as reported here,
provides one with a frame of reference for the therapeutic benefit that can potentially be obtained for
human brain tumors (e.g. GBM) when their demonstrably greater invasiveness and their putatively lower
levels of tumor immunogenicity must be confronted.
The level of immunogenicity of the 9LGS tumor model
was quantified by the graded challenge response curves
provided in Figure 1. Either immunization with live
9LGS cells followed by the excision of the ensuing
tumors or the repeated immunization with X-irradiated
tumor cells, which form pseudotumors that regress
spontaneously following an initial week of growth [35],
was shown to result in the rejection of contralateral
s.c. challenge with live 9LGS cells. The immunogenicity index, defined as the concentration of challenge cells
resulting in 50% rejection of the challenge, is shown to

be 5,000,000–10,000,000 cells for unmodified 9LGS
(Figure 1, closed circles (i.e. live cell immunization)) and > 20, 000, 000 cells (Figure 1, open circles
(i.e. multiple injections of irradiated cells)) without
immune enhancers such as GMCSF [59] and IL12 [60].
With this immunogenicity index, we have shown that if
the BNCT dose is such that 60% of the rats survive their
brain tumors for > 1 year (40 Gy-Eq), the injection of
live 9LGS cells s.c. at the time of BNCT followed by the
surgical excision of resulting tumors increases survival
to 78%. Similarly, multiple injections of X-irradiated
9LGS cells s.c. at the time of BNCT, so that tumors
grow and then spontaneously regress, increases survival to 85%. More than half of the rats that would
have died had they received no treatment other than
BNCT have survived for a year. The χ 2 test (one
degree of freedom) shows that the increase in survival
attributable to the combination of immunoprophylaxis
(multiple injection of irradiated cells) and debulking
by BNCT, is statistically significant. Further, nearly
all of the immunoprophylaxis-treated surviving rats
displayed long-term immunological memory, as they
rejected contralateral i.c. rechallenge one year later
(Table 2, groups 3 and 4). By contrast, of the rats that
survived one year after BNCT treatment alone, only
1 out of 3 exhibited comparable immunological memory, which lends credence to our previous observation
[35]. Group 2A is significantly different from groups 3
and 4 (Wilcoxon Two-Sample Test, P ∗ < 0.02).
Table 1 represents data pooled from four BNCT/
immunoprophylaxis experiments (a total of 145 rats).
Since there are slight variations in BPA delivery and
tumor localization from experiment to experiment and
rat to rat, it is difficult to adjust the BNCT dose to
consistently achieve 50% survival. However in all four
experiments, more than half of the rats that received
adjunct immunoprophylaxis and that would probably
have died had they received no treatment other than
BNCT, actually did survive their brain tumors, which
shows that the combination of BNCT plus immunoprophylaxis was more efficacious than either technique
alone.
The i.c. 9LGS tumors that we treated on day 0
(14 days after inoculation) weighed approximately
40 mg. Ten million cells in culture represent approximately 3–6 mg protein as determined by the BCA protein assay method (Pierce, Rockford, Ill.) using bovine
serum albumin as a standard. Therefore a 40 mg mass
of 9LGS protein should represent no more than 13×107
cells. BNCT, at 40 Gy-Eq, allows about one clonogenic
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tumor cell in 10,000 to survive [12]. By this estimation,
there should be about 13,000 viable 9LGS cells left
in the rat brain after BNCT. Therefore, immunization
capable of rescuing 100% of rats that receive a 500,000
9LGS challenge s.c. and > 50% of rats that receive
5,000,000, 10,000,000 or 20,000,000 9LGS challenge
s.c. is capable of rescuing only about 50% of rats with a
minimal post-BNCT tumor burden. Evidently, there is
a considerable discrepancy between the efficiencies of
immune system-killing of tumor cells beneath the skin
and in the brain. Innovations that increase the efficiency
of i.c. tumor cell immune-based cytotoxicity, therefore,
should improve the ability of the immune system to
destroy tumor cells that remain after BNCT treatment.
We plan to apply what we have learned from the
9LGS model to treat less immunogenic and more invasive rat glioma tumor models, and ultimately to treat
human GBM by initiating immunoprophylaxis as soon
as possible after optimized neurosurgical and BNCTbased tumor debulking.

Conclusion
Immunoprophylaxis, by multiple s.c. injections of cultured, then irradiated autologous brain tumor cells after
BNCT of the advanced brain tumor in vivo, is potentially an adjunct to therapy of human malignant astrocytomas that merits further experimental investigation
in rats.
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