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SUMMARY

The last few years have seen the development of a branch of somatic gene therapy which aims at strengthening the
immune surveillance of the body, leading to eradication of disseminated cancer tumor cells and occult micrometastases
after surgical removal of the primary tumor. Such a tumor vaccination protocol calls for cultivation of the primary
tumor tissue and the insertion of one of three types of genes into the isolated cultured tumor cells followed by irradiation
of the transfected or transduced cells to render them incapable of further proliferation. The cells so treated constitute
the ‘tumor vaccine’. A review of the literature suggests that for mouse models, in the initial period after inoculation,
rejection of the tumor cells is usually effected by non-T-cell immunity, whereas the long-term systemic immune response
is based on cytotoxic T-cells. High expression of the gene inserted into the tumor cells may be critical for the success
of the vaccination procedure. Examples are given which indicate that transferrinfection, a procedure to introduce genes
by adenovirus-augmented receptor-mediated endocytosis, meets some important prerequisites for successful application

of this type of gene therapy.

INTRODUCTION

The major obstacle to immunotherapy of cancer is the
poor immunogenicity of tumors, especially in man. This
is somewhat surprising since the large number of genetic
alterations found in advanced cancers should give rise to
peptide neo-epitopes capable of being recognized in the
context of MHC-I molecules by cytotoxic lymphocytes
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(Lurquin, 1989). Indeed, tumor-associated (Groen, 1987)
and tumor-specific antigens (Van der Bruggen and Van
den Eynde, 1992) which should be targets for immunolog-
ical attack have recently been identified. It is therefore
possible that the immune system fails to eliminate tumors
not because neoantigens are absent, but rather because
the response to these neoantigens is inadequate (Fearon
et al., 1990).

Abbreviations: Ad, adenovirus; CD, cluster designation;
CMYV, cytomegalovirus; CTL, cytotoxic T-lymphocytes, G-CSF, granu-
locyte colony stimulating factor; GM-CSF granulocyte-macrophage
colony stimulating factor; IFN, interferon; IL, interleukin; LAK,
lymphokine-activated killer cells; NK, natural killer cells; nt, nucleo-
tide(s); RENCA, renal carcinoma; TNF, tumor necrosis factor;
u, unit(s).
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IMMUNOGENIC FACTORS

(a) Introduction of certain genes elicits a systemic
immune response against tumor cells

In recent years it has been discovered that transfection
of certain genes into tumor cells can render them morc
immunogenic and, therefore, less tumorigenic. These
genes fall into three categories.

( 1) Genes expressing proteins which are foreign to the
repertoire of tumor cells

Such xenogenization of tumor cells can be brought
about, for example, by expressing syngeneic MHC-1 anti-
gens in MHC-I deficient tumor cells, expressing allo-
geneic MHC-T or MHC-II antigens or expressing viral
proteins such as hemagglutinin (for references see
Table I). Xenogenization can also be brought about by
mutagenesis of tumor cells (Van Pel and Boon, 1982) to
yield Tum ™ cell clones which elicited a rejection response
in syngeneic mice {reviewed in Van der Bruggen and Van
den Eynde, 1992).

The properties of xenogenized tumor cells have been
explained by the concept of associative recognition { Lake
and Mitchison, 1976; 1977; Kenne and Foreman, 1982)
which proposes that minor cell surface antigenic differ-
ences (as in the case of cancer cells) are insufficient for
the induction of an immune response. The addition of
more powerful antigens to the cell surface not only pro-
vides for a response to the added antigens but also
induces immunorecognition of the original tumor-associ-
ated cell-surface antigens (Fearon et al., 1988} and sys-
temic protection against the tumor cell (see Table 1).

The precursor of these xenogenization experiments uti-
lizing gene transfer is the systemic protection elicited
against tumor cells by infecting them with virus express-
ing new antigens on tumor cells or yielding viral oncoly-
sates (Lindenmann and Klein, 1967; Wallack et al., 1977,
Ito et al., 1990; Lehner et al., 1990; Liebrich et al., 1991).

TABLE |

Genes used to xenogenize tumor cells

( 2) Cyviokine-encoding genes

The goal of this operation is to activate the immune
system so that it recognizes the tumor cells as foreign
and rejects them. The insertion of cytokine-encoding
genes such as interleukin. colony stimulating factor and
interferon-encoding genes, into tumor cells nearly uni-
formly reduces the tumorigenicity of injected tumor cells
with the known exceptions so far of 1L-6, which actually
leads to an accelerated growth of injected cells, and of
TNF-a or IFN-y, where only partial reduction of tumori-
genicity is obtained (see TableIl). In most instances,
where tested, a systemic protection against the parental
tumor has been observed. However, no such systemic
protection was detected after IL-4 (exception see
Golumbek et al., 1991), G-CSF or TNF-a transfection
of tumor cells (see Table 11).

{ 3 ) Genes encoding accessory proteins

The aim of this operation is to impart features of anti-
gen presenting cells to the tumor cells. The CD28 antigen
on CD4" and CD8" T-cells is the primary receptor for
the activating antigen B7. CD28 binds to B7 in the ab-
sence of other accessory molecules. Interaction between
these two antigens is co-stimulatory for T-cell activation
{Linsley et al, 1991). The two-signal model (Janeway,
1989; Nossal, 1989; Schwartz, 1989) postulates that for
optimal activation lymphocytes require both an antigen-
specific signal delivered through the T-cell receptor and
a second signal, a non-specific co-stimulatory signal such
as B7.

This model suggests that immunogenic tumors which
do not express B7 can escape destruction by the immune
response because tumor-targeted T-cells receive inade-
quate co-stimulation. This leads to the proposition that
transfer of a gene encoding the co-stimulatory ligand B7
into melanoma cells, when introduced into a syngeneic
mouse, would induce rejection of these cells in vivo.
Recently two groups (Chen et al., 1992; Townsend and

Tumor model Xenogizing gene Tumorigenicity Systemic protection Reference

Lewis lung carcinoma allogeneic H-214 ab. yes [taya et al. {1987)
MHC-1

Colon adenocarcinoma CT26 hemagglutinin ab. yes Fearon et al. {1988}

Facs 3 hemagglutinin ab. yes Fearon et al. {1988}

Lung carcinoma syngeneic H-2K® ab. yes Plaksin et al. (1988)

3LL-D122 MHC-1

Sal sarcoma AL and Af ab. yes Ostrand-Rosenberg et al. (1990)
MHC-11

Lung carcinoma c-fos ab. n.d. Kushtai et al. (1990)

3LL-D122

ab.=absent; n.d. =not done.



TABLE II

“Tumor vaccines’ produced by the transfer of cytokines into tumor cells
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Ctk*  Tumor model Mode of Transf. Cytokine production Tumorigenicity®  Systemic Reference
generation cells protection®
IL-2  Colorectal carcinoma Ca-PO, pooled <300 u/10° cells/24 h ab. yes Fearon et al.
CAT26 clones (1990)
Melanoma B16 yes
Sarcoma CBA-SP, yes
Dunning prostate yes
carcinoma
Fibrosarcoma CMS-5 transduction cell <30 u/ml ab. yes Gansbacher
line et al. (1990a,b)
Rat sarcoma HSNLV transduction cell <2500 u/10° cells/24 h ab. n.d. Russell et al.
line (1991)
Mastocytoma P815 Ca-PO, cell <3000 u/10° cells/24 h ab. yes Ley et al. (1991)
line
Mastocytoma P815 Ca-PO, cell <3500 u/10° cells/24 h ab. n.d. Roth et al.
line (1992)
Rat medullary thyroid Ca-PO, pooled 50 u/10° cells/24 h ab. n.d.
carcinoma clones
Lewis lung carcinoma LLC lipofection cell <100 u/10° cells/24 h ab. (yes) Ohe et al. (1993)
line
Lewis lung carcinoma 3LL- transduction cell <7 u/ml ab. yes Porgador et al.
D122 line (1993)
Melanoma M3 receptor-mediated  pooled < 10° u/10° cells/24 h ab. yes this paper
gene transfer cells
IL-4  Plasmacytoma J558 electroporation cell £29000 u/10° cells/24 h  ab. no Tepper et al.
line (1989)
Mammary adenocarcinoma Ca-PO, cell <2800 u/10° cells/24 h ab. no Tepper et al.
K485 line (1992)
Renal carcinoma RENCA  Ca-PO, cell ~ 15000 u/10° cells/24 h  ab. (yes) Golumbek et al.
line (1991)
Lewis lung carcinoma LLC lipofection cell 35 ng/ml ab. no Ohe et al. (1993)
line
[L-6  Plasmacytoma J558 electroporation cell 500 u/ml acc. nd. Blankenstein
line et al. (1991)
IL-7  Ependymoblastoma 203 electroporation cell <250 u/ml ab. yes Akoi et al.
glioma line (1992)
Plasmacytoma J558L electroporation cell 4-65 u/ml ab. n.d. Hock et al.
line (1991)
Mammary adenocarcinoma 50 u/ml ab. n.d.
TS/A
G- Colon adenocarcinoma transduction cell <450 pg/ml ab. (no) Colombo et al.
CSF  C26 line (1991)
M- Plasmacytoma JS58L electroporation cell <100 u/ml part. n.d. Dorsch et al.
CSF line (1993)
GM- Melanoma B16 transduction pooled 1500 ng/10° cells/24 h ab. yes Dranoff et al.
CSF cells (1993)
IFN-y Neuroblastoma C1300 transduction cell <50 u/ml ab. yes Watanabe et al.
line (1989)
Fibrosarcoma CMS-5 transduction cell <25 u/ml ab. yes Gansbacher
line et al. (1990a,b)
Squamous cell carcinoma  transduction cell <200 u/ml part. n.d. Maraguchi et al.
Pam-T line (1991)
Adenocarcinoma SP1 Ca-POy/lipofection pooled 256 u/ml ab. (no) Esumi et al.
clones (1991)
CT26 cell <64 u/ml part. n.d.
line
TNF-y Plasmacytoma J558 transduction cell <40 pg/ml part. n.d. Blankenstein
line et al. (1991)
Sarcoma MCA-205/WP-4  transduction cell 420 pg/10° cells/24 h part. no Asher et al.
line (1991)
JE/ Duk x B-11 polybrene pooled — ab. n.d. Rollins and
clones Sunday (1991)

*Ctk =cytokine.
Yab.=absent or strongly reduced, depending on the level of cytokine production; part. = partial tumorigenicity; acc.=accelerated.
°n.d. =not done.
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Allison, 1993) showed that this concept is indeed valid
for melanoma cells. Rejection of B7-transfected tumor
cells was primarily mediated by CD8" T-cells and anti-
CD4 antibodies ablating CD4 cells had no effect.
Moreover, a systemic protection against the parental B7”
tumor cells was obtained (Chen et al., 1992; Townsend
and Allison, 1993). These results open the door for experi-
mentation with other accessory, co-stimulatory molecules
which impart certain features of antigen presenting cells
to tumor cells. The introduction of syngeneic MHC-II
antigen (Table 1) may also change the properties of tumor
cells so that they present tumor antigens in the MHC-II
context which can be recognized by T-helper cells, result-
ing in an immunological cascade and eventual eradica-
tion of the tumor cell.

(b) Insome instances initial rejection of the tumor cells is
based on non-T-cells

Interestingly, tumorigenicity of tumor cells during the
‘vaccination’ step (initial injection) is also strongly dimin-
ished for IL-4 and G-CSF-secreting tumor cells when
tested in nude mice which are deficient for T-cells
(Colombo et al., 1991; Golumbek et al., 1991). This sug-
gests that the initial rejection of tumor cells is supported
by a non-T-cell response. By contrast, no reduction of
tumorigenicity is seen in nude mice in the case of IL-7
and TFN-vy-secreting tumor cells (see Table I1T). This is
an indication that 1L-7 and IFN-v induce a T-cell medi-
ated immune response in immune competent mice.

Results obtained for IL-2 varied according to the

TABLE 111

Tumorigenicity of tumor cells transfected or transduced with cytokines

Cytokine Tumorigenicity Reference
in nude mice
IL-2 abolished cited in Bubenik et al. (1990)
abolished Hock ct al, (1993)
abolished® Porgador et al. (1993)
no reduction® Russell et al. (1991)
1L-4 abolished Tepper et al. (1989)
Golumbek et al. (1991)
1L-7 no reduction Hock et al. (1991; 1993)
G-CSF abolished Colombo et al, (1991)
IFN-y no reduction Watanabe et al. (1989)
Esumi et al. (1991)
abolished Hock et al. (1993)
TNF-o weakened Blankenstein et al. (1991)
abolished Hock et al. (1993)

#In high IL-2 producers.
®In low 11.-2 producers.

tumor model chosen. the number of cells injected and
levels of cytokine secretion. Thus a whole spectrum of
results has been reported, from no reduction of tumorige-
nicity in nude mice (Ohe et al., 1993) to partial and full
rejection of 1L-2-producing tumor cells, depending on the
level of IL-2 secretion (Russell et al., 1991: Porgador et al..
1993). These findings have been interpreted as meaning
that for low secretors, reduction in tumor growth in
immune competent mice is mostly due to T-cell activity,
whereas for high 1L-2 secretors a non-T-cell dependent
mechanism is at work (Porgador et al., 1993). This 1s in
accordance with the finding that T-cells are stimulated
via high-affinity heterodimeric IL-2 receptors which are
expressed following antigen activation. NK cells. LAK
precursors and macrophages are stimulated initially via
constitutively expressed intermediate-affinity IL-2 recep-
tors and thus require a higher concentration of 1L-2
(Porgador et al., 1993, and references therein).

The results tabulated in Table III can be correlated
with histological investigations of the injection sites in
immunocompetent mice. The initial injection sites after
inoculation of  IL-4-producing RENCA cells are in-
filtrated by activated macrophages and granulocytes
(Golumbek et al., 1991). Similarly [L-4-producing plas-
macytoma cells evoke infiltrated eosinophiles and macro-
phages (Tepper, 1992). G-CSF-producing tumor cells
show infiltration of neutrophilic granulocytes. Thus, in
the case of 1L-4 and G-CSF the presence of non-T-cells
at the injection sites correlates with the rejection of the
tumor cells in the nude mouse test system. Moreover,
NK cells are not likely to be involved, since NK-depleted
mice are nevertheless protected from tumor development
(Columbo et al. 1991). In the same vein, ITFN-y-
producing tumor cells show infiltration of Thy 17 small
lymphocytes (Watanabe et al., 1989) whereas
IL-7-producing, and in some cases [L-2-producing, cells
(Pardoll, 1992) are marked by infiltration of T-cells as
well as macrophages (Hock et al., 1991). This again corre-
lates with the data in Table [I1 where the nude mouse
system fails to reject IFN-v- and 1L-7-producing tumor
cells. As already mentioned the behavior of 1L-2 pro-
ducers is not uniform. In some systems the inocula arc
infiltrated by T-cells (Pardoll, 1992) while in others the
presence of macrophages and mast cells has been noted
(Fearon et al., 1990).

A recent study is particulary informative (Hock et al.,
1993) because the behavior of a single tumor cell line
(J558) secreting a series of different ¢ytokines has been
investigated. At early times after injection of the inocula,
IL-2-, TL-4-, TNF-2~- and IFN-y-producing JS558 cells
showed suppressed tumorigenicity in the immunodefi-
cient nude, SCID, beige and NIHIII mice, but tumors
eventually arose with a delay of 3 weeks in comparison



with mice injected with the parental cell line.
IL-7-producing tumor cells were not rejected. This is con-
firmatory evidence that most cytokines can elicit a T-cell-
independent mechanism capable of suppressing tumor
growth in a first, early phase after injection. The late
outgrowth of tumors noted above was shown to be corre-
lated with a partial or complete loss of cytokine pro-
duction in cytokine-producing cells presumably through
a selection process for a non-cytokine-producing popula-
tion of cells.

A correlation of the behavior of the tumors with the
immunohistology of the injection site after 3-13 days in
immunocompetent mice has been made (Hock et al,
1993): IL-2-, IL-7- and TNF-o-producing inocula were
already infiltrated by T-cells at early time points. T-cells
were also observed in IL-4-producing tumors but not
until 1 week after injection. In the case of IL-2 producers,
CD8" but not CD4™ infiltrates could be found. 1L-7-
and IFN-y-secreting tumors were densely infiltrated with
both CD4* and CD8" cells. However, the predominant
cell type found in the infiltrates of all cytokine producers
excepting IL-7 producers were macrophages, which pre-
sumably accounts for the rejection of these tumors in the
nude mouse at early times.

(c) Systemic long-term tumor rejection is based on CTLs

Mice which have been immunized with transfected
tumor cells producing a variety of cytokines such as IL-2,
IL-4, GM-CSF, or IFN-y, develop a systemic immune
response which protects the animals from tumor growth
after challenge with non-transfected tumor cells at a site
distant from the primary immunization site (see also
Table II). This protective activity is maintained for a pro-
longed period of time. For instance, Gansbacher et al.
(1990a,b) observed complete protection in a CMS-5
fibrosarcoma model, even when the challenge was per-
formed 6 weeks after the immunization with IFN-y-
secreting tumor cells. Ley et al. (1991) demonstrated
partial prevention of tumor growth when the challenge
was made 90 days after immunization with
IL-2-producing mastocytoma cells. Fearon et al. (1990),
however, found a less persistent protection in a colon
carcinoma model where the immune response induced by
IL-2-transfected CT26 cells lost 50% of its efficacy within
4 weeks.

There are several lines of evidence that this prolonged
systemic immune response is mediated by CTLs. Many
groups (e.g, Fearon et al, 1990; Gansbacher et al.,
1990a,b; Golumbek et al., 1991; Ley et al., 1991; Dranoff
et al., 1993) have demonstrated an increase of CTL activ-
ity upon immunization with cytokine expressing tumor
cells. The actual contribution of CTLs to tumor rejection
has been confirmed in that depletion of CD8™ cells in
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immunized mice abolishes the ability to suppress tumor
growth. In the case of GM-CSF-producing B16 mela-
noma cells, CD4" T-cells are required in addition to
CD8" cells for systemic protection (Dranoff et al., 1993).
The observation that the systemic immune response is
specific to the tumor used for immunization, and that the
growth of non-cross-reactive syngeneic tumors is not
affected, underlines the role of CTLs for the generation
of a tumor-specific, MHC-I-restricted, systemic immune
response against the parental tumor in these models
(Fearon et al., 1990; Gansbacher et al., 1990a,b).

(d) Transferrinfection of tumor cells meets several
requirements for efficient vaccine production

The proposed immunization procedure in man calls
for the following steps: (i) Operative removal of the pri-
mary tumor tissue; (ii) culture of the tumor cells in vitro;
(iif) transfection or transduction of tumor cells with the
chosen gene or combination of genes; (iv) irradiation of
the tumor cells to prevent their proliferation; (v) subcuta-
neous or intradermal injection of the treated tumor cells
into the patient.

Since the tumor tissue may be heterogeneous due to
tumor progression it may be desirable not to select for
transfected or transduced cell clones, as has been done
in most experiments reported up to now (see Table II).
This procedure, besides being time consuming and delay-
ing unnecessarily the application of the ‘tumor vaccine’,
may inadvertently lead to selection of an unrepresentative
cell clone. Furthermore, extensive culturing and expan-
sion of cells may lead to a loss of the tumor antigen. A
procedure by which the bulk of the tumor cells can be
transfected soon after removal and culture would seem
desirable.

We believe that our recently developed transferrinfec-
tion procedure (Cotten et al., 1992; Curiel et al., 1992;
Wagner et al., 1992; Zatloukal, 1992) has many advan-
tages over retroviral transduction or DNA transfection
followed by clonal expansion of the genetically modified
cells (see Table II).

Transferrinfection is a new transfection protocol in
which the plasmid DNA to be transported into the tumor
cell is reacted with transferrin-polylysine to form highly
condensed round particles with a diameter of approx.
100 nm, referred to as ‘donuts’ (Zatloukal et al,, 1992).
These ‘donuts’ are linked to AdS5d1312 or Ad5dl11014,
which, owing to its endosomolytic property, greatly en-
hances the receptor-mediated transfer of genes into cells
and ultimately into the cell nucleus (Cotten et al,, 1992;
Curiel et al., 1992; Wagner et al.,, 1992; Zatloukal et al,,
1992). We show below that transferrinfection of tumor
cells with IL-2-producing plasmids leads to secretion of
cytokines at high levels (cf. Table IT), eradicates tumori-
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TABLE 1V

Loss of tumorigenicity of transfected M3 melanoma cells with DBA2
mice

Gene transfer  Appearance of tumors

[weeks {w) after tumor cell implantation®]

Iw 2w 3w 4w Sw ow Tw
No gene
transfer 0/6  6/6 6/6 66  6/6 6/6 66
1L-2 0/6 0/6 0/6 0/6 06 06 06
TFN-y 0/6  0/6 1/6 1/6 1/6 1/6 1/6

#To generate the transfer complexes. 2 x 107 biotinylated Ad5d1312 in
100 mt HBS (20 mM Hepes/150 mM NaCl) was mixed with streptavidi-
nylated polylysine (0.5 pg) in 100 ml HBS and incubated for 30 min at
room temperature. Thereafter, 6 pg of plasmid DNA (IL-2 or IFN-y)
in 150 m! HBS were added, mixed thoroughly and incubated for 30
min. Finally, polylysine-modified human transferrin (7.5 pg) in 150 pl
HBS were added, mixed thoroughly and incubated for a further 30 min.
For transfection the complexes were applied to M3 cells (3x 10°}in a
total volume of 2 ml culture medium. After 4 h of incubation at 37 C
the complex-containing medium was removed and fresh medium con-
taining serum was added. The cells were then trypsinized and washed
twice in Ham’s F10 culture medium without serum. 10° M3 cells not
transfected or transfected with 1L-2 or IFN-y plasmids were applied
subcutaneously into the backs of each of six anesthesized DBA/2 mice.
Tumors were scored at weekly intervals.

genicity and yields systemic protection against a chal-
lenge with live tumor cells.

(e) Loss of tumorigenicity in transferrinfected murine
melanoma M3 cells

The murine melanoma cell line Cloudman S91 (clone
M3) was obtained from ATCC (No. CCL53.1). M3 cells
which were established from a spontaneously developed
melanoma in DBA/2 mice (Cloudman, 1941)** express
low levels of MHCI antigens {(unpublished observation)
and are only moderately immunogenic. The cells were
cultured in 0.1% gelatin-coated 6-cm plastic dishes or
T25 culture flasks in Ham's F10 medium containing
12.5% horse serum/2.5% fetal calf serum/2 mM gluta-
mine and antibiotics. In order to demonstrate loss of
tumorigenicity of the M3 cells upon transfection with
IL-2 or IFN-y genes driven by CMV promoter cells were
applied subcutaneously into the backs of six anesthesized
DBA/2 mice. IL-2 production prior to injection but after
irradiation was at 2400 units/10° cells per 24 h and IFN-y
production was 865 ng/10° cells per 24 h. Tumors were
scored at weekly intervals.

As can be seen in Table I'V the control mice all devel-
oped tumors within 2 weeks after inoculation. All mice
challenged with IL-2-producing M3 cells remained free

**Note that the information given by ATCC on CCL 53.1 Clone M3
{Cloudman S 91 melanoma) is erroneous with respect to the synge-
neic host.

of tumors, while in the case of IFN-y 5/6 remained tumor-
free. The results obtained show that the highly tumori-
genic M3 cells lose their tumorigenicity completely when
producing 1L-2 and nearly completely when producing
IFN-v. Therefore, the secretion of cytokines can abolish
tumorigenicity of the M3 cells.

(f) Moderate levels of IFN-v afford no systemic
protection, high levels of IL-2 afford complete systemic
protection against a challenge with tumorigenic M3 cells

In another set of experiments mice were immunized
with high-IL-2-expressing M3 cells (3 x 10* units/10° cells
per 24 h); another group was immunized with cells pro-
ducing 1FN-y at moderate levels. Ad5d11014 was used as
endosomolytic agent in these experiments. Injection of
the immunizing dose (10° cytokine-producing irradiated
M3 cells) was into the left flank on day 0 and day 7
followed by a challenge with 10° live tumorigenic M3
cells injected into the right flank on day 14. As can be
seen from Table V. non-immunized mice developed
tumors very quickly. They were killed after week 7. The
[L-2 producers were fully protected. Although moderate
IFN-y producers nearly completely abolished tumorige-
nicity of (non-irradiated) M3 cells (see Table 1V}, no sys-
temic protection against the challenge with live M3 cells
was obtained as the values did not differ from those ob-
tained with non-transferrinfected irradiated M3 cells (un-
published results). This contrasts with the findings of
Watanabe et al. (1989) and Gansbacher et al. (1990a,b)
who used neuroblastomas and fibrosarcomas and found
a systemic protection in both of these tumor types after
application of IFN-v-producing cells.

(g) Only M3 cells expressing high levels of IL-2 establish
complete systemic protection against challenges with
tumorigenic M3 cells

A striking feature of the data in Table II is that gen-
erally low levels of cytokine secretion are obtained. A
notable exception to this is the recent work of Dranoff
et al. {1993) in which generation of novel retroviruses
allows high expression levels of all cytokines tested. The
claim of these authors that in most previous studies vacci-
nation with irradiated tumor cells alone would have gen-
erated systemic antitumor immunity at levels comparable
to those induced by live transduced cells has serious
implications.

High levels of IL-2 secretion of between 2 x 10* and
10° units/10° cells per 24 h can be obtained in vitro by
transferrinfection of murine M3 melanoma cells. The de-
sired levels of IL-2 production can be adjusted simply by
mixing the IL-2 expression vector with plasmid devoid
of the 1L-2 cDNA.

That the high level of 1L-2 secretion is an important



TABLE V

Protection of immunized DBA/2 mice from M3 melanoma development®
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Immunizations (2 x)
(1 x 10° cells, irradiated)

Appearance of tumors
[weeks (w) after tumor cell ]

Iw 2w 3w 4w Sw 6w Tw 8w 9w
No immunization 6/6 6/6 6/6 6/6 6/6 6/6 6/6
IL-2 100% (d11014) 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6
IFN-y 10% (d11014) 4/6 5/6 5/6 5/6 5/6 5/6 5/6 5/6 5/6

*Transfer complexes were generated as shown in Table IV for IL-2 100% and IFN-y 10%. IFN-y plasmids were diluted out with parental plasmid
pSP in a ratio of 10:90. IL expression was: IL-2 100% =3 x 10* u/10° cells per 24 h; IFN-y 10% =800 ng/10° cells per 24 h.

feature for eliciting systemic protection can be seen from
Table VI. M3 melanoma cells were transferrinfected with
the IL-2 gene to reach secretion levels of 3 x 10* units/10°
cells per 24 h in vitro. In order to reduce the level of IL-2
production, the IL-2 plasmid was mixed with the parental
plasmid pSP which did not contain the CMV IL-2 gene
construct (in a ratio of 4:96). The secretion rate obtained
was 400 units IL-2 per 10%/24 h. For vaccination, groups
of mice, usually six, were injected with irradiated (2000
rad) IL-2-producing M3 cells at the two different levels
indicated above. Injection was into the left flank on day
0 and day 7, as above, followed by a challenge with 105,
3x 10° and 10° live tumorigenic M3 cells injected into
the right flank on day 14. As shown in Table VI, all non-
immunized mice developed tumors within 3 weeks. Three
out of six mice vaccinated with irradiated cells which had
been transfected with the parental plasmid devoid of the
IL.-2 gene developed tumors, suggesting that transfected
and irradiated M3 tumor cells were partially immuno-
genic. Mice vaccinated with irradiated high-level IL-2
producers afforded complete and lasting protection even

TABLE VI

Protection of immunized DBA/2 mice from M3 melanoma development
after increasing challenge with tumorigenic cells®

Challenge with 10° 3Ix10° 10°
cells
No immunization 6/6 - -
pSP 3/6 - -
IL-2 (3% 10* u) 0/6 0/6 1/4
IL-2 (4% 10% u) 0/5 3/5 4/5

Challenge with 10° KLN20S5 cells

IL-2 (3x 10% u) 6/6 -

*The transfer complexes were generated as shown in Table IV except
that Ad5d11014, 8-methoxypsoralen (8-MOP)/U V-irradiated, was used.
For high-producer M3 cells 6 pg 1L-2 plasmid DNA was used. For the
low IL-2 producers the 6 pg DNA consisted of IL-2 plasmid diluted
out with the parental plasmid without insert (pSP) in a ratio of 4:96.
Tumor load was scored 3 weeks after tumor challenge.

with challenges as high as 3 x 10° cells, but at 10° cells
1/4 mice developed a small tumor. By contrast, low
IL-2-producing cells did not withstand a challenge with
3 x 10° cells, 3/5 mice developing tumors. The high IL-2
producers did not protect against a challenge with a low
dose of KLN205 cells showing that the protection in the
above experiments was tumor-specific.

(h) Conclusions

The examples given in Tables IV-VI clearly demon-
strate that transferrinfected M3 cells express cytokines at
high levels and over a period long enough to suppress
tumorigenicity of their cells and in the case of high IL-2
secretors impart systemic and lasting protection against
a challenge of highly tumorigenic cells. Our results rein-
force the concerns of Dranoff et al. (1993), and suggest
that high levels of cytokine production may be necessary
for high efficacy of ‘tumor vaccines’.

ACKNOWLEDGEMENTS

We are grateful to Gary Ketner for providing us with
Ad5d11014. We wish to thank Manfred Berger, Karl
Mechtler and Mediyha Saltik for excellent assistance,
Norma Howells for assisting in animal experiments and
Marianne Vertes for preparing the manuscript.

REFERENCES

Aoki, T., Tashiro, K., Miyatake, S.-I, Kinashi, T., Nakano, T., Oda, Y.,
Kikuchi, H. and Honjo, T.: Expression of murine interleukin 7 in a
murine glioma cell line results in reduced tumorigenicity in vivo.
Proc. Natl. Acad. Sci. USA 89 (1992) 1850-1854.

Asher, A.L., Mulé, JJ., Kasid, A., Restifo, N.P., Salo, J.C., Reichert,
C.M,, Jaffe, G, Fendly, B, Kriegler, M. and Rosenberg, S.A.: Murine
tumor cells transduced with the gene for tumor necrosis factor-o.
J. Immunol. 146 (1991) 3227-3234,

Blankenstein, T., Qin, Z. Uberla, K., Miiller, W., Rosen, H,
Volk, H.-D. and Diamantstein, T.: Tumor suppression after tumor



206

cell-targeted tumor necrosis factor x-gene transfer. J. Exp. Med. 173
(1991) 1047--1052.

Bohle, W., Schlag, P., Liebrich, W., Hohenberger. P.. Manasterski. M.,
Moller, P. and Schirrmacher, V.: Postoperative active specific immu-
nization in colorectal cancer patients with virus-modified auto-
logous tumor-cell vaccine. Cancer 60 (1990) 1517 1523,

Bubenik, J., Simova, J. and Jandlova, T.: Immunotherapy of cancer
using local administration of lymphoid cells transformed by [L-2
¢DNA and constitutively producing IL-2. Immunol. Lett. 23
(1990} 287--292.

Chen, L.. Ashe, S. Brady. W.A. Hellstrom, [.. Hellstrom, K.E.,
Ledbetter, J.A., McGowan, P. and Linsley, P.S.: Costimulation of
antitumor immunity by the B7 counterreceptor for the T lymphocyte
molecules CD28 and CTLA-4. Cell 71 (1992) 1093-1102.

Cloudman, A.M.: The effect of an extra-chromosomal influence upon
transplanted spontaneous tumors in mice. Science 93 (1941)
380-381.

Colombo, M.P,, Ferrari, G., Stoppacciaro. A., Parenza. M., Rodolfo, M.,
Mavilio, F. and Parmiani, G.: Granulocyte colony-stimulating
factor gene transfer suppresses tumorigenicity of a murine adenocar-
cinoma in vivo. J. Exp. Med. 173 (1991) 889-897.

Cotten, M., Wagner, E., Zatloukal, K.. Phillips, S., Curiel, D.T. and
Birnstiel, M.L.: High efficiency receptor-mediated delivery of small
and large {48 kb) gene constructs using the endosome disruption
activity of defective or chemically-inactivated adenovirus particles.
Proc. Natl. Acad. Sci. USA 89 (1992) 6094-6098.

Curiel. D.T., Wagner, E., Cotten, M., Birnstiel, M.L., Agarwal, S., Li, C.-
M.. Loechel, S. and Hu, P.C.: High-efficiency gene transfer mediated
by adenovirus coupled to DNA-polylysine complexes. Hum. Gene
Ther. 3 (1992) 147-154.

Dorsch. M., Hock, H. Kunzendorf. U. Diamantstein T. and
Blankenstein, T.: Macrophage colony-stimulating factor gene
transfer into tumor cells induces macrophage infiltration but not
tumor suppression. Eur. J. Immunol. 23 (1993) 186 190.

Dranoff. G., Jaffee. E., Lazenby, A. Golumbek, P., Levitsky, H.
Brose, K., Jackson, V., Hamada, H., Pardoll. D. and Mulligan, R.C.:
Vaccination with irradiated tumor cells engineered to secrete murine
granulocyte-macrophage colony-stimulating factor  stimulates
potent. specific, and long-lasting anti-tumor immunity. Proc. Natl.
Acad. Sci. USA 90 (1993) 3539 3543,

Esumi. N., Hunt, B, Itaya, T. and Frost, P.: Reduced tumorigenicity of
murine tumor cells secreting y-interferon is due to nonspecific host
responses and is unrelated to class 1 major histocompatibility com-
plex cxpression. Cancer Res. 51 (1991) 1185-1189.

Fearon, E.R., Itaya, T.. Hunt, B., Vogelstein, B. and Frost, P.: Induction
in a murine tumor of immunogenic tumor variants by transfection
with a foreign gene. Cancer Res. 48 (1988) 2975-.2980.

Fearon, E.R., Pardoll, D.M., Itaya. T.. Golumbek. P.. Levitsky, H.1.,
Simons, J.W., Karasuyama, H.. Vogelstein, B. and Frost, P.:
Interleukin-2 production by tumor cells bypasses T helper function
in the generation of an antitumor response. Cell 60 (1990) 397-403.

Gansbacher. B.. Zier, K., Daniels, B., Cronin, K., Bannerji, R. and
Gilboa. E.: Interleukin 2 gene transfer into tumor cells abrogates
tumorigenicity and induces protective immunity. J. Exp. Med. 172
(1990a) 1217-1224.

Gansbacher, B., Bannerji, R., Daniels, B., Zier, K.. Cronin, K. and
Gilboa, E.: Retroviral vector-mediated +y-interferon gene transfer
into tumor cells generates potent and long lasting antitumor immu-
nity. Cancer Res. 50 (1990b) 7820-7825.

Golumbek, P.T., Lazenby, AJ. Levitsky, H.L, Jaffee, L.M..
Karasuyama, H., Baker, M. and Pardoll, D.M.: Treatment of estab-
lished renal cancer by tumor cells engineered to secrete interleukin-4.
Science 254 (1991) 713-716.

Groen, T.P.: Tumor-associated antigens (TAA). In: den Otter, W. and
Ruitenberg, EJ. (Eds.), Tumor Immunology. Elsevier, Amsterdam,
1987, pp. 13-28.

Hock. H.. Dorsch, M. Diamantstein. T. and Blankenstein. 1.
Interleukin 7 induces CD4 " cell-dependent tumor rejection. J. Exp.
Med. 174 (1991) 1291 1298,

Hock. H.. Dorsch, M., Kunzendorf, U., Qin. Z.. Diamantstein, T. and
Blankenstein, T.: Mechanisms of rejection induced by tumor cell-
targeted gene transfer of interleukin 2, interleukin 4. interfeukin 7.
tumor necrosis factor, or interferon v. Proc. Natl Acad. Sci. USA
90 (1993) 2774-27178.

Itaya, T. Yamagiwa. S. Okada, F. Oikawa, T.. Kuzumaki, N.
Takeichi, N., Hosokawa. M. and Kobayashi. H.: Xenogenization of
a mousc lung carcinoma (3LL) by transfection with an allogencic
class 1 major histocompatibility complex gene (H-2L¢). Cancer Res.
47 (1987) 3136-3140.

Ito, T.. Wang, D.-Q.. Maru, M., Nakajima. K., Kato. S.. Kurimura, T.
and Wakamiya, N.: Antitumor efficacy of vaccinia virus-modified
tumor cell vaccine. Cancer Res. 50 (1990) 6915 6918.

Janeway Jr. C.A.: Approaching the asymptote”: evolution and revolu-
tion in immunology. Cold Spring Harbor Symp. Quant. Biol. 54
(1989) 1-13.

Kenne, J.A. and Foreman, J.: Helper activity is required for the in vivo
generation of cytotoxic T lymphocytes. J. Exp. Med. 155 (1982)
768--782.

Kushtai, G.. Feldman, M. and Eisenbach. L.: ¢c-fos transfection of 3LL
tumor cells turns on MHC gene expression and consequently
reduces their metastatic competence. Int. J. Cancer 45 (1990)
1131-1136.

Lake. P. and Michinson. N.A.: Associative control of the immunc
response to cell surface antigens. Immunol. Commun. 5 (1976)
795 -80S.

Lake, P. and Michinson, N.A.: Regulatory mechanisms in the immune
response to cells surface antigens. Cold Spring Harbor Symp. Quant.
Biol. 41 (1977) 589--595.

Lehner. B.. Schlag, P, Liebrich. W. and Schirrmacher. V.: Postoperative
active specific immunization in curatively resected colorectal cancer
paticnts with a virus-modified autologous tumor cell vaccine. Cancer
Immunol. Immunother. 32 (1990) 173 178.

Ley, V. Langlade-Demoyen., P.. Kourilsky, P. and Larsson-
Sciard, E.-L.: Interleukin 2-dependent activation of tumor-specific
cytotoxic T lymphocytes in vivo. Eur. J. Immunol. 21 (1991)
851-854.

Liebrich, W., Schlag, P.. Manasterski, M.. Lehner. B.. Stohr, M.,
Maller, P. and Schirrmacher, V.: In vitro and clinical characterisa-
tion of a Newcastle disease virus-modified autologous tumour cell
vaccine for treatment of colorectal cancer patients. Eur. J. Cancer
27 (1991) 703--710.

Lindenmann, J. and Kiein. P.A.: Viral oncolysis: increased immunoge-
nicity of host cell antigen associated with influenza virus. J. Exp.
Med. 126 (1967) 93--108.

Linsley, P.S.. Brady, W.. Grosmaire, L., Aruffo, A., Damle. N.K. and
Ledbetter, J.A.: Binding of the B cell activation antigen B7 to CD28
costimulates T cell proliferation and interleukin 2 mRNA accumula-
tion. J. Exp. Med. 173 (1991) 721 730.

Lurquin. C.. Van Pel, A., Mariamé. B., De Plaen, E.D.. Szikora. J.-P..
Janssens, C., Reddehase, M.J.. Lejeune, J. and Boon. T.: Structure
of the gene of Tum-transplantation antigen P91A: the mutated exon
encodes a peptide recognition with L by cytolytic T cells. Cell 58
(1989) 293 -303.

Maraguchi, Y., Toda, K.-I., Fujii, K., Imamura, S. and Watanabe. Y.:
Survival period of tumor-bearing mice is prolonged after the in-
terferon~y-producing gene transfer. Cancer Lett. 60 (1991) 41 49,

Nossal, G.J.V.: Immunologic tolerance: collaboration between antigen
and lymphokines. Science 245 (1989) 147-153.

Ohe, Y., Podack. E.R.. Olsen, K.J., Miyahara, Y., Ohira, T., Miura, K..
Nishio, K. and Saijo, N.: Combination effect of vaccination with
11.2 and 114 cDNA transfected cells on the induction of a therapeu-



tic immune response against Lewis lung carcinoma cells. Int. J.
Cancer 53 (1993) 432-437.

Ostrand-Rosenberg, S., Thakur, A. and Clements, V.: Rejection of
mouse sarcoma cells after transfection of MHC class II genes.
J. Immunol. 144 (1990) 4068-4071.

Pardoll, D.: New strategies for active immunotherapy with genetically
engineered tumor cells. Curr. Opin. Immunol. 4 (1992) 619-623.
Plaksin, D., Gelber, C., Feldman, M. and Eisenbach, L.: Reversal of the
metastatic phenotype in Lewis lung carcinoma cells after transfec-
tion with syngeneic H-2K® gene. Proc. Natl. Acad. Sci. USA 85

(1988) 4463-4467.

Porgador, A., Gansbacher, B., Bannerji, R., Tzehoval, E., Gilboa, E.,
Feldman, M. and Eisenbach, L.. Anti-metastatic vaccination of
tumor-bearing mice with IL-2-gene-inserted tumor cells. Int. J.
Cancer 53 (1993) 471-477.

Restifo, N.P., Spiess, P.J., Karp, S.E., Mul¢, J.J. and Rosenberg, S.A.
A nonimmunogenic sarcoma transduced with the cDNA for in-
terferon v elicits CD8* T cells against the wild-type tumor: correla-
tion with antigen presentation capability. J. Exp. Med. 175 (1992)
1423-1431.

Rollins, B.J. and Sunday, M.E.: Suppression of tumor formation in vivo
by expression of the JE gene in malignant cells. Mol. Cell. Biol. 11
(1991) 3125-3131.

Roth, C., Mir, L., Cressent, M., Quintin-Colonna, F., Ley, V.,
Fradelizi, D. and Kourilsky, P.: IL-2 gene transduction in malignant
cells: applications in cancer containment. Bone Marrow Transplant.
9, Suppl. 1 (1992) 174-175.

Russell, S.J., Eccles, S.A., Flemming, C.L., Johnson, C.A. and Collins,
M.K.L.: Decreased tumorigenicity of a transplantable rat sarcoma
following transfer and expression of an IL-2 cDNA. Int. J. Cancer
47 (1991) 244-251.

Schwartz, R.H.: Acquisition of immunological self-tolerance. Cell 57
(1989) 1073-1081.

207

Tepper, R.IL, Pattengale, P.K. and Leder, P.: Murine interleukin-4 dis-
plays potent anti-tumor activity in vivo. Cell 57 (1989) 503-512.
Tepper, R.I, Coffman, R.L. and Leder, P.: An eosinophil-dependent
mechanism for the antitumor effect of interleukin-4. Science 257

(1992) 548--551.

Townsend, S.E. and Allison, J.P.: Tumor rejection after direct costimula-
tion of CD8* T cells by B7-transfected melanoma cells. Science 259
(1993) 368-370.

Van der Bruggen, P. and Van den Eynde, B.: Molecular definition of
tumor antigens recognized by T lymphocytes. Curr. Opin. Immunol.
4 (1992) 608-612.

Van Pel, A. and Boon, T.: Protection against a nonimmunogenic mouse
leukemia by an immunogenic variant obtained by mutagenesis.
Proc. Natl. Acad. Sci. USA 79 (1982) 4718-4722.

Wagner, E., Zatloukal, K., Cotten, M., Kirlappos, H., Mechtler, K.,
Curiel, D.T. and Birnstiel, M.L.: Coupling of adenovirus to poly-
lysine-DNA complexes greatly enhances receptor-mediated gene
delivery and expression of transfected genes. Proc. Natl. Acad. Sci.
USA 89 (1992) 6099-6103.

Wallack, M.K., Steplewski, Z., Koprowski, H., Rosato, E., George, J.,
Hulihan, B. and Johnson, J.: A new approach in specific active
immunotherapy. Cancer 39 (1977) 560-564.

Watanabe, Y., Kuribayashi, K., Miyatake, S., Nishihara, K., Nakayama,
E.-I., Taniyama, T. and Sakata, T.-A.: Exogenous expression of
mouse interferon v cDNA in mouse neuroblastoma C1300 cells re-
sults in reduced tumorigenicity by augmented anti-tumor immunity.
Proc. Natl. Acad. Sci. USA 86 (1989) 9456-9460.

Zatloukal, K., Wagner, E., Cotton, M., Phillips, S, Plank, C,
Steinlein, P., Curiel, D.T. and Birnstiel, M.L.: Transferrinfection: a
highly efficient way to express gene constructs in eukaryotic cells.
Ann. N.Y. Acad. Sci. 660 (1992) 136-153.



