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Abstract. The highly oncogenic bcr-abl-transformed mouse 
(Balb/c) 12B1 cells were transfected with plasmids carrying 
genes for either mouse interleukin-2 (IL‑2) or the mouse 
granulocyte-macrophage colony-stimulating factor (GM‑CSF) 
and the gene for blasticidine resistance. From the transduced 
cells several clones widely differing in the production of either 
cytokine were isolated. For further experiments, clones with 
the highest secretion of the cytokines were selected. When 
administered subcutaneously to mice, the IL-2-secreting cell 
line was approximately hundred times less pathogenic than 
the parental cells. A portion of animals developed small, 
spontaneously regressing tumours and most of them became 
resistant to challenge with the parental cells. Cell popula-
tions from either solid tumours or from organs infiltrated 
by the tumour cells predominantly consisted of cells which 
did not produce IL-2 and had lost resistance to blasticidine. 
This indicated that the IL-2 secreting cells were genetically 
unstable in the course of their propagation in vivo. On the 
other hand, the GM‑CSF‑secreting cells were more pathogenic 
than the parental cells, induced extensive organ damage and 
remained genetically stable in the course of their growth 
in vivo. The pathogenicity of different GM‑CSF secreting 
clones directly depended on the magnitude of production of 
this cytokine. When used in the form of inactivated vaccines, 
the GM-CSF-secreting cells were more immunogenic than 
the IL-2-secreting cells. In comparative experiments, similar 
results were obtained with GM‑CSF- and IL-2-secreting cells 
derived from B210 cells, another bcr-abl transformed cell line.

Introduction

Numerous studies have shown that cellular vaccines engi-
neered to secrete various immunostimulatory cytokines 
are capable of surpassing the poor immunogenicity of most 
tumour-associated antigens and can generate a potent, specific 
and long-lasting anti-cancer immunity. Thus, the use of gene-
engineered whole-cell vaccines is gradually developing into 
a promising approach in immunotherapy. Their augmented 
immunogenicity is apparently due to local coupling of cyto-
kine production and antigen presentation. The lack of serious 
untoward reactions, as well as the fact that the host is exposed 
to the whole spectrum of antigens, this securing the involve-
ment of the immunologically most important ones, provides 
further support for this concept.

Of the immunostimulatory cytokines, attention has 
especially been paid to interleukin-2 (IL-2) and the granulo-
cyte-macrophage colony-stimulating factor (GM-CSF). IL‑2 
secreting cellular vaccines have repeatedly been used with 
partial success in both preclinical and clinical studies (1-14). 
GM‑CSF secreted by gene-engineered tumour cells has been 
found to be the most potent stimulatory factor among the ten 
cytokines tested (15) and it has since become the most frequently 
used cytokine in the construction of cell-based cancer vaccines. 
GM-CSF secreting vaccines have been used in numerous 
preclinical and clinical studies, for reviews see (16-18).

Although most clinical studies have dealt with solid tumours, 
there seems to be a growing interest in utilizing gene-modified 
cells for the treatment of chronic myeloid leukaemia (CML) 
and other haematological malignancies. Both autologous 
and allogenic cell vaccines are under consideration (17,19). 
Favourable results have been obtained in postremission 
acute myeloid leukaemia patients with a vaccine composed 
of a mixture of autologous cells and K562 cells, i.e. a cell 
line derived from a CML patient, which were engineered to 
secrete GM-CSF (20). Encouraging results have been shown 
in lethally irradiated GM-CSF-secreting autologous cells for 
the treatment of acute myeloid leukaemia and myelodysplasia 
patients who had received allogenic stem cell transplantations 
(21). Quite recently, it was further shown in a preclinical 
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model that the administration of a GM-CSF-secreting myeloid 
leukaemia cellular vaccine prior to autologous bone marrow 
transplantation significantly prolonged the survival of mice 
(22). Recently, also a therapeutic vaccine based on GM-CSF-
secreting K562 cells was successfully used for the treatment of 
CML patients (23).

In the past few years we tried to obtain some more informa-
tion on immune reactions to bcr-abl-transformed cells in the 
murine system. The key element of these studies was the devel-
opment of a variety of vaccines aimed at inducing protection 
against challenge with these cells (24,25) and at testing their 
immunotherapeutic potential (13). In the previous paper of ours 
(26), we showed that bcr-abl-transformed mouse (Balb/c) B210 
cells, which had been gene-modified by transfection of mouse 
genes for IL-2, IL-12 or GM‑CSF immunostimulatory factors, 
had lost their capability of inducing leukaemia in syngeneic 
animals. It was of interest to determine how a similar genetic 
modification would influence the pathogenicity and immuno-
genicity of another mouse (Balb/c) bcr-abl-transformed cell 
line, namely 12B1 cells, which are more oncogenic than the 
B210 cells after intravenous administration and, in addition, 
form solid lymphoma-like tumours after subcutaneous (s.c.) 
administration.

In this study we explored the properties of 12B1 cells 
expressing murine IL-2 and GM-CSF proteins. We also tested 
their immunogenic potency and compared it with that induced 
by similarly modified B210 cells.

Materials and methods

Cell lines and media. 12B1 is a murine leukaemia cell line 
derived by the transformation of Balb/c bone marrow cells 
with a retrovirus-derived vector carrying the human bcr-abl 
(b3a2) fusion gene (27). The 12B1 cells were kindly provided 
by Dr  E.  Katsanis (University of Arizona, Tuscon, AZ). 
Their in vitro and in vivo properties have been described in 
more detail elsewhere (28,29). They have the phenotype of 
early pre-B cells, are CD19 positive and induce leukaemia-
like disease in mice after intravenous administration. In our 
hands, 1 TID50 corresponds to approximately 102 cells. After 
s.c. inoculation 12B1 cells induce solid tumours, with 1 TID50 

corresponding to approximately 102.5  cell. The cells were culti-
vated in RPMI-1640 medium (Sigma-Aldrich Corp., St. Louis, 
MO) supplemented with 10% heat-inactivated fetal calf serum 
(FCS) (PAA Laboratories, Linz, Austria), 4 mM glutamine, 
1 mM sodium pyruvate, 50 µM 2-mercaptoethanol, penicillin 
(100 U/ml) and streptomycin (100 µg/ml), at 37˚C in 5% CO2 

atmosphere. For the selection of cells successfully transduced 
with plasmids (see below), the medium was supplemented 
with blasticidine (25 µg/ml) (InvivoGen, San Diego, CA). To 
obtain cTK-less cells, we cultivated 12B1 cells in RPMI‑1640 
medium with a gradually increasing concentration of 
5-bromo-2-deoxyuridine (BrdU) (Sigma-Aldrich). The 12B1 
TK-less cells grew well at a concentration of 100 µg BrdU/ml. 
The derivation and properties of IL-2- and GM‑CSF-secreting 
B210 cells, designated B210/2/IL-2/cl-21 (producing 30 ng 
of the cytokine per 106 cells/24 h) and B210/2/GM-CSF/cl‑1 
(producing 40 ng of the cytokine per 106 cells/24 h) have been 
described elsewhere (26). These cells were derived from clone 
no. 2 isolated from the population of B210 TK-less cells, which 

was the most pathogenic of the TK-less clones tested. B210/2 
will be referred to as parental cells. All of the B210 derived 
cells were passaged in RPMI supplemented with 10% FCS 
and enriched with hypoxanthin-aminopterin-thymidine 
(HAT) (HAT Supplement, Gibco, Invitrogen, Carlsbad, CA). 
The cells were kept in liquid nitrogen. In all experiments the 
third passage of rethawed cells was used. 293T cells (kindly 
provided by Dr J. Kleinschmidt, DKFZ, Heidelberg, Germany) 
were used as a negative control in Western blotting. Their 
propagation was the same as in previous experiments (8).

Plasmids. Plasmids pBSC/IL-2 (30) and pBSC/GM-CSF were 
used. Both plasmids were constructed and kindly provided by 
Dr M. Šmahel (Institute of Hematology and Blood Transfusion, 
Prague). The latter plasmid was constructed using pBKGM 
(31). From this plasmid, cDNA of mouse GM-CSF was cut out 
and ligated into the pBSC plasmid (Dr M. Šmahel, unpublished 
data). Plasmids pBSC/IL-2 and pBSC/GM-CSF were linearized 
with SacII restriction enzyme (New England Biolabs, Beverley, 
MA). The resulting ends were treated with T4‑DNA poly-
merase (Promega, Madison, WI) and NotI restriction enzyme 
(New England Biolabs) creating one blunt and one NotI end. 
To supplement the plasmids with a gene for a selection marker, 
we isolated a fragment from pBLAST42mAngio (InvivoGen, 
San Diego, CA) containing the SV40 promoter, the gene for 
blasticidine resistance (BsrS2) and the poly A end. First we 
linearized the plasmid with BsrGI restriction enzyme (New 
England Biolabs). The ends were treated with Klenow fragment 
(New England Biolabs) and then with NotI restriction enzyme 
(New England Biolabs) to produce one blunt and one NotI 
overlapping end. This fragment was then ligated into linearized 
pBSC/IL‑2 and pBSC/GM‑CSF plasmids. The new constructs 
were denoted pBSC/IL-2‑Bsr and pBSC/GM‑Bsr, respectively. 
The plasmid pTR-UF2 (32) carrying gene for green fluorescent 
protein (GFP) was used for monitoring the transfection effi-
ciency. Plasmids were propagated in Escherichia coli DH5-α 
strain (Gibco) and purified using the Maxi Prep DNA Isolation 
Qiagen kit (Qiagen, Hilden, Germany). For the experiment 
with 12B1 TK‑less cells, we used bicistronic plasmids pTR-
GM-CSF-IRES‑TK and pTR-IL2-IRES-TK (8).

Electroporation. Before electroporation, plasmids pBSC/
GM‑Bsr and pBSC/IL-2-Bsr were linearized with KpnI 
enzyme (New England Biolabs). Plasmids pTR-UF2, 
pTR‑GM-CSF-IRES-TK and pTR-IL-2-IRES-TK were used 
in non-linearized form. Electroporation was performed using 
the Gene Pulser Electroporation system (Bio-Rad, Hercules, 
CA) as described previously (26). Electroporation was 
carried out at room temperature exposing the cells to 280 V, 
1050 µF. The cells were then transferred into tissue culture 
dishes containing 4 ml of regular cultivation media. After 
48 h cultivation the cells were spun down and resuspended 
in the respective RPMI‑1640 medium. Cells transfected with 
pBSC/GM-Bsr and pBSC/IL-2-Bsr were cultivated in media 
supplemented with 25 µg/ml of blasticidine, those transfected 
with the HSV TK gene-carrying plasmids in media with HAT 
and those transfected with pTR‑UF2 in regular media. The 
transfection efficiency was determined by flow cytometric 
analysis of GFP expression in 12B1 cells transfected with 
plasmid pTR-UF2 24 h after electroporation.
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Cell cloning. To isolate cell clones from transduced cells, fresh 
cultivation medium was mixed with conditioned medium, at 
a 4:1 ratio. The conditioned medium was obtained from the 
culture of the particular transfected cells at its logarithmic 
growth phase. Before mixing it with the fresh medium, the 
conditioned medium was filtered through a 0.22 mm-Syringe-
Filter (TPP, Trasadingen, Switzerland). To isolate cell clones, 
transfected cells were diluted to the final concentration of 
0.3 cell/0.2 ml and distributed in 0.2 ml aliquots into a 96‑well 
plate (TPP). Four h after seeding, all wells were carefully 
checked for the presence of cells and those containing only 
one cell were marked. After about 14 day incubation the cell 
suspensions from these wells were transferred into bigger 
plates. Again, the cell lines derived were kept frozen in liquid 
nitrogen until being used and the third passage of rethawed 
cells was used.

Animal experiments. Six to 8 weeks old female Balb/c mice 
were obtained from Charles Rivers, Germany. All experiments 
were carried out in accordance with the Guidelines for Animal 
Experimentation valid in the Czech Republic. For oncogenicity 
tests and for challenge, cells were washed 3 times with PBS 
and the appropriate counts of cells in 0.2 ml of PBS were 
injected s.c. When applied as vaccines in immunization/chal-
lenge experiments, the cells were inactivated using γ-radiation 
(100 Gy) (IBL 437C irradiator-137Cs-irradiation source, CIS 
Bio International, Gif-Sur-Yvette Cedex, France), washed 
3 times in PBS, and injected in 0.2 ml of PBS intraperitoneally. 
Gene-modified B210 cells, which had lost their pathogenicity 
for mice, were used as live vaccines. In both cases two doses 
of 3x106 cells were administered at a two-week interval, and 
2 weeks later the animals were challenged with 5x103 parental 
12B1 cells. Mice were monitored 3 times a week for up to 
90 days. When tumours reached the size of 400 mm2, the 
mice were humanely sacrificed. Mice which did not develop 
a tumour and manifested symptoms of leukaemia-like disease 
were sacrificed when impaired vitality, limited mobility, bris-
tled hair and/or hind-leg paresis were observed.

Generation of cell cultures from tumours or organs infiltrated 
by tumour cells. Tumours or selected organs were excised 
from the mice under sterile conditions. They were mechani-
cally disrupted in small volumes of complete RPMI medium 
to produce cell suspensions, filtered through a cell strainer 
and centrifuged. The cell pellets were resuspended in regular 
media and cultivated. Third passage cultures were split into 
media with or without blasticidine. Their growth activity and 
cytokine production (see below) were monitored.

RT-PCR. To detect bcr-abl-expressing cells RT-PCR was 
performed as described previously �����������������������������(12)�������������������������, except that the concen-
tration of RNA was determined with Nanodrop (Nanodrop 
Technologies, Wilmington, DE). Spleens, livers and bone 
marrows were tested.

Measurement of cytokine production. Concentrations of 
cytokines in cell culture media were measured by ELISA 
using the BD OptEIA™ set mouse GM-CSF or mouse IL‑2 
kits (BD Biosciences, San Diego, CA), following the manu-
facturer's instructions. Counts of 1x106 cells were seeded in 

3 ml medium in 6-cm culture dishes. After 24 h cells were 
counted and spun down and the supernates were tested for 
the content of the cytokines. Cell viability was determined 
using the trypan blue exclusion test. The production level was 
calculated according to the formula: C/N (where C is the total 
amount of cytokine in culture medium and N is the final viable 
cell count) and was expressed in ng/106 cells/24 h.

Western blotting. Cell lysates were prepared and Western blot-
ting with anti-c-ABL monoclonal antibody (Ab-3, Oncogene 
Research Products, Boston, MA) was performed as described 
previously (26). Then the membrane was washed 2 times in 
PBS with 0.1% Tween and reprobed with anti-β-tubulin mono-
clonal antibody (Sigma-Aldrich, Steinheim, Germany).

Flow cytometry. Flow cytometry for monitoring GFP-expres-
sing cells was performed on the Beckman Coulter EPICS XL. 
For analysis of the results WinMDI 2.8 software was used.

Statistical analysis. For analysis of survival the log-rank 
test and for the analysis of tumour growth two-way ANOVA 
test were used. Calculations were done using Prism software 
version 5.0 (Graph-Pad Software, San Diego, CA).

Results

Isolation of genetically modified 12B1 cells. Originally, we tried 
to isolate gene-modified 12B1 cells similarly to that performed 
in B210 cells (26). Thus, our plan was to isolate TK-less cells by 
repeated passages in the presence of increasing concentrations 
of BrdU, transfect them with plasmids carrying genes for the 
respective cytokines and HSV TK and select the transduced 
cells in HAT media. These early experiments confronted us 
with two unexpected outcomes. First, when compared with 
the isolation of B210 TK-less cells, which involved many 
passages requiring more than 6 months, the isolation of 12B1 
TK-less cells, i.e. cells growing well in the presence of 100 µg 
BrdU, was easily achieved in a few weeks. Second, when 
these cells were transfected with plasmids carrying the HSV 
TK gene, cells growing in HAT media were selected readily; 
however, cells growing well in the same media also appeared 
in cultures of mock-transfected cells. Apparently, revertants 
to the TK+ phenotype were present in the populations of the 
putative TK-less 12B1 cells. Both observations, i.e. easy isola-
tion of TK-less cells and their rapid reversion, demonstrated a 

  A   B

Figure 1. Cytokine production by cell clones derived from 12B1 cells 
transduced by plasmids carrying genes for (A) mouse IL-2 and (B) mouse 
GM-CSF. The data are from 3 independent experiments. 
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genetic instability of the 12B1 cells and suggested that another 
approach had to be used for the isolation of the gene-modified 
cells.

For this purpose we constructed plasmids carrying either 
the IL-2 or the GM-CSF gene and the blasticidine resistance 
gene, as described in Materials and methods. Cells were 
transfected by electroporation; the efficiency was determined 
by flow cytometry measuring GFP-positive 12B1 cells after 
transfection with the pTR-UF2 plasmid. In repeated tests, 12 
to 18% of live cells were GFP+. A total of 24 clones and a 
total of 12 clones were isolated from the populations of the 
IL-2-transfected and GM-CSF-transfected cells, respectively, 
growing in blasticidine containing selective media. Seven 
clones of pBSC/IL-2-Bsr-transfected cells and 8 clones of 
pBSC/GM-Bsr-transfected cells were tested for the production 
of the respective cytokines. The production was expressed in 
ng/106 cells/24 h. As indicated in Fig. 1, all of the GM‑CSF-
transfected clones produced the cytokine but only 5 out of 7 
IL‑2-transfected clones were positive. Furthermore, individual 
clones markedly differed in the magnitude of production.

For subsequent experiments we selected clone no. 15 for 
IL-2-secreting cells, designated 12B1/IL-2/cl-15, and clones 
no. 5 and no. 1 for the GM-CSF-secreting cells, designated 
12B1/GM-CSF/cl-5 and 12B1/GM-CSF/cl-1. Before their 
inoculation into animals, we determined the stability of the 
cytokine production in vitro by passaging these cells in the 
presence or absence of blasticidine. The results are summarized 
in Fig. 2. It is evident that the extent of production remained 
unaltered in both the selective and non-selective media, this 
proving the in vitro genetic stability of the transduced cell 
lines and also the lack of influence of the product of the blasti-
cidine resistance gene on the growth of the transduced cells in 
the non-selective medium.

Western blotting. The results of Western blotting are shown in 
Fig. 3. They indicate that there were no marked differences in 
the expression of bcr-abl protein among the cell lines tested.

Pathogenicity of transduced cells. Groups of mice were 
inoculated s.c. with 103-106 of the gene-modified cells. Mice 
inoculated with 103 and 104 of the parental 12B1 cells served 
as controls. The results are summarized in Fig. 4. All mice 
inoculated with 106 12B1/IL-2/cl-15 cells died before day 45. 

It may be of interest that all animals in this group developed 
small subcutaneous tumours, which regressed by day  25 
and later on all of them died of leukaemia. Their death was 
markedly delayed when compared with mice, which had 
been inoculated with parental 12B1 cells in doses 100 and 
1000 times lower. Without exception animals inoculated with 
the parental cells developed rapidly growing subcutaneous 
tumours. Mice inoculated with 105 12B1/IL-2/cl-15 cells also 
developed small subcutaneous tumours, which regressed by 
day 21. One mouse developed a big tumour later on and the 
other two mice survived. All animals inoculated with the 104 
and 103 IL-2-secreting cells remained healthy throughout the 
observation period, this indicating that the secretion of IL-2 
was associated with attenuation of the cells. The surviving 
animals were challenged on day 79 with 105 12B1 cells, i.e. 
with approximately 300 TID50, given s.c. Four of 7  mice 
inoculated survived this indicating that the inoculation of a 
rather small amount of 12B1/IL-2/cl-15 cells was capable of 
eliciting protection against challenge with a high dose of the 
parental cells in the majority of animals. After additional 
75 days, the survivors were rechallenged with the same dose of 
12B1 cells. Three of 4 mice remained healthy and were free of 
bcr-abl-positive cells in their bone marrow, liver and spleen, as 
demonstrated by RT-PCR (results not shown). Similar results 
were obtained in the repeated experiment, in which 9 out of 
10 surviving animals remained healthy after challenge given 

  A   B   C

Figure 2. Stability of expression of the respective cytokines in the course of passages in vitro either in the presence or absence of blasticidine. Clones (A) 12B1/
GM-CSF/cl-1, (B) 12B1/GM-CSF/cl-5 and (C) 12B1/IL-2/cl-15 were tested. 

Figure 3. Production of bcr-abl protein by 12B1 cells and their gene-modified 
cell lines, as determined by Western blot analysis. Protein lysates were 
separated in 7% gel, transferred onto PVDF membrane and treated with 
anti-c-ABL monoclonal antibody to detect p210bcr-abl protein (A). The same 
membrane was reprobed with anti-β-tubulin monoclonal antibody (B). B210 
cells served as a positive and 293T cells as a negative control. 
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on day 75. On the other hand, all animals inoculated with 
12B1/GM-CSF/cl-5 cells developed tumours similar to 
those induced by the control parental 12B1 cells. In addi-
tion, these animals had bristled hair and showed a loss of 
weight, and their autopsy revealed extensive organ damage 

never seen in mice inoculated with the parental 12B1 cells 
(33). Similar results were obtained in repeated experiments.

The induction of tumours by the gene-modified cells 
provided us with a possibility to test the genetic stability of 
the cells under investigation in vivo. Several tumours that 

Table I. Cytokine production of the cell suspensions derived from mice inoculated with 12B1/IL-2/cl-15 and with 12B1/GM-CSF/
cl-5 cells.

Cells inoculated	 Mouse no.	 Day of autopsy	 Source of cells	 Passage	 Production of cytokinea

12B1/IL-2/cl-15	 1	 38	 Tumour	 3	 0.6
				    2+3 Blb	 40
	 2	 44	 Spleen	 3	 0.7
				    2+4 Bl	 50
			   Liver	 2	 0.5
				    2+4 Bl	 20
			   Blood	 2	 2.7
				    2+4 Bl	 18
	 3	 49	 Tumour	 4	 0
				    2+6 Bl	 25

12B1/GM-CSF/cl-5	 4	 19	 Tumour	 3	 127
				    2+4 Bl	 115
	 5	 23	 Tumour	 3	 120
				    2+4 Bl	 111

aProduction of cytokine is expressed in ng/106 cells/24 h; b‘Bl’ indicates passages carried out in the presence of blasticidine.

  A   B

  C   D

Figure 4. Pathogenicity of 12B1-derived cell lines designated 12B1/IL-2/cl-15 and 12B1/GM-CSF/cl-5 and parental 12B1 cells. Mice were inoculated s.c. with: 
(A) 106, (B) 105, (C) 104 and (D) 103 cells. 
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had developed in mice after the administration of the gene-
modified cells were surgically removed, and cell suspensions 
were mechanically prepared. In one animal inoculated with 
12B1/IL-2/cl-15 cells, which did not develop a solid tumour 
but leukaemia, cell cultures were prepared from its liver, 
spleen and blood. Cells were cultivated in parallel in media 
either containing or not-containing blasticidine. The data 
shown in Table I demonstrate marked differences between 
the cells derived from the 12B1/IL-2/cl-15 and the 12B1/
GM-CSF/cl-5 inoculated mice. Initially, 12B1/IL-2/cl-15 
derived cells grew poorly in the presence of blasticidine 
and produced low amounts of IL-2 both in the presence and 
absence of the antibiotic. However, after a few passages in its 
presence, blasticidine-resistant cells were readily selected and 
they proved to be efficient producers of the cytokine. These 
findings demonstrate the instability of 12B1/IL-2/cl-15 cells 
in vivo. Clearly, the cell populations of the tumour cells and 
the populations of cells infiltrating various organs were not 
homogeneous, being composed of a great majority of cells in 
which the two transgenes were not expressed, either owing 
to their loss or silencing, and a minority of transduced cells. 
The results obtained with cells derived from 12B1/GM-CSF/
cl-5 induced tumours were dramatically different. From the 
very beginning, the cells grew very well in the presence of 
blasticidine and already the first passage cells secreted high 
amounts of GM-CSF, comparable with its production by the 
cells inoculated.

To examine the relationship between GM-CSF production 
and cell pathogenicity, we tested, in parallel, three GM‑CSF-
secreting cell clones markedly differing in the production of 
the cytokine. In addition to 12B1/GM-CSF/cl-5, producing 
110 ng GM-CSF/106 cells/24 h, clones denoted 12B1/GM-CSF/
cl-11 producing 50 ng/106 cells/24 h and 12B1/GM-CSF/cl-1 

producing only 3 ng/106 cells/24 h of the cytokine, were tested. 
The results are shown in Fig. 5. While at a dose of 105 cells 
all animals except those inoculated with the lowest cytokine 
producer, i.e. 12B1/GM-CSF/cl-1 cells, died of leukaemia 
before their tumour reached the critical size justifying eutha-
nasia, a more pronounced difference became apparent after the 
administration of 103 cells. The most efficient producer of the 
cytokine, 12B1/GM-CSF/cl-5 cells, was the most pathogenic, 
causing death of the animals more rapidly than the parental 
12B1 cells or clones producing lesser amounts of the cytokine. 
Clearly 12B1/GM-CSF/cl-1 cells, with the lowest production 
of GM‑CSF, were the least pathogenic. These observations 
suggested a relationship between GM-CSF production and 
pathogenicity. It may be of interest that mice, which survived 
both the high and the low cell dose administered, were free of 
bcr-abl-expressing cells, as determined by RT-PCR, at the end 
of the observation period (data not shown).

Efficacy of irradiated gene-modified cells in immunization/
challenge experiments. Next, the efficacy of irradiated gene-
modified 12B1 cells as tumour vaccines was investigated. 
Since we realized that the vaccine efficacy would depend on 
the ability of the irradiated cells to secrete the cytokine, before 
using them as vaccines we tested the viability of the irradi-
ated cells by the trypan blue exclusion test and their capability 
of secreting the respective cytokine. As shown in Fig. 6, the 
irradiated 12B1/IL-2/cl-15 cells were dead within 48 h. After 
an initial increase, the cytokine production rapidly dropped in 
parallel with their dying and virtually stopped after 48 h. The 
same phenomenon was observed in all cell lines tested irre-
spective of whether they secreted IL-2 or GM‑CSF. Irradiated 
12B1/GM-CSF/cl-5 cells, 12B1/IL-2/cl-15 cells and the parental 
12B1 cells (3x106/mouse) were injected intraperitoneally twice 
at a 2-week interval and challenged as described in Materials 
and methods. As shown in Fig. 7A, all animals vaccinated 
with irradiated 12B1/GM-CSF/cl-5 cells remained tumour-free 
throughout the observation period, whereas 2 out of 6 mice 
vaccinated with irradiated 12B1/IL-2/cl-15 developed tumours 
before day 24 after challenge. Vaccination with irradiated 

  A

  B

Figure 5. Pathogenicity of 12B1-derived cell lines differing in the produc-
tion of GM-CSF; 12B1/GM-CSF/cl-5: 110 ng/106 cells/24 h; 12B1/GM-CSF/
cl-11: 50 ng /106 cels/24 h; 12B1/GM-CSF/cl-1: 3 ng/106 cells/24 h. Mice were 
inoculated s.c. with (A) 105 and (B) 103 cells. 

Figure 6. Survival of and cytokine production by irradiated (100 Gy) 12B1/
IL-2/cl-15 cells. The total of 3x106 of irradiated cells was placed in cultiva-
tion media. At 24 h intervals the cell suspension was spun down, (A) the 
viability of the cells and (B) the cytokine contents in the supernates were 
determined and the cells were resuspended in fresh media. The data originate 
from 3 independent experiments.
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parental cells was even less effective: 4 out of 5 mice developed 
tumours before day 40. As indicated in Fig. 7B, the tumours in 
immunized mice grew more slowly than in the non-immunized 
animals. Surviving animals were rechallenged on day 78 with 
5x103 of parental 12B1 cells. All 6  mice vaccinated with 
12B1/GM-CSF/cl-5 cells remained healthy for the subsequent 
60 days. Bone marrows, livers and spleens from these animals 
were checked for the presence of bcr‑abl-expressing cells by 
RT-PCR, with negative results (data not shown). Similar effects 
of vaccination were observed in a repeated test. In this experi-
ment 12B1/GM-CSF/cl-1-based vaccine was also used. This 
vaccine was less potent in inducing protective immunity than 
the vaccine prepared from the high-producer cells but more 
potent than those prepared from the parental cells or 12B1/
IL-2/cl-15 cells (data not shown).

Since also B210 cells secreting IL-2 and GM-CSF were 
available, it was of interest to compare the immunogenicity 
of these cells with their 12B1-derived counterparts. As these 
cells had completely lost their pathogenicity for mice (26), 
they were administered in the form of live vaccines, using the 
same immunization schedule as in the case of gene-engineered 
12B1 cells. As challenge, parental 12B1 cells were used. The 
results are shown in Fig. 8. In general, the immunization effect 
of B210-based vaccines was less potent than in the case of 
vaccines based on the homologous, gene-engineered 12B1 
cells. However, it was clear again that the GM-CSF-secreting 
cells were a more potent immunogen that the IL-2-secreting 
cells. The latter cells failed to induce any protection. Similar 
results were obtained in a repeated test.

Discussion

One of the main present trends in the immunotherapy of cancer 
is based on the assumption that gene-engineered tumour cells 
secreting immunostimulatory cytokines might be effective 
in the therapy of cancer. In the recent past, employing the 
bcr‑abl‑transformed B210 TK-less cells and HSV TK as the 
selection gene, we derived several gene-modified cell lines 
producing IL-2, IL-12 or GM-CSF. Invariably, these cells 
had lost their pathogenicity for mice (26). Possibly even more 
important were some additional observations which indicated 
that (i) the administration of these cells resulted in a postpone-
ment of tumour formation in mice which had been inoculated 
with the highly aggressive sister mouse cell line, 12B1, and (ii) 
the administration of these cells prevented tumour develop-
ment in a substantial proportion of 12B1-inoculated animals, 
if combined with cyclophosphamide plus imatinib mesylate 
and/or interferon α given in doses which per se were incapable 
of suppressing tumour development (13). In this respect, the 
IL-2-secreting cells were the most effective. Although both 
B210 and 12B1 produce comparable amounts of the p210bcr‑abl 
protein, they differ in a number of other characteristics (28,29; 
Krmenčiková et al, unpublished). Therefore, it was of interest 
to examine the properties of similarly gene-engineered 12B1 
cells. In the present study we report on the properties of 12B1 
cells transduced to secrete IL-2 and GM‑CSF. Clearly, these 
cell lines differed considerably from similarly transduced 
B210 cells. First, another system had to be employed for 
their derivation. Since the 12B1 TK-less cells proved to be 
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  B

Figure 7. Immunogenicity of irradiated 12B1/GM-CSF/cl-5, 12B1/IL-2/cl-15 
and parental 12B1 cells. Mice were immunized i.p. with two doses of 3x106 

cells in 2-week interval. Two weeks after the second dose the animals were 
challenged s.c. with 5x103 parental 12B1 cells and monitored for (A) survival 
and (B) tumour growth. Graph (B) represents mean tumour size ± SEM. 
Statistics: Survival: 12B1/GM-CSF/cl-5 vs. 12B1 or PBS p< 0.01; 12B1/IL-2/
cl-15 vs. PBS p < 0.01; 12B1 vs. PBS p< 0.02, the other differences are NS. 
Tumour growth: The growth trends of all the groups are mutually different with 
high significance (p<0.001). The experiment was repeated with similar results.
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Figure 8. Immunogenicity of live B210/2/GM-CSF/cl-1, B210/2/IL-2/cl-21 
and parental B210/2 cells. Mice were immunized in 2-week interval with 
3x106 cells i.p.. Two weeks after the second immunization animals were 
challenged s.c. with 5x103 parental 12B1 cells and monitored for (A) survival 
and (B) tumour growth. Graph (B) represents mean tumour size ± SEM. 
Statistics: Survival: B210/2/GM-CSF/cl-1 vs. B210/2/IL-2/cl-21 p<0.05; the 
other differences were NS. Tumour growth: B210/2/GM-CSF/cl-1 vs. B210/2 
or B210/2/IL-2/cl-21 p<0.001, B210/2/GM-CSF/cl-1 vs. PBS p<0.01, the 
other differences are NS. The experiment was repeated with similar results. 
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genetically unstable, and thus not suitable for the isolation of 
the transduced cells, plasmids with the HSV TK gene were 
replaced with plasmids carrying the blasticidine resistance 
gene for the selection of transduced cells. Second, the trans-
duced cells had not lost their pathogenicity for mice. Still, the 
12B1-IL-2-secreting cells were clearly less oncogenic than 
the parental cells. In a significant proportion of animals the 
small subcutaneous tumours which had developed, regressed 
spontaneously and these animals became resistant to chal-
lenge with the parental 12B1 cells. Third, the analysis of the 
tumour cell populations demonstrated a genetic instability of 
the 12B1-IL-2 cells in vivo, this contrasting with the previously 
detected genetic stability of the transduced cells in the course 
of multiple tissue culture passages. In an in vitro analysis of 
the tumour cell populations, the in vivo instability manifested 
itself both by a decreased production of the cytokine and 
increased sensitivity to blasticidine. However, cultivation of 
these cells in the presence of blasticidine resulted in a rapid 
selection of the transduced IL-2 producing cells from the 
tumour cell population. These observations suggested that the 
cells in which the transgenes had either been lost or silenced 
had a selective advantage for in  vivo growth over those 
preserving the transduced phenotype. Fourth, the behaviour 
of the GM-CSF-expressing sublines was very different. These 
results suggested that, at variance with IL-2-secreting cells, 
the GM-CSF-secreting cells had a selective advantage in vivo. 
Their capability of forming subcutaneous tumours was not 
diminished, and, in addition, the disease induced by these cells 
was clearly more severe than that induced by the parental cells. 
Data were obtained suggesting that this extra-pathogenicity 
depended on the amount of the GM‑CSF produced. Subsequent 
experiments indicated that the growth of the 12B1/GM-CSF/
cl-5 cells in vivo was associated with extensive damage to 
several organs. These pathological findings are described and 
discussed separately (33).

Finally, in the present series of experiments, we tested the 
ability of these cells, used in the form of irradiated vaccines, 
to induce immunity against challenge with the parental cells. 
While in some other systems the secretion of the cytokines 
monitored was not compromised by lethal irradiation (34,35) 
and was reported to continue for up to 5 (31) or even 12 days 
(36), we observed a quick shut-off of their production in our 
system. In spite of the apparently short-time secretion in vivo, 
vaccines based on our gene-engineered cells were clearly 
more immunogenic than the parental cells. The GM‑CSF 
secreting vaccine proved to be a more potent immunogen than 
the IL-2 secreting vaccine, which was in agreement with the 
evidence obtained in other systems in the past (15). Again, 
there was a relationship between the amount of GM-CSF 
produced and the immunization effect: the vaccine based 
on the low-producer 12B1/GM-CSF/cl-1 cells was somewhat 
less effective than that based on the high producer 12B1/
GM-CSF/cl-5 cells, this underscoring the key role of the 
cytokine in eliciting the anti-tumour immunity. These data 
clearly indicated that the high-producer cells, absolutely 
unsuitable for use as live vaccines, are preferable for the 
development of inactivated vaccines. In this respect it was of 
interest to test the efficacy of the similarly engineered B210 
cells which, because of complete loss of pathogenicity, could 
be employed as live attenuated vaccines. In the present study 

we used them for immunization against the heterologous 12B1 
cells. Although one could conjecture that the live vaccines 
would be more immunogenic than the inactivated ones, the 
opposite was true, this most likely expressing the difference 
in the antigenic make-up of B210 and 12B1 cells, but also the 
lower production of the cytokines, though it was in the case 
of GM-CSF still above the critical level (37). The protection 
induced by the B210-GM-CSF-secreting cells was incom-
plete and none was detected when IL-2-secreting cells were 
used for immunization. This finding was in contrast with the 
results obtained when using the same cell lines as therapeutic 
vaccines. In those experiments, in which the same lines of 
transduced cells were employed, IL-2-secreting cells acted as 
a more potent immunogen than the GM-CSF secreting tumour 
cells (13). Those data may indicate that the quite common 
trend to gene-engineered therapeutic cancer vaccines to secrete 
GM-CSF does not need to have general validity. They suggest 
that the preferences for optimal cytokine treatment may differ 
owing to a variety factors related to the magnitude of the 
cytokine secretion, specificities of the various tumour systems 
but also whether live or non-viable cell vaccines are employed.
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