Q1

+Model
JVAC 7776 1—9

Vaccine (2008) xxX, XXX—XXX

journal homepage: www.elsevier.com/locate/vaccine

available at www.sciencedirect.com

-227 . .
*’ ScienceDirect

Therapeutic vaccination against malignant gliomas
based on allorecognition and syngeneic tumor
antigens: Proof of principle in two strains of rat

Apostolos Stathopoulos®©*, Christian Samuelson®-¢, Germain Milbouw -2,
Jean Philippe Hermanne®-2, Virgil E. J.C. Schijns', Thomas C. Chen®f

a Department of Neurosurgery, Les Cliniques du Sud Luxembourg (CSL), Arlon, Belgium

b Temple University School of Medicine, Philadelphia, PA, USA

¢ Department of Pathology, University of California, Los Angeles, CA, USA

d Department of Neurosurgery, C.H.R. Namur, Belgium

€ Department of Oncology, C.H.R. Namur, Belgium

f Department of Neurosurgery and Pathology, University of Southern California, Los Angeles, CA, USA

Received 14 June 2007; received in revised form 20 December 2007; accepted 11 January 2008

KEYWORDS
Immunomodulation;
GBM;

Rejection;
Therapeutic vaccine;
Tumor

Summary In the present study we investigated whether allogeneic glioma cells can be utilized
to evoke prophylactic or therapeutic immune-mediated elimination of syngeneic glioma in two
rat strains. Fisher 344 and Sprague—Dawley (SD) rats were injected with two syngeneic glioma
cell lines, 9L and Cé, respectively, resulting in progressive tumor growth. 9L is syngeneic to the
Fisher 344 and allogeneic to the SD rats, while Cé cells are syngeneic to SD rats and allogeneic
to Fisher 344 rats.

Both rat strains were subcutaneously injected with their respective allogeneic tumor cells,
which proved unable to grow progressively. The allogeneic cells were either rejected immedi-
ately in SD rats or within 25 days in Fisher rats, after limited tumor outgrowth. Both rat strains
were subsequently challenged with their respective syngeneic glioma tumor cells and once more
10 days later with a fivefold higher dose. SD rats, even after reinjection with five times the
original dosage of Cé cells, remained tumor free for at least 360 days. Similarly, Fisher rats,
after initially rejecting allogeneic tumors, failed to develop syngeneic tumors.

To determine anti-tumor immunity against established glioma tumors under more demanding
therapeutic conditions, rats were first injected subcutaneously with their respective syngeneic
tumor and vaccinated once or repeatedly (at 5-day intervals) with a mixture of the allogeneic
or xenogeneic cells, with or without a lysate from the same syngeneic tumor, which served as a
therapeutic vaccine preparations. The control group received either no treatment or syngeneic

* Corresponding author at: Department of Neurosurgery, Les Cliniques du Sud Luxembourg (CSL), Rue des Deportes, 137 6700 Arlon,
Belgium. Tel.: +32 477432971; fax: +32 63231193.
E-mail address: astathopoulos@clinsudlux.be (A. Stathopoulos).
T Unaffiliated Consultant Immunologist for this work.
2 Tel.: +32 477432971; fax: +32 726397.

0264-410X/$ — see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.vaccine.2008.01.039

Please cite this article in press as: Stathopoulos A, et al., Therapeutic vaccination against malignant gliomas
based on allorecognition and syngeneic tumor antigens: Proof of principle in two strains of rat, Vaccine (2008),
doi:10.1016/j.vaccine.2008.01.039



dx.doi.org/10.1016/j.vaccine.2008.01.039
mailto:astathopoulos@clinsudlux.be
dx.doi.org/10.1016/j.vaccine.2008.01.039

+Model
JVAC 7776 1—9

2

A. Stathopoulos et al.

instead of allogeneic cells. In both strains of rats, we demonstrated that the therapeutically
vaccinated groups were able to significantly reduce tumor growth, while complete rejection of
tumors was noted in the SD rats. Immunization with syngeneic tumor cells alone failed to evoke

anti-tumor immunity.

We conclude that therapeutic immunization with a combination of allogeneic cells and syngeneic
lysates induces rejection of malignant gliomas and offers a protective effect against challenge
with syngeneic tumor cells. This immunization approach may prove useful as a post-surgery
adjuvant therapy in future cancer treatment protocols, or even as a stand-alone therapeutic

tumor vaccination.

© 2008 Elsevier Ltd. All rights reserved.

Introduction

In the United States alone over 18,000 primary brain tumors
are estimated to occur each year. Of these 18,000, over 60%
are diagnosed gliomas. Glioblastoma multiforme (GBM) is
the most common and malignant of all gliomas, with 75%
of patients dying within 18 months of diagnosis [1]. The
prognosis for this tumor is very poor. The median survival
time of untreated tumors is 3 months, with death most
commonly due to cerebral edema or increased intracra-
nial pressure. Even with the best available current therapy,
which includes radiation, chemotherapy and surgery, the
median survival does not extend beyond 14 months. These
tumors are inevitably recurrent either locally, usually within
2cm of the original tumor, or at distant sites. Treatment
of these recurrent lesions by a second surgery and further
chemotherapy may increase the symptom free interval, but
the 5-year survival remains 10% [1—3].

It has been shown that the progression of certain can-
cers is associated with the expression of tumor-specific
antigens and tumor antigen-specific immune responses [4].
Hence, theoretically, effective tumor rejection and immu-
nity can be achieved by vaccination with tumor-associated
antigen, the holy grail in tumor immunology. However, active
immunotherapy for cancer has shown minimal clinical suc-
cess. It has been clear that even with a fully functioning
immune system, it is possible for tumors to evade recog-
nition through the use of elusive escape strategies [5].
Although poorly understood, several mechanisms of tumor
escape have been identified. For example, a change of or
loss of MHC class | receptors is associated with the gen-
esis of various tumors, while the presence of intact MHC
class | molecules has been shown to participate in cancer
resistance [6]. Other mechanisms include unresponsiveness
to interferons [5], as well as tumor-induced immunosup-
pression as a result priming for and influx of inhibitory
regulatory T cells [7] and associated induction of immuno-
suppressive molecules including IL-10, CTLA-4 and related
factors.

On the other hand, there is increasing evidence that the
immune system can be engaged to combat cancer. This is
supported by the observations that a deregulated immune
system hampers rejection of cancer, while spontaneous
rejection or inhibition of malignant tumors is associated with
a well-functioning immune system [8,9]. A recent study in
colorectal tumor patients demonstrated that adaptive Th-
1 immune gene expression and high immune cell densities
of CD3, CD8 and CD45RO cells in tumor regions corre-
lates positively with patient survival [10]. Interestingly, it

has also been suggested that autoimmune diseases may
contribute to a better prognosis in patients with malig-
nant tumors [11,8]. In these patients, the majority of
the IgG specificities identified share considerable homol-
ogy with both human and microbial peptides [12]. This has
lead to the hypothesis that molecular mimicry may initi-
ate the observed anti-tumor autoimmunity. Studies related
to this have shown long-term remission of malignant brain
tumors after intracranial infection in four patients [13],
and improved survival of cancer patients with microbial
infection [14,15]. This brings into question whether molec-
ular mimicry-induced *‘autoimmunity’’ can be employed to
treat tumors. Importantly, significant homology has been
shown to exist between human proteins and proteins from
other species [16]. Moreover, use of artificial pathogen inva-
sion signals, such as CpG motifs, or other innate immunity
agonists, initiates and augments antigen-specific immune
reactions [17], and may break tolerance to self-tumor anti-
gens, mimicking microbial infections during immunotherapy
or vaccination [18,19]. Alternatively, xenogeneic antigen
from endothelial cells is able to break immune tol-
erance against autologous angiogeneic endothelial cells
[14]. This suggests that self-tolerance to tumors may be
broken by cross-reactivity against a homologous foreign
antigen.

In the present study, we combine the principles
of immune-based allorecognition and administration of
syngeneic tumor antigen to overcome tolerance to self-
tumor-associated antigens and to develop a novel approach
to the treatment of tumors. It is well known that genet-
ically identical individuals can accept tissue from one
another, while tissue transplanted into heterozygous indi-
viduals will produce an immune response and eventual
tissue rejection. Recognition of intact, same-species, non-
self major histocompatibility molecules, on the surface of
donor cells results in direct, immune-mediated elimination,
is referred to as acute allograft rejection [20,21]. Indirect
allorecognition results from recognition of donor histocom-
patibility molecules that are internalized, processed, and
presented by self-MHC molecules on host antigen presenting
cells. After xenotransplantation, tissues or cells are trans-
ferred across species, which causes even faster rejection
by processes analogous to those seen in allografts. Hence,
identical twins and genetically close family members are
less likely to reject transplanted tissue since they have
similar HLA loci [22]. This is based on the fact that the
MHC class | genes are expressed co-dominantly, and in most
cases are inherited in intact form without recombination
[23]. Therefore, homozygous, syngeneic rats could theo-
retically accept a brain tumor from a homozygous donor.

doi:10.1016/j.vaccine.2008.01.039

Please cite this article in press as: Stathopoulos A, et al., Therapeutic vaccination against malignant gliomas
based on allorecognition and syngeneic tumor antigens: Proof of principle in two strains of rat, Vaccine (2008),

49
50
51

52
53
54
55
56
57
58
59
60
61

62
63
64
65
66
67
68
69
70
71

72
73
74
75
76
77
78
79
80
81

82
83
84
85
86
87
88
89
90
91

92
93
94
95
9%
97

98


dx.doi.org/10.1016/j.vaccine.2008.01.039

29

100

101

102

103

104

105

106

107

108

109

110

1

112

13

114

115

116

17

118

119

120

121

122

128

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149
150

151

+Model
JVAC 7776 1—9

Therapeutic vaccination against malignant gliomas

3

However, more critically, they would reject a brain tumor
from a heterozygous donor based on direct or indirect
allo-immune rejection [20,21]. MHC class | molecules play
an important role in the immune surveillance of tumors
by monitoring of mitochondrial DNA integrity. One of the
roles of MHC | molecules is to eliminate cells carrying
mitochondrial mutations [6]. Human glioma cells carry mul-
tiple mutations in both the mitochondrial DNA and in the
mitochondrial complex [24]. Hence, gliomas of the same his-
tological type/grade are likely to carry similar mutations
in their DNA and have similar abnormal surface proteins
associated with both MHC class | molecules and the cell
membrane. Experimental data suggests that not only MHC
class I molecules are involved in immune surveillance against
cancer, but also that the altered phenotype of the MHC
class | molecule is linked to a variety of different tumors.
Therefore, if two heterozygous individuals develop a tumor
of a similar type and histological grade, then transplanta-
tion of tumor tissue from one individual to another will
not only induce rejection of the transplanted tissue, but
may also prime the immune system to peptides shared
between these tumors and other tumors sharing similar pep-
tides.

In this paper we show in vivo proof of principle experi-
ments demonstrating that allogeneic tumors can be used to
vaccinate against an established syngeneic tumor, resulting
in inhibition of tumor growth or complete tumor elimina-
tion. Application of this technique in human patients may
not only lead to eventual rejection of the primary tumor, but
may also lead to a lasting immunologic memory, preventing
the patient from developing tumor recurrence.

Materials and methods

Cell lines and cell culture

The cell lines used in this experiment were the rat glioma
cell lines (9L, C6, RG2), and the human glioma cell lines
(U87, LN229). All lines were obtained from the American
Type Tissue Collection (ATTC), and grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) (GIBCO, Grand Island, NY)
supplemented with 10% heat-killed fetal calf serum (FCS),
5% penicillin—streptomycin, and Hepes buffer in a humidi-
fied incubator at 37°C in a 5% CO, atmosphere.

Cell lysate antigen preparation

1.0 x 10° cells were placed in a 5-ml tube in culture medium
and centrifuged for 5min at 2.5 x 10° rpm. The supernatant
was discarded and 150 ul of sterile distilled water was added
to the tube. The cell/water solution was mixed well and
transferred to a 1.0-ml Eppendorf tube and centrifuged at
1.0 x 10* rpm for 10 min. The supernatant was not discarded
and this preparation was used for cell lysate injections.

In vivo studies

All animal protocols were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of the University of
Southern California. All rats were maintained in a specific

pathogen free (SPF) environment. For the experiment, we
used Sprague—Dawley (SD) and Fisher 344 rats. All rats
were males and between the ages of 4—6 weeks. Rats were
obtained from Harlan (Indianapolis, IN). In the subcutaneous
tumor model, C6 and 9L were collected using only DMEM
to wash them from the tissue culture flasks. Syringes were
then prepared containing 100,000—150,000 cells suspended
in 150 pl.

Sprague—Dawley rats were divided into two major groups
(Table 1). SD-A (three rats) were injected with the 9L allo-
geneic cell line, while SD-B (nine rats) were implanted with
the Cé6 glioma, a syngeneic like glioma cell line for SD
rats. SD-A rats, which never formed tumors, were tested
for immune memory by challenging them with syngeneic Cé
cells (100,000 cells). They were re-challenged with 500,000
Cé6 cells 10 days later, and checked for formation of a flank
tumor.

Once a palpable flank tumor developed in the SD-B rats,
they were further divided into two groups. The control group
(SD-B1; n=5 rats) received no injections. In the therapeu-
tic treatment group (SD-B2; n=4) rats were injected with a
combination of allogeneic 9L cells, allogeneic 9L lysate, and
syngeneic Cé lysate. On day 27, four of the five SD-B1 were
sacrificed. At this time, one of the control rats, rat num-
ber (#) 9, started receiving the same treatment protocol as
SD-B2 rats.

Fisher rats were also divided into two major groups
(Table 2). The control group (Fisher-A; three rats) were
injected with the allogeneic Cé cell line. They initially
formed tumors that were subsequently rejected. They were
tested for immune memory by challenging them after 40
days with 100,000 syngeneic 9L cells followed by a re-
challenge 10 days later with 500,00 cells and checked for
tumor growth.

In the therapeutic group (Fisher-B; n=38), rats were first
implanted with the syngeneic 9L cell line. Once a palpable
flank tumor developed in the Fisher-B rats, they were fur-
ther subdivided into three subgroups. Fisher control group
(n=3) rats received injections of syngeneic 9L cells, syn-
geneic RG2 (rat glioma) cells, or medium only (Fisher B1).
One Fisher treatment group (n=5) rats received a combi-
nation of allogeneic Cé cells only or allogeneic Cé cells and
lysate (Fisher B2), or xenogeneic human glioblastoma cell
lines U87 and LN229 cells (Fisher B3) (Table 2).

Tumor growth analysis

All tumors were detected and confirmed through visual
inspection and palpation. Once discovered, the area around
the tumor was further exposed by careful shaving with an
electric razor. At the time of injection, tumor size was mea-
sured in millimeters using Vernier calipers. Measurements
were taken in the cranial/caudal (length), superior/inferior
(height), and medial/lateral (width) direction. Tumor vol-
ume was calculated by length x width x height x 0.5. The
mean tumor volume for each treatment group was calcu-
lated. For SD rats the tumor volumes of the treatment groups
were compared to relevant control groups at 27 days post-
injection, and for Fisher rats at 35 days, using the Student’s
t-test calculation as described before [25]. Differences were
considered significant if a p value was <0.05.
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Table 1 Experimental design of animal studies in Sprague—Dawley rats
Immunization Vaccine Group size Tumor challenge Outcome
Prophylactic Allogeneic 9L cells (100,000 cells) n=3 Syngeneic C6 (100,000 cells) at 20 days Immediate, complete allogeneic 9L and
(group A) after 9L ‘immunization’’ and Cé subsequent syngeneic C6 tumor
500,000 cells, again 10 days later rejection
Therapeutic Allogeneic 9L cell lysates (50,000 cells), n=4-5 C 6 (100,000 cells) Complete Cé6 tumor rejection
(group B2) syngeneic C6 cell lysates (50,000 cells), and 9L (rat #9)
allogeneic cells (50,000 cells). Rats #5—8 and
later #9
Control group Saline or no injections rats #1—4 and initially #9 n=5-4 C 6 (100,000 cells) Progressive Cé tumor growth
(group B1) (rat #9)
Table 2 Experimental design of animal studies in Fisher rats
Immunization Vaccine Group Tumor challenge Outcome
size
Prophylactic (group A) Allogeneic Allogeneic C6 cells (100,000 cells) n=3  Syngeneic 9L (100,000) cells at 40 Minimal 9L tumor outgrowth
days after C6 ‘‘immunization’’, and and ultimate rejection
500,000 9L cells, again 10 days later
Therapeutic (group Syngeneic or medium 100,000 cells RG2 cells (rat #1), 100,000 cells n=3  Syngeneic 9L (100,000) cells Non-reduced tumor growth

B1) ‘‘control group’’
Therapeutic (group B2) Allogeneic

cells/lysates and/
or syngeneic lysates

Therapeutic (group B3) Xenogeneic cells

9L cells (rat #2) or medium only (rat #3)

Mixture of (150,000) Cé allogeneic cells (Rat n=3
#4) and C6 (100,000) allogeneic cells plus
allogeneic lysate (100,000 cells) (rat #5). And
syngeneic 9L cell lysate (100,000 cells) (rat #8)
9L syngeneic lysate (100,000 cells) plus U87
cells (50,000) plus LN229 cells (50,000) (rat #6)
U87 (50,000) plus LN229 (50,000) xenogeneic
cells (rat #7)

Syngeneic 9L (100,000) cells

Syngeneic 9L (100,000) cells

Reduced 9L tumor
outgrowth, except for rat #8

Reduction in tumor size
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Harvesting subcutaneous tumor tissue for
immunohistochemistry

All experimental animals were euthanized with an over-
dose of pentobarbital. Tumors were removed and dissected
under sterile conditions, cut into four pieces and stored at
—80°C. All tumor sections were cut at 7 um and stained
by immunohistochemistry as described before [26]. Briefly,
tumor samples taken from the Fisher 344 rats were frozen
in optimum temperature compound (OTC) and cut into 7 um
sections on a cryostat. These sections were dried, fixed with
acetone, and washed well with PBS for 1—2 min. Blocking
was done using the immune serum from the species the
secondary antibody was obtained from. Slides were washed
thoroughly again and then stained with primary antibody
against either CD4, CD57 (Nora Castro Lab Ltd., Burlingame,
CA), CD8, dendritic reticulum cells (DRC) (Dako Corpora-
tion, Carpenteria, CA), CD20, or CD68 (Ventana, Tucson,
AZ). Slides were washed again and a secondary biotinylated
antibody was added. They were rinsed again and placed
in a solution of 3% hydrogen peroxidase and nine parts
1% sodium azide in PBS. Slides were then rinsed and ABC
was added for 30—40 min. They were washed with PBS and
developed using diaminobezidine tetrahydrochloride and
counterstained. Photographs of all slides were taken by light
microscopy.

Results

Immunization with allorejected, non-syngeneic tumors in
both Fisher and Sprague—Dawley rats primes for prophylac-
tic immunity against syngeneic tumor challenge.

Most experimental studies of glioblastoma make use of
small laboratory animal models. The most frequently used
immunocompetent host models employ two different strains
of rat, the Sprague—Dawley and the Fisher 344 rats [27]. C6
is a syngeneic-type cell line for the SD rats, while the 9L and
RG2 cell lines are syngeneic for the Fisher 344 rats [27,28].

In a prophylactic setting we examined whether the SD and
Fisher 344 rats initially injected with an allogeneic cell line
would be able to reject a syngeneic cell line. SD rats were
seeded with the allogeneic 9L cell line (SD-A). Each of the
SD rats completely rejected the 9L tumor without visible or
palpable tumor growth. Twenty days later, all *‘immunized’’
SD rats, were injected in the contra-lateral hind flank with
syngeneic C6 tumor cells, that readily formed a tumor in
naive SD rats, using 100,000 cells first, and a fivefold higher
tumor cells (500,000 cells) 10 days later. The rats were mon-
itored every 3 days for any sign of visual or palpable tumor
growth. In these SD rats, no visual or palpable tumor devel-
oped. Remarkably, at 360 days, all SD rats immunized with
the allogeneic tumor cells remained tumor free (data not
shown).

A similar procedure was used to prophylactically immu-
nize three Fisher rats. They were injected with the
allogeneic C6 cell line (Fisher-A). Although initially well-
circumscribed tumors did form, they were subsequently
rejected within 40 days. These animals were subsequently
seeded with 100,000 syngeneic C6 cells first, and a fivefold
higher amount of Cé cells (500,000 cells) 10 days later. The
rats were monitored every 3 days for any sign of visual or pal-

pable tumor growth. In these Fisher rats, a relatively small
(<1cm x <1cm x 1cm) growth developed at the injection
site. This growth was noticeable only after palpation, and
became progressively smaller and completely undetectable
by 10 days. At 360 days, all immunized Fisher rats remained
tumor free (data not shown).

These results demonstrate that in both strains, allorejec-
tion of non-syngeneic tumors induces effective prophylactic
immunity against syngeneic tumor challenge.

Allo-response-based therapeutic vaccination
against C6 tumors in Sprague—Dawley rats

In order to assess anti-tumor immunity in a therapeutic situ-
ation, SD rats (n =9) were each injected with the Cé cell line,
which resulted in undiminished tumor growth in untreated
animals. All SD rats developed visible tumors within 10 days.
At this point, five rats were kept as a control group (SD-B1),
while the remaining four rats were placed into treatment
groups (SD-B2). On day 27, rats #1—4 were sacrificed and
an attempt was made to ‘‘rescue’’ rat #9. At this time, rat
#9 entered the treatment group and started to receive the
same therapeutic vaccine injections as given to the SD-B2
group.

The uncontrolled tumor growth in the control group and
the diminished tumor growth in the treatment group are
depicted in Fig. 1. In the treatment group (SD-B2, rats
#5—8), individual rats were immunized with a mixture of
allogeneic and syngeneic lysates, as well as allogeneic 9L
cells per subcutaneous (s.c.) injection. One rat (#5) was
treated very early. After 5 days, it had a palpable flank tumor
and received only one therapeutic injection, contra-lateral
to the tumor, of a mixture consisting of allogeneic 9L lysates
(50,000), syngeneic C6 lysates (50,000), and 9L allogeneic
cells (50,000). Remarkably, within 5 days after injection,
the tumor resolved. Rats #6—8 (SD-B2 rats) all developed
visible tumors within 18 days post-injection. At this time,
they each received a first injection of a mixture contain-
ing 50,000 allogeneic 9L lysate cells, plus 50,000 syngeneic
Cé6 lysate cells and 50,000 9L allogeneic cells. These injec-
tions were repeated on days 23 and 28. Rat #6 received an
additional treatment at day 33, 15 days after initiation of
immunotherapeutic treatment. The untreated rats (SD-B1,
rats #1—4) were sacrificed 27 days post-injection because of
their tumor size. When compared to the tumor progression
in the untreated rats (rats #1—4), rats #5—8 (SD-B2) even-
tually showed complete resolution of their tumors by day
50.

Rat #9 began the experiment within the non-treated
group, and then was treated after sacrificing rats #1—4 (day
27). Rat #9 received five injections every 5 days with a
mixture of allogeneic 9L lysates (50,000) plus Cé syngeneic
lysates (50,000) and 9L allogeneic cells (50,000). This ani-
mal was sacrificed for histological analysis at day 55, when
the tumor size had reduced to 11% of the size measured at
the initiation of immunotherapeutic immunization.

Allo-response-based therapeutic vaccination
against 9L tumor growth in Fisher 344 rats

Fig. 2 shows tumor growth and response to the immunother-
apeutic treatment of eight Fisher rats (Fisher-B) implanted
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Figure 1  Graph charting tumor progression in nine SD rats with subcutaneously implanted syngeneic tumor (C6). Rats were
placed in either control or treatment groups as previously described. Tumor progression was determined through measurements of
tumor volume (mm?). Rats #1—4 received no treatment after C6 tumor implantation. Rats #5—8 received one or more therapeutic
vaccination(s) with allogeneic 9L cells and lysates with syngeneic C6 lysate. Rat #9 was allowed to form a relatively large tumor
before it was transferred to the treatment group to become immunized similar to rats #5—8.

with 9L cells. Rats #1—3 (Fisher B1) received therapeutic
contra-lateral flank injections at day 10, with either syn-
geneic RG2 (100,000 cells; rat #1) or 9L (100,000 cells; rat
#2), or medium alone (rat #3). There was notable reduc-
tion in tumor growth over time, while a more pronounced
tumor growth was noted in the RG2 treated rat (#1). By
contrast, rats #4—7 (Fisher B2 and B3) were immunized ther-

apeutically with, either Cé allogeneic cells only (rat #4), a
mixture of Cé6 allogeneic cells and Cé allogeneic lysate (rat
#5), U87 and LN229 xenogeneic cells only (rat #7) or mixed
with 9L cell lysate (rat #6). In particular rats #5—7 showed
a significant reduction in tumor outgrowth (p <0.05), while
rat #8, receiving 9L syngeneic lysate only, demonstrated no
inhibition of tumor growth (Fig. 2).
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Figure 2  Graph charting tumor progression in Fisher 344 rats with subcutaneously implanted syngeneic tumor (9L). Control rats
were injected with syngeneic RG2 cells (rat #1), syngeneic 9L cells (rat #2), or medium alone (rat #3). Rat #1 formed an extremely
large tumor. Treatment group rats received allogeneic Cé cells alone (rat #4), allogeneic Cé cells and lysate (rat #5) (group B2),
syngeneic 9L lysate and xenogeneic U87 and LN229 cells (rat #6), or xenogeneic U87 and LN229 cells alone (rat #7) (group B3). Rat
#8 was treated with syngeneic 9L cell lysate alone. Tumor progression was determined through measurements of tumor volume
(mm3).

Please cite this article in press as: Stathopoulos A, et al., Therapeutic vaccination against malignant gliomas
based on allorecognition and syngeneic tumor antigens: Proof of principle in two strains of rat, Vaccine (2008),
doi:10.1016/j.vaccine.2008.01.039

333

334

335

336

337

338

339


dx.doi.org/10.1016/j.vaccine.2008.01.039

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

+Model
JVAC 7776 1—9

Therapeutic vaccination against malignant gliomas

Figure 3

Macrophage DC

Representative tumor sections taken from control (A, C, E, G, and |) and treated (B, D, F, H, and J) Fisher 344 rats.

Sections were cut at a thickness of 7 um and, according to the previously described protocol [27], stained with an antibody directed
against either the CD4 receptor (A and B), CD8 receptor (C and D), B-lymphocytes (CD 20) (E and F), macrophages (CD 68) (G and
H), or a dendritic cell marker (DRC) (I and J). Small white arrows indicate the location of cells staining positively for the respective
marker. The magnification of both control and treatment sample is 40x.

All Fisher 344 rats were sacrificed at day 40, when some of
the rats started to develop hind limb paralysis. The tumors
from each of these rats were removed and processed for
immunohistological staining of immune cells. Within the
tumors of the positive treatment groups we noted signifi-
cantly greater numbers of CD4, CD8, B-lymphocyte (CD20),
macrophages (CD68), and dendritic cells when compared to
the control tumors (Fig. 3).

Discussion

Anti-tumor immunotherapy based on an effective therapeu-
tic vaccine, with an acceptable safety profile, is the great
hope for cancer treatment. A vaccine will theoretically pro-
gram the patient’s immune system to attack malignant, and
even metastasized, tumor antigen-expressing cells, and ide-
ally trigger immunological memory to provide a durable
anti-tumor immune response. To achieve this goal, many
different vaccination strategies are currently being investi-
gated in animal models and clinical trials. Examples include
immunizations based on patient-derived dendritic cells
loaded in vitro with tumor antigens or peptide fragments
[29,30], virus-modified or cytokine transfected autologous
or allogeneic tumor cells [31], plasmid DNA and viral or
bacterial vector delivering genetically encoded tumor anti-
gens, as well as the more classical antigen in adjuvant
strategies.

In the present study, we demonstrate in two rats strains
that allorejection of non-syngeneic tumors induces effec-
tive prophylactic immunity against subsequent syngeneic
tumor challenges. In addition, we show that for established
syngeneic tumors, therapeutic immunization with different
mixtures, containing either allogeneic cell lysates plus syn-
geneic cell lysates, and allogeneic cells, evokes effective
reduction in tumor growth in SD rats. Similarly, in Fisher rats,
established tumor growth can be inhibited significantly by

therapeutic immunization using either allogeneic or xeno-
geneic cells only, or a vaccine containing xenogeneic cells
in a combination with lysates of syngeneic tumor cells. By
contrast, immunization of Fisher rats with syngeneic cells
or syngeneic lysate alone failed to reduce tumor outgrowth.
Our results support the conclusion that it is feasible to pro-
gram effective tumor antigen-specific responses as a result
of anti-allogeneic or xenogeneic cell immunization. In gen-
eral, cell- or cell lysate-based tumor vaccines may be more
attractive when compared to single antigen or polypeptide-
based vaccines, since they theoretically evoke a broader
multi-targeted therapeutic response. Due to the polyclonal
immune response induced, they are less likely to result
in therapeutic escape than most cancer treatments in use
today.

In the prophylactic setting the SD rats rejecting the 9L
tumor (SD-A) and the Fisher 344 rats rejecting the Cé6 tumor
(Fisher-A) were reinjected in the contra-lateral flank with a
higher dose of 500,000 cells of syngeneic cell line (9L for
Fisher and C6 for SD). Both strains remained tumor free
at 360 days. These results suggest that the injection of
allogeneic cell lines evokes protection against subsequent
challenge with syngeneic cell lines, demonstrating that the
injection of the allogeneic cells lead to an immune response
and the development of immune memory. Since C6 and 9L
cell lines likely share critical tumor antigens, the devel-
opment of C6 tumors is inhibited. The observed time line
difference between SD and the Fisher rats in terms of allo-
geneic tumor rejection (SD rats rejected the 9L cell line
without development of a tumor, while Fisher 344 rats took
about 40 days to completely reject the Cé tumor), may be
explained by a less effective immune response in Fisher rats.
This may possibly result from less 9L immunogenicity, or is
due to reduced susceptibility of 9L cells to immune attack;
9L is a gliosarcoma cell line, while Cé6 is a glioma cell line.
On the other hand, C6 cells may be more immunogenic for
SD rats than the 9L cells for Fisher rats.

doi:10.1016/j.vaccine.2008.01.039
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In the more demanding therapeutic setting, untreated SD
rats injected with Cé gliomas developed significant tumors
within 5—15 days. These tumors grew without rejection, and
rats had to be sacrificed eventually due to unacceptable
tumor size and limb paralysis. The treated SD rats initially
developed Cé6 tumors at comparable rates and sizes as the
control group. However, these tumors gradually decreased in
size and were no longer detectable 25 days after the initia-
tion of therapeutic vaccination with a mixture of allogeneic
and syngeneic cells and syngeneic cell lysates. Strikingly,
even rat #9, rescued relatively late from the untreated con-
trol group, showed significant reduction in the size of tumor
after treatment began. Together, these results demonstrate
that repeated subcutaneous injection of this cocktail leads
to a reduction in tumor size by triggering immunologi-
cal awareness, likely directed at tumor antigens shared
between the syngeneic and allogeneic cells.

There is some debate in the literature about the Cé6 cell
line and whether or not it is syngeneic to any strain of rat
[27]. However, even if the cell line may not be strictly syn-
geneic, it developed into subcutaneous flank tumors in SD
rats without rejection. Those rats not given treatment were
sacrificed when tumor size became incompatible with life.

All of the Fisher 344 rats developed flank tumors at
15 days. Unlike the SD controls, the Fisher controls either
received injections with two different syngeneic cell lines
(9L and RG2) or with medium alone. There was no inhibi-
tion of tumor growth in these rats. This demonstrates that
the injection of whole syngeneic tumor cells does not evoke
an effective anti-tumor immune response, as a result of
immunological tolerance to syngeneic cells. Indeed, when
these rats were sacrificed, tumor sections did not stain
positively for CD4, CD8, macrophages, B-lymphocytes, and
dendritic cells. By contrast, the tumors in the treated
Fisher 344 rats showed different growth profiles. Rat #4
received allogeneic Cé cells only and showed growth inhibi-
tion after day 35. Especially, rats #5—7 showed decreased
tumor growth when compared to syngeneic or medium
treated controls. Rat #5 was treated was treated with both
allogeneic Cé6 cells and lysate. Rat #6 was treated with
9L syngeneic lysate and xenogeneic U87 and LN229 cells.
Rat #7 was treated with xenogeneic LN229 and U87 cells.
Rat #8, which was treated with 9L syngeneic cell lysate,
had an initial delay in tumor growth. However, this effect
was not lasting, as by day 25 the tumor was similar in
size to controls. These data suggest that syngeneic lysate
may exert a temporary protective effect, however, a last-
ing protective effect was noted more clearly for allogeneic
cells plus lysate, and for cell injections involving the xeno-
geneic U87 and LN229 tumor cell lines. Interestingly, the
protective effect of the allogeneic cells appeared more pro-
nounced when a lysate was added as compared to whole cell
preparation only, as suggested by comparing rat #4 versus
#5.

When tumor-rejecting rats were sacrificed, their tumor
sections stained generally more positive for CD4, CDS,
macrophages, B-lymphocytes, and dendritic cells, in con-
trast to the control group, which had tumors with intact
architecture and a paucity of all of the above-mentioned
immune cells. These results demonstrate that immuno-
competent rats, which develop syngeneic tumors without
rejection, show less or no immune cell infiltration, sug-

gesting an escape from immune recognition due to immune
ignorance [32].

When comparing the therapeutic vaccinations in SD and
Fisher rats it is also worthy to note that while all of the
treated SD rats rejected the Cé6 tumor, none of the Fisher rats
has complete tumor remission within 40 days. This may be
explained by the fact that syngeneic lysate was not added to
either the allogeneic or the xenogeneic cells in Fisher rats,
as it was done in the SD rats. Hence, addition of syngeneic
lysate may significantly contribute to tumor rejection and
will be examined in follow-up studies.

Collectively, pooled results from these experiments con-
firm that experimental vaccines based on allogeneic or
xenogeneic cells only or combined with syngeneic cell
lysates, are safe and protective in early and advanced
malignant glioblastoma. These results lead us to conclude
that ‘‘non-self’’ injections of allogeneic cells and/or allo-
geneic lysate, as well as xenogeneic cell lines, can break
self-anti-tumor tolerance. These cells likely contain anti-
gen determinants shared with the syngeneic tumor, leading
to a reduction in tumor growth. The exact immunological
mechanisms underlying the observed anti-tumor immunity
remains to deciphered in further studies. Although these
were small pilot treatments, in a limited number of ani-
mals per therapeutic effect, the inhibition of tumor growth
within the treatment groups was statistically significant
when compared with control or untreated animals. Our
results support the viability of this cancer vaccine strategy
as an adjuvant treatment to prevent tumor relapse in cancer
patients.

The impact of these data may be far reaching when trans-
lation to patients is possible to certain degree. Glioblastoma
multiforme is the most common and malignant of all
gliomas, and cannot be cured by surgery, radiation therapy,
chemotherapy, with 75% of patients dying within 18 months
of diagnosis [33]. The use of allogeneic/syngeneic/or xeno-
geneic cell lines and lysates may lead to a reduction in tumor
size and perhaps rejection, thereby increasing survival. In
the future, allogeneic cell lines and lysates may also be used
as vaccine components for other cancers.
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