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Genetic Modification of Cells by Receptor-Mediated Adenovirus-
augmented Gene Delivery: A New Approach for Immunotherapy of 
Cancer 

K . Z A T L O U K A L 1 ' 3 , 4 , A . S C H N E E B E R G E R 2 , M . B E R G E R 1 , F . K O S Z I K 2 , W . S C H M I D T 1 , E . W A G N E R 1 , 
M . C O T T E N 1 , M . B U S C H L E 1 , G . M A A S S 1 , G . S T I N G L 2 , and M . L . B IRNSTIEL 1 

Summary 

Most concepts of gene therapy of Cancer are based on the generation of an enhanced immune re
sponse against the cancer by means of vaccination with gene-modified cancer cells. We have investi-
gated the applicability of a new gene transfer technique which uses the receptor-mediated endocytosis 
pathway and the endosome disruption activity of adenovirus for the generation of a cancer Vaccine 
consisting of interleukin-2 (IL-2)-transfected, irradiated murine melanoma cells (clone M-3). This tech
nique resulted in very high IL-2 expression (in the ränge of 30 000 Units IL-2/l06cells/24hrs) in the 
transfected cells without the need to selection of stably expressing cell clones. We found that this high 
IL-2 expression of the melanoma cells correlates with high efficacy of the Vaccine. Immunization of 
animals with this Vaccine elicits a systemic T-cell-mediated immune response which protects from tu-
mor development after Implantation of highly tumorigenic doses of wild-type melanoma cells. 

Cytokine-Gene-Modified Cancer Cells: A New Concept in Immunotherapy of 
Cancer 

Successful immunotherapy of cancer has to overcome the problem of poor immunoge-
nicity of spontaneously developed Cancers, the clonal selection of cancer cells which have al-
ready escaped immune recognition and the active immune suppression in the tumor bear-
ing patient by the cancer ( N O R T H , 1985) . Inactivated cancer cells or sub-cellular fractions of 
cancer cells have been used to immunize patients against their cancer for almost one Cen
tury. The obtained therapeutic effects were, however, in most studies disappointing ( O E T T -
G E N and O L D , 1991) . Recent developments in the field of gene transfer technology provide 
now the possibility to genetically modify cancer cells w i t h the aim to support at the molec
ular level the generation of an protective immune response (for review see P A R D O L L , 1 9 9 3 ; 
T E P P E R and M U L E , 1994 ; Z A T L O U K A L et al. , 1993) . It has been shown independently by many 
groups that expression of cytokines in cancer cells leads to local rejection of the gene-modi
fied cells and, in some cases, elicits a systemic immunity which protects immunized animals 
f rom tumor development after challenge with wild-type cancer cells. Most of the yet inves-
tigated experimental and clinical (immuno)-gene therapy approaches of cancer were based 
on IL-2-modified cells ( B U B E N I K et al., 1 9 9 0 ; C A V A L L O et al. , 1992 ; F E A R O N et al., 1990 ; G A N S 
B A C H E R et a l , 1 9 9 0 a; G A N S B A C H E R et al., 1992 ; H A D D A D A et al. , 1 9 9 3 ; H O C K et al., 1993 ; K A R P 
et al. , 1 9 9 3 ; L E Y et al., 1 9 9 1 ; O S A N T O , 1 9 9 3 ; P R O G A D O R et al . , 1 9 9 3 ; R O S E N B E R G , 1992 ; R U S S E L L 
et al . , 1 9 9 1 ; T O H M A T S U et al., 1 9 9 3 ; U C H I Y A M A et al. , 1 9 9 3 ; V I E W E G et al., 1994; VISSEREN et 
al. , 1994) . Besides IL-2 also other cytokines such as IL-4 ( D R A N O F F et al. , 1993 ; G O L U M B E K et 
al. , 1 9 9 1 ; H O C K et al. , 1 9 9 3 ; L O T Z E , 1994 ; T E P P E R et al. , 1 9 9 2 ; T E P P E R et al., 1989) IL-7 ( H O C K 
et al . , 1 9 9 1 ; H O C K et al. , 1993) , IFN-gamma ( D R A N O F F et al, 1 9 9 3 ; G A N S B A C H E R et al., 
1 9 9 0 b; H O C K et al. , 1993) , TNF-a lpha ( A S H E R et al . , 1 9 9 1 ) and, more recently, G M - C S F 
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( D R A N O F F et al., 1993) were used for the generation of cancer vaccines. F o r the delivery of cyto-
kine-encoding gene constructs so far either classical non-viral transfection procedures fol low-
ed by selection for stably cytokine-expressing cell clones or retroviral vectors were applied. 

A Highly Effective Cancer Vaccine is Generated by Receptor-mediated, Adenovirus-
augmented Delivery of IL-2 Gene Constructs into Murine Melanoma Cells 

In the present study we have tested the applicability of a new gene transfer technique 
w h i c h uses the natural cellular uptake mechanism for internalization of macromolecules, 
namely the receptor-mediated endocytosis route for delivery of cytokine genes into cancer 
cells ( W A G N E R et al., 1990). T o ensure intracellular release of the endocytosed D N A , the 
D N A is linked to replication-defective adenovirus (E4-defective human adenovirus type 5, 
dl 1014; B R I D G E and K E T N E R , 1989), which after endocytosis disrupts the membrane of acidi-
fied endosomes leading to a release of the virus and the endocytosed D N A into the cyto-
plasm so that the D N A can enter the nucleus where it becomes active ( C U R I E L et al. , 1991). 
The combination of the receptor-mediated endocytosis of D N A and the adenovirus-indu-
ced intracellular release of the D N A is achieved in that the D N A is complexed via polyly-
sine to transferrin (as a ligand for internalization by the transferrin receptor) and to replica
tion-defective adenovirus ( W A G N E R et al. , 1993; Z A T L O U K A L et al., 1993). This technique has 
several features which might by beneficial for the generation of cytokine-expressing cancer 
vaccines. 1) The transfection efficiency is very high so that high levels of gene expression 
can be obtained even without selection for stably expressing cell clones. This allows genetic 
modification of cancer cells freshly isolated from a tumor without the need to long-term 
culture, which ensures a better maintenance of the antigen spectrum of the original tumor 
in the Vaccine. Moreover, we have found that the high levels of cytokine expression might 
be essential for effective cancer vaccines (see below). 2) There is the possibility for expres
sion of large genes ( C O T T E N et al. , 1993) and coexpression of different genes. 3) In contrast 
to conventional recombinant viral vectors, in the receptor-mediated, adenovirus-augmented 
gene delivery System the adenovirus is not a vector since it does not contain foreign genetic 
information but merely supports the intracellular release of the D N A . Therefore, in addi-
t ion to the genetic inactivation, which makes the adenovirus non-infectious, the viral ge-
nome can be destroyed by chemical treatment without affecting its endosome disruption ac-
t ivity ( C O T T O N et al., 1993). This improves the safety of the technique over classical viral 
vectors and especially avoids the risk of interaction between vector and wild-type adenovi
rus. 

The efficacy of a cancer Vaccine which was generated by transfection of the murine mela
noma cell line M-3 ( Y A S U M U R A et al. , 1966) with a murine IL-2 expression vector using the 
receptor-mediated, adenovirs-augmented gene delivery, has been investigated in syngeneic 
D B A / 2 mice. M-3 cells are a highly tumorigenic melanin-producing cell clone (minimal tu-
morigenic dose is less than 1 x 103 cells), which is derived from the spontaneously arisen 
Cloudman S91 melanoma ( C L O U D M A N et al., 1941). Immunization of D B A / 2 mice with 
1 x 105 IL-2-transfected and irradiated M-3 cells (two subcutaneous injections in one week 
interval) protected the mice from subsequent tumor formation after challenge w i t h wild-
type M-3 cells (1 x 105 or 3 x 105 M-3 cells injected subcutaneously contralaterally to the im
munization sites) (Fig. 1). We found that there is a correlation between the Vaccine efficacy 
and the level of IL-2 expression in that vaccines producing l o w levels of IL-2 (400 U n i t s / 
10 6cells/24hrs as determined by E L I S A ) protected fewer animals and tumor development 
occurred earlier than in the group which had been immunized w i t h high level IL-2-produ-
cing vaccines (30 000 Uni ts /10 6 cells/24 hrs) (Fig. 1). In this context it is noteworthy that so 
far most investigations (including clinical trials) have been performed w i t h vaccines produ
cing IL-2 in the ränge of our low level Vaccine. 

Histological analysis of tumor challenge sites of naive and immunized mice showed a strik-
ing difference in the vaccine-induced inflammatory response. In naive mice as well as in 
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Naive mice 

High IL-2/1x10e5 

Low IL-2/1x10e5 

High IL-2/3x10e5 

Low IL-2/3x10e5 
0 1 2 3 4 5 6 7 8 9 

Weeks after challenge 
Fig. 1: Immunization of D B A / 2 mice with IL-2-transfected and irradiated M-3 melanoma cells sys-
temically protects against subsequent challenge with wild-type M-3 cells. Mice were immunized twice 
with l x l O 5 irradiated M-3 cells expressing either high (30,000 Units IL-2/l06cells/24hrs; High IL-2) 
or low (400 Units/106cells/24hrs; Low IL-2) amounts of IL-2. One week after the second immuniza
tion, animals were challenged with 1 x 105 (1 x 10e5) or 3 x 105 (3 x 10e5) wild-type M-3 cells. As a con-
trol, non-immunized mice (naive mice) were challenged with 1 x 105 wild-type M-3 cells. 

Fig. 2: Inflammatory response at the challenge sites of mice immunized with mock-transfected, irra
diated M-3 cells (a) and mice immunized with high level IL-2-expressing, irradiated M-3 cells (b) at 
96hrs after challenge. H E , x90. 
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Tab. 1. Semiquantitative immunohistochemical analysis of the inflammatory cells at the challenge 
sites of D B A / 2 mice immunized with high IL-2-expressing, irradiated M-3 cells (IL-2) and of mice im
munized with mock-transfected, irradiated M-3 cells (pSP 65) at 48hrs and 96hrs after challenge. 
Numbers indicate positive cells/tumor cross-section. At 48hrs the number of Mac-1 positive cells ex-
ceeded 1000 cells in the IL-2 group and, therefore, was not countable (+ + + +: dense Infiltrate; + + : 
light infiltrate). The numbers of positive cells found at 48 hrs and 96 hrs may not be directly compared 
since different tumors from different animals were evaluated. 

Time after 
challenge 

Immunization C D 8 C D 4 B 2 2 0 Mac-1 

48 hrs IL-2 18 103 4 + + + + 
48 hrs pSP 65 1 1 0 + + 
96 hrs IL-2 28 29 2 600* 
96 hrs pSP 65 1 3 0 460* 

* 600 positive cells/300 tumor cells and cross-section 
'* 460 positive cells/900 tumor cells and cross-section 

animals immunized with mock-transfected, irradiated cells (mock-transfected cells were 
treated identically to IL-2-transfected cells except that a pSP 65 plasmid, which does not lead 
to expression of a cytokine, was used instead of the IL-2-encoding plasmid) viable melano-
mas were seen at the tumor cell implantation sites, which showed light infiltration with gra-
nulocytes and macrophages (Fig. 2 a). Whereas in mice immunized with IL-2-expressing, ir
radiated cells most of the melanoma cells had been lysed at 96 hrs after cell implantation. In 
these animals the challenge sites and the adjacent tissue were heavily infiltrated with granu-
locytes, macrophages and lymphocytes (Fig. 2 b). M o r e detailed information was obtained 
from immunohistochemical investigations which revealed that beside the more pronounced 
inflammatory response of granulocytes and macrophages in immunized mice, T cells were 
almost exclusively detectable in the IL-2-immunized group (Table 1). A t 48 hrs after chal
lenge C D 4 + T cells dominated over C D 8 + T cells whereas at 96 hrs the ratio between 
C D 4 + and C D 8 + cells was approximately 1:1 (Table 1). These differences in the vaccine-in-
duced inflammation are indeed related to the IL-2 production of the cancer Vaccine since the 
inflammation in animals which had been immunized with mock-transfected, irradiated M-3 
cells was almost identical to naive mice and did not show a significant participation of 
T cells (Table 1). These findings indicate that high level IL-2-expressing vaccines support the 
activation of tumor-specific T cells and that eradication of a tumor occurs most likely by a 
Cooperation between specific (T cells) and non-specific (granulocytes and macrophages) ef-
fector cells. The essential role of T cells was further demonstrated in experiments per-
formed in athymic nude mice. In contrast to immunocompetent mice, T-cell-deficient athymic 
nude mice were unable to generate a tumor-specific systemic immune response ( Z A T L O U K A L 
et al., manuscript submitted). 

Further investigations might elucidate by which mechanisms IL-2 Supports, in the context 
of the cancer Vaccine, the generation of tumor-specific T cells. A better insight into these 
early events of the induction of the immune response will provide a basis for further devel-
opments in the field of gene-therapeutic cancer vaccines. 
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