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Preface 

In metastasis, tumor cells disseminate from the primary 
lesion and home to secondary organs where they may remain 
dormant for a long time. Metastasis formation is still the most 
feared manifestation for tumor patients and clinicians. 
Although improvements have been made concerning earlier 
detection and specific therapy, most of the cancer patients 
still die of distant metastases. The purpose of these three 
volumes is to review the recent progress in molecular metas
tasis research and to attempt to further understand the biol
ogy of this multifocal process. 

With respect to present day molecular biology, the pioneers of 
metastasis research established the basic concepts of metasta
sis formation in the 1970s and 1980s, namely, clonal selection of 
metastatic cells, heterogeneity of metastatic subpopulations, 
organ specificity of metastasis and the importance of angio
genesis (Fidler, Kripke, Nicolson, Folkman and others). In the 
1980s and 1990s, several of the molecules involved were 
identified and their network interactions elucidated. These 
three volumes of Current Topics in Microbiology and Immuno
logy compile the most recent developments on these meta
stasis-related molecules; their interactions, regulation, and 
ways to interfere with their action. It became evident that 
metastasis-related molecules are confined to distinct cellular 
compartments, such as the extracellular space, the cell 
membrane, the cytoplasmic signalling network, and the nuclear 
regulatory system. 

For the complex metastatic cascade, proteolysis and 
alterations in adhesive functions are the most obvious and 
thus one of the most thoroughly investigated processes. 
Various proteases and precursors (metalloproteinases and 
serine proteases) and their inhibitors (tissue inhibitors of 
metalloproteases, plasminogen activator inhibitors and serpins) 
exhibit a sensitive complex of interplay - we are particularly 
fascinated by their highly regulated nature. Not only the 
proteases and their inhibitors are important in all the different 
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stages of metastasis formation, but also to the same extent 
adhesive and "de-adhesive" interactions: metastatic cells 
must constantly detach themselves from their old partners 
and reattach to new ones, as mainly outlined in the first 
volume and partly in the second volume. Among the wide
spread members of the adhesion molecule families, certain 
immunoglobulins, integrins, cadherins, selectins, and hyaluro
nic acid receptors as well as their ligands are implicated in the 
spread of metastatic cells. The control of the metastatic 
cascade by these extracellularly acting molecules is 
delicately balanced, and slight changes could affect the 
establishment of the normal cellular organization and conse
quently promote metastasis formation. Strikingly, some 
genes of adhesion molecules have recently been identified as 
tumor suppressor genes in model organisms (e.g. Drosophila) 
and are in fact mutated in metastasizing human tumors. 

Growth of primary tumors and metastases is strictly depen
dent on angiogenesis, the formation of new blood vessels. How 
this process is regulated by cytokines is another topic of the 
second volume. Cytokines are not only important in angio
genesis but are essential for the direct migration of metastatic 
cells. Cytokines act through specific receptors which mediate 
signals by different means, e.g., tyrosine phosphorylation. A 
recent discovery is that cytoplasmic signal transduction 
components, transcription factors, and cell cycle regulators 
are also metastasis-related. Many of the presently described 
genes in metastasis were known as activated oncogenes for 
several years, but apparently the encoded gene products have 
a broader spectrum of action than was originally assumed. 

We have recently learned that the spread of metastatic 
cells, especially of micrometastases, is far more extensive 
than previously expected. A successful anti metastatic therapy 
therefore requires new strategies: for this reason the third 
volume comprises novel approaches such as immuno
therapy, transfer of tumor-inhibiting genes and anti-sense 
constructs, as well as interference with signal transduction 
pathways. Promising new therapeutic approaches also 
involve the use of anti-angiogenic factors or of recombinant 
soluble metastasis-related molecules which interfere with 
ligand interactions. 

As the process of metastatic spread is presently regarded 
as a multifactor event which is yet to be sufficiently understood 
in the multitude of its aspects, approaches to clinical treatment 
have to be polypragmatic. Methods of treatment are based on 
chemotherapy and radiotherapy, refined and adapted to the 
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type of tumor pertaining and the pattern of metastatic spread. 
Increasingly, therapies which incorporate new insights from 
immunology and molecular biology are adopted for clinical 
use. To present a rounded scope of the topic, these current 
strategies are covered by the third volume in particular. 
Surgical treatment options are indicated in cases where a 
curative intervention is feasible e.g. in solitary metastases of 
colorectal carcinoma, soft tissue, and kidney tumors. 

We hope that the reader of these volumes is impressed 
by the quality of the contents. Metastasis has obviously 
emerged as a serious discipline of natural sciences due to the 
fact that the molecular biology of various metastasis-related 
molecules and their complex interplay became transparent. 
We are, nevertheless, still in the beginning phase and await 
further progress from which patients will finally benefit. 

Most, if not all of the metastasis-specific processes des
cribed are also known to be involved in embryonic development 
and pattern formation, as well as in leukocyte biology. The 
disciplines of metastasis research, developmental biology, 
and immunology can, therefore, profit from and stimulate 
each other. The genetic analysis of candidate molecules and 
their interplays in transgenic mice will certainly further broaden 
our understanding of the molecular basis of metastasis 
formation. 

We would like to thank the authors who have spent their 
valuable time in writing a chapter for this series. Without their 
expertise and cooperation, this compilation of newest 
developments in metastasis research would not have been 
attainable. Leslie Nicklin (Basel) assisted the edition of this 
series with her competent skills; we are most grateful for her 
contribution. 

Basel 
Berlin 
Berlin 

URSULA GUNTHERT 

WALTER BIRCHMEIER 

PETER M.SCHLAG 
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In industrialized societies, the most frequent forms of cancers are derived from 
epithelia of the gastrointestinal and urogenitary tract, mammary ducts, and 
bronchi. Despite recent progress in early detection and surgical therapy of these 
tumors, cancer-related mortality has remained high. The major reason for this 
disturbing discrepancy is that occult dissemination of viable malignant cells can 
occur at an eprly stage of tumor growth (RIETHMULLER and JOHNSON 1992). This 
implies that the acquisition of at least some characteristics of metastatic behavior 
can occur prior to attainment of the unrestrained growth observed in fully 
developed tumors. In this context, it is important to consider that tumorigenesis 
and metastasis development are not necessarily the result of the same genetic 
changes (FIDLER and RADINSKY 1990; LlonA et al. 1991). 

Institute of Immunology, Ludwig-Maximilians University, Goethestr 31, 80336 Munich, Germany 
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Although micrometastatic tumor cell spread is thought to determine the 
prognosis of patients with operable epithelial cancer, it is usually missed by 
conventional tumor staging. Several groups (including ours) have therefore devel
oped immunocytochemical and molecular assays that allow the specific detection 
and characterization of individual carcinoma cells disseminated to secondary 
organs, such as blood, bone marrow (BM). or lymph nodes. Among the various 
organs investigated, BM is an important indicator organ of micrometastatic 
spread because it is easily accessible and lacks epithelial cells. Thus disseminated 
epithelial tumor cells can be detected by use of monoclonal antibodies (mAb) to 
epithelial-specific marker proteins such as cytokeratins (CK). Moreover, bone or 
BM is one of the major sites of distant metastasis in several types of epithelial 
tumors, including cancer of the breast, prostate, or lung. 

The present review focuses on new diagnostic and therapeutic approaches to 
identify and treat patients with minimal residual epithelial cancer. 

2 Diagnostic Approaches of Micrometastasis Detection 

2.1 Immunocytochemistry 

Several methodological studies have been based on surrogate model systems of 
BM samples spiked with cancer cells cell lines, demonstrating that immuno
cytologic techniques are superior to conventional histopathologic examinations or 
flow cytometric analyses (MOLINO et al. 1991). However, GROSS et al. (1995) 
presented a recent model study in which spiked breast cancer cells were detected 
in peripheral blood mononuclear cells at frequencies as low as 10-7 by using four
color immunofluorescence. 

Immunocytochemical methods relying on mAb to a variety of epithelial
specific cytoskeleton and membrane antigens have been applied to detect 
individual disseminated carcinoma cells in mesenchymal organs (Table 1). Since 
the specificity of the immunocytochemical screening for single disseminated 
tumor cells is one of the major concerns, most investigators decided to use mAb 
rather than polyclonal antisera for tumor cell detection. The most extensive 
experience stems from immunocytologic analysis of BM, which is an easily 
accessible' and preferential site of metastases for various epithelial tumors, 
including carcinomas of the breast, lung, and prostate. Previous methodological 
studies have used surrogate model systems of BM samples spiked with cancer 
cells from cell lines, demonstrating that the technique can detect two to four cells 
at a concentration of 10 per 106 and, by extrapolation, a 95% chance of detecting 
one cancer cell at a concentration of 2 per 106 (OSBORNE et al. 1991). The clinical 
relevance of these evaluations remain disputed, because tumor cells selected 
in vitro may display different characteristics as compared to cancer cells in vivo. 
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Table 1. Immunocytochemical detection of isolated tumor cells in secondary organs of patients with 
various types of epithelial cancer 

Secondary Tumor Marker Prognostic References 
organ origin value 

Bone marrow Breast EMA + MANSI et al. (1991) 
EMA, TAG12, + HARBECK et al. (1994) 
CK 
CK + COTE et al. (1991) 

SCHLIMOK et al. (1994) 
SCHLIMOK et al. (1992) 

TAG12 + DIEL et al. (1992) 
Colorectum CK + LINDEMANN et al. (1992) 

Ca-19-9 n.d. JUHL et al. (1994) 
Stomach CK + JAUCH et al. (1995) 

SCHLIMOK et al. (1991) 
Pancreas CmK n.d. JUHL et al. (1994) 

Ca-19-9 
Lung, SCLC SM1 n.d. STAHEL et al. (1985) 

LCA 1-3 n.d. HUMBLET et al. (1988) 
Lung, CK + PANTEL et al. (1996) 
NSCLC 
Prostate CK n.d. OBERNEDER et al. (1994a,b) 

RIESENBEREG et al. (1993) 
CK,PSA, EMA MANSI et al. (1988) 

Bladder CK n.d. OBERNEDER et al. (1994b) 
Kidney CK n.d. OBERNEDER et al. (1994b) 

Lymph nodes Breast CK + DE MASCAREL et al. (1992) 
Lung BerEp4 + PASSLICK et al. (1994) 

CK n.d. CHEN et al. (1993) 
Colorectum CK and CEA n.d. CUTAIT et al. (1991) 

Peripheral blood Breast CK and HEA 125 n.d. BRUGGER et al. (1994) 

ICC, immunocytochemistry; RT-PCR, reverse-transcriptase polymerase chain reaction; EMA, epithelial 
membrane antigen; CK, cytokeratin; TAG 12, tumor-associated glycoprotein-12; LCA, lung cancer 
antigens; PSA, prostate-specific antigen; HEA 125, human epithelial antigen-125; CEA carcino-
embryonic antigen; SCLC, small cell lung cancer; NSCLC, non-small-cell lung cancer; n.d., not 
determined. 

In a more recent investigation, we therefore concentrated on the evaluation 
of BM samples obtained from cancer patients (PANTEL et al. 1994). Our analysis 
underscored the remarkable sensitivity and specificity of anticytokeratin (anti-CK) 
mAb for tumor cell detection in BM (one tumor cell per 2 x 106 BM cells). In 
contrast, mAb to "epithelial-specific" cell membrane proteins are less reliable 
because of their frequent cross-reactivity with hematopoietic cells present in BM 
aspirates (SCHLIMOK et al. 1991; PANTEL et al. 1994). Morphological criteria, as 
invoked by some authors who have used such antibodies (MANSI et al. 1991; DIEL 
et al. 1992), are rather unreliable because of the heterogeneous size and shape of 
aspirated carcinoma cells. Previous investigations suggesting the ectopic expres
sion of CK18 in mesenchymal cells were not confirmed by our recent immuno
cytochemical analyses (SCHLIMOK et al. 1991; PANTEL et al. 1994). In contrast, the 
epithelial nature of CK18-positive cells in BM was supported by coexpression of 
histogenetic marker proteins (e.g., prostate-specific antigen PSA) (RIESENBERG 
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et al. 1993) and by negative costaining with mAb to the common leukocyte 
antigen C045 (SCHLIMOK et al. 1987; PANTEL et al. 1994). 

Using anti-CK mAb the detection rate is however affected by blood contami
nation of the aspirate, the number of aspirates analyzed, and the number of 
marrow cells screened per aspiration site (PANTEL et al. 1994). Thus the result of 
immunocytochemical screening for single carcinoma cells in BM largely depends 
on the applied method, which underscores the urgent need for a standardized 
protocol. At present, we recommend that at least 2 x 1 06 nucleated cells aspirated 
from two sites of the iliac crest be screened, using a broad-spectrum CK mAb 
with proven specificity for epithelial cells. International concerted activities are 
now required to develop a standardized procedure that may then also serve as a 
gold standard for other diagnostic approaches. 

2.2 Cellular Enzyme Immunoassay 

Immunocytochemical analysis is quite cumbersome, which might hamper its 
introduction into clinical routine unless reliable techniques for the automated 
staining and scanning of cytospin preparations become available. Attention is 
therefore focused on the development of alternative methods to process large 
sample volumes and to assess epithelial antigens with high sensitivity. We have 
therefore developed a cellular enzyme immunoassay (enzyme-linked immuno
sorbent assay, ELISA) using mAb against CK19 (HOECHTLEN-VOLLMAR et al. 1995; 
PANTEL et al. 1993b). CK19 was preferred as target antigen over CK18 because it is 
smaller and more easily soluble. The cutoff point determined by analysis of 
peripheral blood leukocytes (PBl) from 50 healthy volunteers was set at 250 pg/ml 
CK. The sensitivity of the assay was determined by mixing HT-29 colon carcinoma 
cells with PBL; it allowed the detection of ten HT-29 cells in 5 x 106 PBL. 

In total, 386 BM aspirates from 242 patients with various types of epithelial 
tumors were simultaneously analyzed by this ELISA and our immunocyto
chemical CK assay using mAb CK2 to CK18 for detection of tumor cells in BM. The 
results were consistent in 62% (p < 0.001) of the aspirates, with ELISA being 
more sensitive than the immunocytologic analysis. Follow-up studies of tumor 
patients have been initiated to test the prognostic significance of the results 
obtained with ELISA. 

2.3 Molecular Approaches -
Polymerase Chain Reaction Technique 

Theoretically, the polymerase chain reaction (PCR) method should be the most 
sensitive technique to detect minimal residual disease. Thus far, this approach has 
only proven successful in lymphoma patients who showed a prolonged survival after 
receiving tumor-free marrow transplants as defined by PCR analysis (GRIBBEN et al. 
1991). The development of a corresponding approach for screening patients with 
epithelial cancer is more difficult, because ofthepronounced tumor cell hetergeneity. 
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2.3.1 Detection of Histogenetic Marker Expression 

Several groups have developed reverse transcriptase (RT)-PCR assays that screen 
for epithelial-specific mRNA species (j.e., CK, PSA) in samples from mesenchymal 
organs such as BM, peripheral blood, and lymph nodes (Table 2). The specificity 
of this approach might not be absolute but might rather reflect quantitative 
differences in the expression level of malignant cells and the surrounding autoch
thonous cells. Thus ectopic expression of small amounts of epithelial mRNA in 
mesenchymal cells might also be detected if the amplification of the transcribed 
cDNA is extensive, which can result in false-positive findings. 

This problem has been well addressed in the recent study by SCHOENFELD 
et al. (1994), who used RT-PCR for CK19 mRNA to detect breast cancer micro
metastases in axillary lymph nodes. They concluded that the optimal cutoff point 
to distinguish involved nodes from metastasis-free nodes remained at the level of 
40 cycles of PCR. When the sensitivity of the method was increased by a two
stage amplification using nested primers, the CK19 mRNA product was also 
found in normal lymph nodes from subjects without cancer (SCHOENFELD et al. 
1994). In another study, DAnA et al. (1994) recently used an RT-PCR assay for 
detection of CK19-mRNA in BM and peripheral blood and claimed a sensitivity 
of ten mammary carcinoma cells per 106 hematopoietic cells. However, the 
specificity of this finding remains obscure, since hematopoietic cells are known to 
express low levels of CK mRNA that are detectable by PCR technology (TRAWEEK 
et al. 1993; ZIPPEUUS et al. 1995). 

For patients with prostate cancer, the most specific histogenetic marker 
available at present is PSA. RT-PCR has been successfully applied to detect single 
prostatic cancer cells expressing PSA mRNA in peripheral blood, BM, and lymph 

Table 2. Polymerase chain reaction (PCR)-based detection of isolated epithelial tumor cells in 
mesenchymal tissues 

Tissue Tumor origin Marker mRNA Reference 

Bone marrow Breast CK19 DADA et al. (1994) 
CEA GERHARD et al. (1994) 

Colorectum CEA GERHARD et al. (1994) 
Stomach CEA GERHARD et al. (1994) 
Pancreas CEA GERHARD et al. (1994) 
Prostate PSA, CK19 WOOD et al. (1994) 

ZIPPELIUS et al. (1995) 

Lymph nodes . Breast CK19 SCHOENFELD et al. (1993) 
Colorectum Mutant p53 and Ki-ras HAYASHI et al. (1995) 
Prostate PSA DEGUCHI et al. (1993) 

Blood Breast CK19 DADA et al. (1994) 
Pancreas ras mutation TADA et al. (1993) 
Prostate PSA, PSM MORENO et al. (1992), 

ISRAELI et al. (1994), 
SEIDEN et al. (1994) 

CK, cytokeratin; CEA, carcinoembryonic antigen; PSA, prostate-specific antjgen; PSM, prostate-
specific membrane antigen. 
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nodes (DEGUCHI et al. 1993; MORENO et al. 1992; WOOD et al. 1994). However, the 
sensitivity of this approach might be limited by the fact that PSA is a differentiation 
marker which is only expressed in a subset of primary and micrometastatic 
prostate carcinoma cells (RIESENBERG et al. 1993; ZIPPELIUS et al. 1995). The 
expression of another prostatic marker, called prostate-specific membrane anti
gen (PSM), appears to be less specific than PSA, since RT-PCR analysis of normal 
bone marrow from non-carcinoma patients shows positive results in 10%-40% 
of the cases analyzed (ISRAELI et al. 1994; ZIPPELIUS et al. 1995). 

2.3.2 Detection of Tumor-Associated Gene Expression 

The majority of genes encoding for tumor-associated molecules are not uniquely 
expressed in tumor cells, but also exert some expression in certain "normal" 
tissues. Thus the organ in which the disseminated tumor cells are detected needs 
to be carefully evaluated for such expression to avoid false-positive results. As 
demonstrated in Table 2, GERHARD et al. (1994) have recently applied RT-PCR to 
screen for expression of carcinoembryogenic antigen (CEA) in BM samples 
obtained from patients with various types of epithelial tumors. Surprisingly, these 
authors did not find CEA mRNA in samples of normal BM and peripheral blood, 
which is in contrast to our own results, demonstrating CEA mRNA expression in 
normal BM from non-carcinoma patients (ZIPPELIUS et al. 1995). Although GERHARD 
et al. claim an increased sensitivity of their PCR assay over immunocytochemistry, 
they avoided comparison with a true benchmark method, since the number of cells 
analyzed in their immunocytochemical assay was about ten times smaller than 
that in our standard assay (2.5 x 105 versus 2 x 106). 

More recently, a group of new molecular markers, fibronectin mRNA isoforms, 
for hepatocellular carcinoma cells have been proposed by TAVIAN et al. (1994). The 
pattern of alternative splicing of fibronectin mRNA is oncodevelopmentally regu
lated in liver, as shown by identification of particular isoforms referred to as EDA 
and EDB in fetal and tumor liver, but not in control adult livers. The usefulness of 
these fibronectin mRNA isoforms for detection of disseminated hepatocellular 
carcinoma cells needs to be corroborated in clinical studies. 

2.3.3 Detection of Genomic Changes 

The successful application of the PCR method for the detection of occult 
metastatic disease was supported by the fact that lymphoma cells have unique 
genomic characteristics such as certain chromosomal translocations or idiotypic 
rearrangements of the immunoglobulin locus. In contrast, the genomic characteri
stics of epithelial cancer cells are more heterogenous. Among the most common 
changes are mutations in the K-ras oncogene and the p53tumor suppressor gene 
(Bos 1989; HARRIS and HOLLSTEIN 1993). Based on this observation, TADA et al. 
(1993) have applied PCR to detect ras gene mutations in pancreatic juice and 
peripheral blood of patients with pancreatic adenocarcinoma (Table 2). The 
sensitivity of their method is three to 30 copies of mutant K-ras genes harboring 
codon 12 single-base changes in the presence of 300 000 normal copies. 
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More recently, HAYASHI et al. (1995) also described an elegant approach, called 
the mutant allele-specific amplification (MASA) method, which is capable of 
detecting one tumor cell in thousands of lymph node cells. The prognostic 
relevance of such genetically detectable tumor cells was demonstrated in a 
clinical follow-up study on 71 patients with "node-negative" colorectal cancer 
(HAYASHI et al. 1995). Primary tumors were screened for K-ras and p53 mutations 
and corresponding regional lymph nodes were examined at the genetic level by 
the MASA method. Although the sensitivity of the MASA method needs to be 
improved to detect micrometastatic tumor cells in BM usually occuring at frequen
cies of 10-5 to 10-6, it appears to be a promising new approach. Nevertheless, 
screening for genomic changes is very tedious because it requires molecular 

,lysis of the primary tumor from each patient to determine whether the tumor 
111s of this individual patient carry the detectable alteration. 

3 Clinical Significance of Early Tumor Dissemination 

At present, information of the prognostic significance of microdisseminated 
tumor cells is almost exclusively based on immunocytochemical analyses (Table 
1). Disseminated tumor cells can be detected using antibodies which distinguish 
between the tumor cell and the microenvironment under examination. Immuno
cytochemistry is therefore the benchmark method for the detection of minimal 
residual disease. The prognostic relevance of results obtained by new molecular 
approaches, which claim an even higher sensitivity, remain to be corroborated by 
clinical studies. 

3.1 Breast Cancer 

Most data on the clinical relevance of micrometastasis is derived from analysis of 
patients with breast cancer, which is the main cause of cancer-related deaths in 
women of Western industrial countries (HENDERSON et al. 1991). Although 
90%-95% of these patients have no clinicopathologic signs of overt metastases 
at the time of primary diagnosis, metastatic relapse develops in 50% of them 
within the following 5 years (BAUM 1977). At first relapse, BM metastases are 
detectable in 23% of patients by conventional diagnostic techniques, and the rate 
increases to about 80% in necropsy studies of patients with metastatic breast 
cancer (KAMBY et al. 1987). 

Using conventional histopathologic techniques, the likelihood of identifying 
isolated tumor cells in BM at the time of primary diagnosis is only about4% (RIDELL 
and LANDYS 1979; SCHLIMOK et al. 1987). As one of the first investigators, REDDING 
et al. used an antiserum against epithelial membrane antigen (EMA) and detected 
tumor cells in bone marrow at primary surgery in 28.2% of patients without 
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manifest distant metastases (REDDING et al. 1983). Although EMA is now known to 
be a rather nonspecific marker, several groups including ours were able to confirm 
their results with the incidence of "positive" findings ranging from 20% to about 
45%. Most of the mAb used for tumor cell detection are directed at either CK 
(COTE et al. 1988; KOVARIK et al. 1989; MANEGOLD et al. 1988; PANTEL et al. 1994; 
SCHLIMOK et al. 1987) or epithelial cell surface glycoproteins (COTE et al. 1991; DIEL 
et al. 1992; MANSI et al. 1987; PORRO et al. 1988). 

An important question was whether the incidence of tumor cells in BM was 
correlated to established risk factors, such as tumor size or lymph node involve
ment. DIEL et al. (1992) found a significant correlation between BM positivity and 
tumor size (p < 0.0001), nodal status (p < 0.0001), and histopathologic tumor 
grading (p < 0.002). While an association to the progesterone receptor (p = 0.008) 
was revealed, there was no correlation to the expression of the estrogen receptor 
or the menopausal status. The London Ludwig Cancer Institute Group found that 
the presence of EMA-positive cells in BM was significantly related to lymph node 
involvement, peritumoral vascular invasion, and size of the primary tumor (BERGER 
et al. 1988). Studies applying CK antibodies appeared more frequently to show 
positive cells in BM of patients with extended primary tumors or with locoregional 
lymph node involvement (COTE et al. 1988; SCHLIMOK et al. 1987). However, this 
tendency was not statistically significant. 

In order to assess the biological potential of isolated tumor cells in BM, 
follow-up studies were required. Using a polyclonal EMA antibody, MANSI et al. 
(1987) found a significantly shorter relapse-free interval in patients with BM 
positivity after an intermediate follow-up of 28 months. Analysis of the sites of 
relapse showed that their immunocytochemical assay predicted predominantly 
the occurrence of bone metastases. After a longer median follow-up time of 76 
months (range, 34-108 months), univariate statistical analysis revealed that 
this immunocytochemical finding predicts an increased rate of relapse in bone 
(p < 0.01) and other distant sites (p < 0.001), as well as a decreased overall survival 
(p < 0.005) (MANSI et al. 1991). However, multivariate analysis indicated that this 
prognostic influence was not independent. Follow-up examinations by DIEL 
et al.(1992) showed that the presence of tumor cells in BM identified by 
immunostaining for the tumor-associated glycoprotein-12 (TAG 12) is a strong and 
independent predictor for overall distant relapse in breast cancer (p < 0.0005, Cox 
multiple regression analysis). The highest predictive value for distant metastatic 
relapse resulted from the combination of nodal status, negative progesterone 
receptor (PR), and presence of tumor cells in bone marrow. Nevertheless, data 
concerning overall survival were not included. 

Initial evidence of an independent impact of early disseminated tumor cells 
on overall survival came from the recent study by SCHLIMOK et al. (1994), who 
assessed the prognostic significance of isolated CK-positive cells in BM in a pro
spective clinical follow-up trial on 349 breast cancer patients. At primary surgery, 
BM positivity was observed in 24% of the patients without signs of manifest 
metastases (UICC stages I-III). Following a median observation time of 35 
months (range, 12-80 months), the prognostic relevance of this finding with 
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regard to overall survival was demonstrated by univariate (log rank test, p = 0.02) 
and multivariate analysis (Cox proportional hazard model, p = 0.03). The power of 
the prediction based on the immunocytochemical assay was similar to the 
established prognostic indicators (SCHLIMOK et al. 1994). HARBECK et al. (1994) 
confirmed these results in another study which examined BM aspirates from 100 
patients with primary breast cancer using a cocktail of mAb to EMA, TAG 12, and CK. 

Previous work by COTE et al. (1991) suggested that the burden of the 
micrometastatic cells was indicative for an early relapse in breast cancer. Unfortu
nately, their investigation was based on the evaluation of cell smears, a technique 
not permitting a reproducible quantitative transfer of cells to the slide surface. 

Another series of studies focused on micrometastasis of regional lymph 
nodes (Table 1). In breast cancer, immunocytochemistry with anti-cytokeratin 
antibodies was applied to reexamine lymph node sections of node-negative 
patients (NO as defined by routine histopathology), and the detection of micro
metastatic cells was prognostically significant (DE MASCAREL et al. 1992). How
ever, the clinical value of detection of lymph node micrometastasis is still 
contentious because the prognosis of patients with breast cancer appears to be 
determined by the early onset of hematogenous dissemination. 

3.2 Gastrointestinal Cancer 

The detection and prognostic significance of tumor cells in bone marrow in breast 
cancer may not be very surprising, because the skeleton is a preferred site of 
clinical metastases. In contrast, most patients with colorectal cancer develop liver 
metastases, while overt skeleton metastasis occurs in only 1 %-4% of them, as 
revealed by conventional methods such as bone scans and radiography (BONNHEIM 
et al. 1986; TALBOT et al. 1989). However, this frequency is higher in necropsy 
studies. WEISS et al. detected bone metastases in 12 % of patients with relapse at 
other sites (WEISS et al. 1986). In another necropsy study, WELCH et al. found bone 
metastases in 10% in association with recurrence to other sites, but never as the 
only site (WELCH AND DONALDSON 1979). By conventional histology, BURKHARDT et al. 
(1980) detected BM micrometastases in 17% of patients with intestinal carci
noma without systemic manifestations. 

Our recent investigations showed that individual CK-positive cells were found 
on average in about 30% of patients with apparently localized colon cancer at the 
time of primary surgery (SCHLIMOK et al. 1990; LINDEMANN et al. 1992). The incidence 
of a positive finding varied considerably depending on the size and location of the 
primary tumor, the involvement of regional lymph nodes, and the presence of 
clinically manifest metastases (LINDEMANN et al. 1992; SCHLIMOK et al. 1990). After 
a median observation time of 35 months (range, 12-58 months), patients with 
tumor cells in BM showed a significantly shorter disease-free survival than patients 
without these cells (p = 0.008) (LINDEMANN et al. 1992). Using a multivariate logistic 
regression analysis, the immunocytochemical finding was confirmed as the 
strongest independent determinant of relapse. Thus the detection of tumor cells 
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in BM in colon cancer may be taken as an indicator of the disseminative capability 
of an individual tumor. 

After the liver, the skeleton is the most frequent site of distant metastasis in 
gastric cancer (KOGA et al. 1987). It is therefore not surprising that tumor cells in 
bone marrow were detected in 35% of patients (34 of 97) with gastric cancer at 
primary surgery using our standard CK assay with mAb CK2 (SCHLIMOK et al. 1991). 
The incidence of tumor cells in BM was positively correlated to established risk 
factors, such as histologic classification and the locoregionallymph node involve
ment. A preliminary clinical follow-up analysis of 38 patients demonstrated an 
increased relapse rate in patients judged as BM positive (SCHLIMOK et al. 1991). 

JAUCH et al. (1995) recently demonstrated the relevance of the tumor cell 
burden in predicting disease-free survival in patients with primary gastric cancer. 
The tumor cell concentration in BM (less than 3 x 10-6 versus more than 3 x 10-6 

mononuclear cells, MNC)' as determined by immunocytochemical analysis with 
mAb CK2, predicted disease-free survival in RO-resected patients (p = 0.007). 
Multivariate analysis with stepwise logistic regression revealed that extent of 
tumor cell dissemination was an independent prognostic indicator for disease
free survival in subgroups of patients with either pT'_2 tumors (p = 0.014), 
Lauren's intestinal type carcinomas (p = 0.008), or no involvement of lymph 
nodes (p = 0.004). 

3.3 Lung Cancer 

Small cell lung cancer (SCLC) is a distinct pathologic entity which accounts for 
20%-25% of total lung cancer. BM infiltration is common in SCLC and is detected 
by unilateral routine histologic/cytologic methods in 20% of patients at diagnosis 
(BEZWODA et al. 1986). STAHEL et al. (1985) showed that the level of marrow 
infiltration is probably much higher. Using an antibody (SM 1) reactive to a 
membrane antigen on SCLC cells, they were able to demonstrate SM 1-positive 
cells in single aspirates of 69% of all patients analyzed. At the initial staging, tumor 
cells were found by immunocytochemistry in 50% of patients with limited disease 
and in 77% of patients with extensive disease. 

The Brussels Ludwig Cancer Institute Group used a combination of three 
mAb defining three distinct surface antigens (lung cancer-associated antigens 
LCA 1, LCA2, and LCA3). The antigens are widely expressed on both SCLC and 
non-small-cell lung cancer (NSCLC) cell lines. In single BM aspirates, LCA-positive 
cells were 'present in 26% of patients with limited disease and in 55% of patients 
with extensive disease (CANON et al. 1988, HUMBLET et al. 1988, LEBACQ-VERHEYDEN 
et al. 1988). The prognostic relevance of the immunocytochemical approach in 
SCLC has thus far not been proven in prospective clinical trials. 

NSCLC consists of a heterogeneous group of different tumor histologies, 
with adenocarcinomas and squamous cell carcinomas being the two major 
groups. About 40% of patients with NSCLC who are staged postoperatively as 
tumor free (T,_2 No Mo Ro) by routine histopathology and clinical examinations 
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relapse within 24 months after surgery (MOUNTAIN 1986). Thus the incidence of 
early micrometastases of tumor cells is clearly underestimated by current staging 
procedures. Applying the immunocytochemical cytokeratin assay to patients with 
operable NSCLC, tumor cells in BM were found in 83 of 139 patients (59.7%; 
PANTEL et al. 1996). After a median observation period of 39 months, patients 
without metastatic lymph node involvement who displayed CK-positive cells in 
BM at the time of primary surgery relapsed more frequently than patients with a 
negative marrow finding p = 0.004. This prognostic influence was independent 
from other risk factors (cox analysis: p = 0.028). 

Nodal micrometastatic tumor cells were revealed by either polyclonal anti
cytokeratin antibodies or mAb BerEp4 against an epithelial cell membrane antigen 
(CHEN et al. 1993; PASSLICK et al. 1994); the presence of BerEp4-positive cells has 
recently been shown to be of independent prognostic value (PASSLICK et al. 1994). 
Interestingly, no correlation between the immunodetection of micrometastases 
in BM and lymph node was found, supporting the view that the biological 
processes involved in the two types of metastatic processes may differ consider
ably. Thus the immunocytologic search for lymph node micrometastases might 
provide additional information about the extent of occult tumor cell disemination. 

3.4 Urogenital Malignancies 

Analysis of 427 patients with various carcinomas of the urogenital tract, including 
cancers of the prostate,bladder,and kidney,showed on overall incidence of tumor 
cells in BM of 23%, ranging from 19% in renal cell cancer to 37% in prostate 
cancer (OBERNEDER et al .. 1994a,b). There were significant correlations between 
the presence of tumor cells in BM and established risk factors, such as size and 
histologic grade of the primary tumor, in the three different tumor entities studied. 
For example, the incidence of tumor cells in bone marrow in patients with stage 
C prostate cancer (T3/4NoMo) was above 50% (PANTEL et al. 1995a). The specificity 
of the analysis was supported by the presence of CK-positive epithelial cells 
displaying PSA and the absence of positive staining in control patients with benign 
prostatic hyperplasia (RIESENBERG et al. 1993; OBERNEDER et al. 1994a). More 
extensive clinical follow-up is now required to prove the prognostic relevance of 
tumor cells in BM in malignancies of the urogenital tract. 

4 Antibody Therapy Directed at Minimal Residual Cancer 

Minimal residual disease offers the advantage of a small and accessible meta
static tumor burden. Considering that most of the carcinoma cells in BM are not 
proliferating at the time of primary surgery (PANTEL et al. 1993a). adjuvant therapy 



12 K. Pantel and G. Riethmuller 

with conventional chemotherapeutic agents might be rather ineffective. On the 
other hand, cancer therapy with a variety of different mAbs has thus far failed to 
significantly change the clinical course of patients with solid tumors at advanced 
disease stages (Table 3). This might be explained by the fact that solid metastases 
can develop effective mechanisms which block the delivery of macromolecules 
from the peripheral blood (JAIN et al. 1990). In contrast, dispersed micrometastatic 
cells present at low frequencies in secondary organs may represent more suitable 
targets for therapeutic approaches with mAbs. 

4.1 Adjuvant Antibody Therapy in Colorectal Cancer 

To prove the postulated benefit of adjuvant antibody therapy, colorectal cancer 
patients with no distant metastases (Dukes stage C) were treated in a second trial 
with the murine mAb 17-1A detecting an antigen present on epithelial cells of 
human colorectum (RIETHMULLER et al. 1994). The antibody mediates antibody
dependent cellular cytotoxicity (ADCC) of colorectal carcinoma lines in vitro and 
suppresses the growth of human tumors grafted into nude mice (HERLYN et al. 
1980). Patients in our trial received a total of 900 mg mAb 17-1 A over 20 weeks, 
starting 2-3 weeks after primary surgery. Following a median follow-up of 5 years, 
therapy with antibody was found to reduce the overall death rate by 30% and 
decrease the recurrence rate by 27% (RIETHMULLER et al. 1994). These data 
contrast with the results of numerous trials with 17-1 A antibody in advanced 
tumors in which anecdotal remissions were observed in only a few patients and 
no benefit for survival could be established (for a review, see RIETHMULLER et al. 
1993). Thus, by carefully selecting the disease stage at which therapy is initiated, 
the efficacy of antibody therapy is comparable with that of other adjuvant 
therapies (MOERTEL et al. 1991; KROOK et al. 1991), while the toxicity of 17-1 A 
treatment is considerably lower. As long as the focus of current research is the 
design of new drugs and not better selection of appropriate target patient groups, 
we can predict that much energy will be wasted on "magic bullets" directed 
towards unassailable targets. Nevertheless, the use of antibodies derived entirely 
from humans and isolated from combinatorial libraries in bacteriophage will most 

Table 3. Antibody therapy of patients with advanced solid tumors 

Tumor type Trials (n) Remission (n) Total (n) 

Acute leukemia 6 9 49 
Chronic lymphatic leukemia 4 2 28 
B cell lymphoma 10 12 46 
T cell lymphoma 5 8 50 
Breast, ovarian, and prostate 5 47 
cancer 

Lung cancer 3 0 20 
Colon cancer 8 4 237 
Melanoma 7 7 107 

Modified from DILLMAN (1994). 
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likely soon replace murine antibodies (PERSSON 1993). This technique allows the 
isolation of high-affinity, antigen-specific Fab or Fv, even from naive human B cells 
(WILLIAMSON et al. 1993). 

4.2 Towards the Development of Micrometastatic Cells 
as Surrogate Markers of Therapeutic Efficacy 

The efficacy of adjuvant therapy can thus far only be assessed retrospectively in 
large-scale clinical trials following an observation period of at least 5 years. 
Consequently, progress in this form of therapy is extremely slow and cumber
some and, in addition, therapy is difficult to tailor to the special needs of an 
individual patient. The importance of a surrogate marker assay that would permit 
the immediate assessment of therapy-induced cytotoxic effects on residual 
cancer cells is therefore obvious. The reproducibility of repeated immunocyto
chemical BM examination was assessed in a preliminary monitoring study on 
colorectal cancer patients (SCHLIMOK et al. 1990). The majority of these patients 
exhibited a consistent pattern of BM findings. This observation is in contrast to 
data published by MANSI et al. (1989) on breast cancer patients. Using a polyclonal 
EMA antibody, tumor cells were only redetected in two of the 82 patients who 
were initially judged as BM positive. This discrepancy might be explained by the 
lack of reliability of their assay. 

In a recent pilot study by SCHLIMOK et al. (1995) 40 patients with breast and 
colorectal cancer were treated in a randomized fashion with either 6 x 100 mg 
SDZ ABL-364 (Sandoz, Basel, Switzerland) over 2 weeks or human serum albumin 
as placebo. MAb ABL-364 (murine immunoglobulin IgG) is directed at the 
Lewis Y (LeY) blood group precursor carbohydrate antigen, which is widely 
expressed on most epithelial tumors (SCHOLZ et al. 1991). Tumor cell lysis is 
mediated by induction of both ADCC and complement-dependent cytotoxicity 
(SCHOLZ et al. 1991). CK-positive cells in marrow were monitored on days 15 and 
60 after the start of treatment. Even in patients with an extremely low number 
cells in BM (one to 11/per 4 xl 05 MNC)' a tendency for reduction of CK-positive 
tumor cells in BM was seen after antibody therapy. Significant data, however, 
were only obtained from the ten breast cancer patients who displayed an initial 
cell count of more than 20 CK-positive cells per 4 xl 05 MNC. Of the seven 
patients treated with antibody, five showed a distinct reduction or eradication of 
CK-positive/LeY-positive cells (96%-100%), while in two patients with CK-posi
tive/LeY-negative cells no response was registered. Similarly, in the three patients 
receiving human serum albumin no significant tumor cell reduction was observed. 
Because of the marked cytotoxicity that the antibody ABL-364 exhibits in ex vivo 
experiments with serum of treated patients (SCHOLZ et al. 1991), we postulate that 
the observed disappearance of disseminated tumor cells is due to the action of 
the administered antibody. 

Despite the preliminary character of this study, it exemplifies a new approach 
towards a more rational selection of antibodies for adjuvant studies in minimal 



14 K. Pantel and G. Riethmuller 

residual disease. The proposed use of tumor cells in BM as surrogate markers for 
the prediction of the therapeutic response may benefit from recent improvements 
in the cytokeratin assay (PANTEL et al. 1994), which now allows a more precise 
quantitation of the individual tumor load. Clinical studies are now required to 
evaluate whether the eradication of these cancer cells translates into a longer 
disease-free and overall survival. Availability of such a surrogate marker would 
considerably enhance our abilities to rationally design new therapies directed 
towards minimal residual disease. 

5 Concluding Remarks 

The outlined current strategies for detection, characterization, and antibody 
therapy of cancer micrometastasis have the potential to prevent overt metastatic 
disease in patients with operable primary carcinomas. The remarkable specificity 
and sensitivity of immunocytochemical cytokeratin assays support their introduc
tion in international tumor staging classifications. Since most CK-positive cells are 
isolated tumor cells, the term "micrometastases" might be misleading, as it 
implies the presence of tumor cell clusters, which are found in only about 
5%-10% of patients with a positive BM finding. The term "isolated tumor cells" 
appears to be therefore more accurate. The UICC has recently suggested the 
denotation M1(i) for the stage of minimal residual disease defined by the presence 
of isolated tumor cells in secondary organs (HERMANEK et al. 1993). Although we 
appreciate the inclusion of this critical stage in the UICC tumor classification, we 
feel that the denotation Mi might be better suited to clearly distinguish between the 
presence of isolated tumor cells and solid metastases. 

The biology of microdisseminated carcinoma cells remains poorly under
stood. This ignorance is particularly disturbing in diseases such as colorectal 
cancer, in which the frequent finding of tumor cells in BM revealed by the 
immunocytochemical method has proved to be a strong and independent predic
tor of overall metastatic relapse even though manifest skeleton metastasis rarely 
occurs (LINDEMANN et al. 1992). Thus tumor cells detected in BM at the time of 
operation of the primary tumor may not necessarily have the potential to form 
clinically detectable metastases within the remaining life span of the patient; this 
may be determined by the more aggressively growing liver metastases, while the 
cells in BM may remain dormant for years (PANTEL et al. 1993a). The extremely low 
frequency of tumor cells in BM greatly hampers approaches to obtain more 
specific information on their biological properties. To obtain initial insights, it was 
therefore important to develop immunocytochemical double-labeling techniques 
that allow the identification and phenotyping of these cells. Our present results 
indicate that they represent a selected population of cancer cells, which, however, 
still express a considerable degree of heterogeneity (PANTEL et al. 1995b; PANTEL 

and BRAUN 1996). Clinical follow-up analyses have been initiated to evaluate 
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whether the characterization of early disseminated tumor cells will increase the 
diagnostic precision of the present immunocytochemical assays. 

Acknowledgment. The authors gratefully acknowledge the support of the Deutsche Krebshilfe/ 
Dr. Mildred Scheel Stiftung and the Deutsche Forschungsgemeinschaft, Bonn, as well as the Friedrich
Baur-Stiftung, Munich, Germany. 

References 

Baum M (1977) The curability of breast cancer. In: Stall BA (ed) Breast cancer management. 
Heinemann, London, pp 3-13 

Berger U, Bettelheim R, Mansi JL, Easton D, Coombes RC, Neville AM (1988) The relationship 
between micrometastases in the bone marrow, histopathologic features of the primary tumor in 
breast cancer and prognosis. Am J Clin Pathol 90: 1-6 

Bezwoda WR, Lewis D, Livini N (1986) Bone marrow involvement in an aplastic small-cell lung cancer. 
Cancer 58: 1762-1765 

Bonnheim DC, Petrelli NJ, Herrera L, Walsh D, Mittelman A (1986) Osseous metastases from 
colorectal carcinoma. Am J Surg 151: 457-459 

Bos IL (1989) Ras oncogenes in human cancer: a review. Cancer Res 49: 4682-4689 
Braun S, Pantel K (1996) Biological characteristics of human micrometastatic carcinoma cells. In: 

Gunthert U, Birchmeier W (eds) Attempts to understand metastasis formation. I Metastasis-related 
molecules. Springer, Berlin Heidelberg New York (Current topics in microbiology and immunology, 
vol, 213/1, pp 163-177 

BruggerW, Bross KJ, Glatt M et al (1994) Mobilization of tumor cells and hematopoietic progenitor cells 
into peripheral blood of patients with solid tumors. Blood 83: 636 

Burkhardt R, Frisch B, Kettner G (1980) The clinical study of micrometastatic cancer by bone biopsy. 
Bull Cancer 67: 291-305 

Canon JL, Humblet Y, Lebacq-Verheyden, AM, Mannouriez P, Bazin H, Rodhain J, Prignot J, Symann 
M (1988) lmmunodetection of small-cell lung cancer metastases in bone marrow using three 
monoclonal antibodies. Eur J Cancer Clin Oncol 24: 147-150 

Chen ZL, Perez S, Holmes EC, Wang HJ, Coulson WF, Wen DR, Cochran AJ (1993) Frequency and 
distribution of occult micrometastases in lymph nodes of patients with non-small-cell lung 
carcinoma. J Natl Cancer Inst 85: 493-498 

Cote RJ, Rosen PP, Hakes TB, Sedira M, Bazinet M, Kinne DW, Old LJ, Osborne MP (1988) 
Monoclonal antibodies detect occult breast carcinoma metastases in the bone marrow of patients 
with early stage disease. Am J Surg Pathol 12: 333-340 

Cote RJ, Rosen PP, Lesser ML, Old LJ, Osborne MP (1991) Prediction of early relapse in patients with 
operable breast cancer by detection of occult bone marrow micrometastases. J Clin Oncol 9: 
1749-1756 

Cutait R, Alves VA. Lopes LC, Cutait DE, Borges JL, Singer J, Da Silva JH, Goffi FS (1991) Restaging of 
colorectal cancer based on the identification of lymph node micrometastases through immuno
peroxidase staining of CEA and cytokeratins. Dis Colon Rectum 34: 917-920 

Datta YH, Adams PT, Drobyski WR, Ethier SP, Terry VH, Roth MS (1994) Sensitive detection of occult 
breast cancer py the reverse-transcriptase polymerase chain reaction. J Clin Oncol 12: 475-482 

De Mascarel I, Bonichon F, Coindre JM, Trojani M (1992) Prognostic significance of breast cancer 
axillary lymph node micrometastases assessed by two special techniques: reevaluation with 
longer follow up. Br J Cancer 66: 523-527 

Deguchi T, Doi T, Ehara H, Ito S, Takahashi Y, Nishino Y, Fujihiro S, Kawamura T, Komeda H, Horie M, 
Kaji H, Shimokawa K, Tanala T, Kawada Y (1993) Detection of micrometastatic prostate cancer cells 
in lymph nodes by reverse transcriptase-polymerase chain reaction. Cancer Res 53: 5350-5354 

Diel IJ, Kaufmann M, Goerner R, Costa SD, Kaul S, Bastert G (1992) Detection of tumor cells in bone 
marrow of patients with primary breast cancer: a prognostic factor for distant metastasis. J Clin 
Oncol 10: 1534-1539 

Dillman R (1994) Antibodies as cytotoxic therapy. J Clin Oncol 12: 1497-1515 



16 K. Pantel and G. Riethmuller 

Fidler IJ, Radinsky R (1990) Genetic control of cancer metastasis. J Natl Cancer Inst 82: 166-168 
Gerhard M, Juhl H, Kalthoff H, Schreiber HW, Wagener C, Neumaier M (1994) Specific detection of 

carcinoembryonic antigen-expressing tumor cells in bone marrow aspirates by polymerase chain 
reaction. J Clin Oncol 12: 725-729 

Gribben JG, Freedman AS, Neuberg D, Roy DC, Blake KW, Woo SD, Grossbard ML, Rabinowe SN, 
Carol F, Freeman GJ, Ritz J, Nadler LM (1991) Immunologic purging of marrow assessed by PCR 
before autologous bone marrow transplantation of B-ceillymphoma. N Engl J Med 325: 1525-1533 

Gross HJ, Verwer B, Houck D, Hoffmann RA, Recktenwald D (1995) Model study detecting breast 
cancer cells in peripheral blood mononuclear cells at frequencies as low as 10-7. Proc Natl Acad Sci 
USA 92: 537-541 

Harbeck N, Untch M, Pache L, Eiermann W (1994) Tumour cell detection in the bone marrow of breast 
cancer patients at primary therapy: results of a 3-year median follow-up. Br J Cancer 69: 566-571 

Harris CC, Hollstein M (1993) Clinical implications of the p53 tumor-suppressor gene. N Engl J Med 
329: 1318-1327 

Hayashi N, Ito I. Yanagisawa A. Kato Y, Nakamori S, Imaoka S, Watanabe H, Nakamura K (1995) Genetic 
diagnosis of lymph-node metastases in colorectal cancer. Lancet 345: 1257-1259 

Henderson BE, Ross RK, Pike MC (1991) Toward the primary prevention of cancer. Science 254: 
1131-1137 

Herlyn DM, Steplewski Z, Herlyn MF, Koprowski H (1980) Inhibition of growth of colorectal carcinoma 
in nude mice by monoclonal antibody. Cancer Res 40: 717-721 

Hermanek P, Henson DE, Hutter RV, Sobin LH (1993) TNM supplement. Springer, Berlin Heidelberg 
New York 

Hoechtlen-Vollmar W, Gruber R, Bodenmuller H, Lindemann F, Schlimok G, Pantel K, Riethmuller G 
(1995) Occult epithelial tumor cells detected in bone marrow by an enzyme immunoassay specific 
for cytokeratin 19 (submitted) 

Humblet Y, Canon JL, Sekhavat M, Feyens AM, Manouvriez P, Lebacq-Verhyden AM, Bazin H, Prignot J, 
Symann M (1988) Detection of small-cell lung cancer bone marrow metastases by immuno
fluorescence. Pathobiology 36: 25-28 

Israeli RS, Miller WH Jr., Su SL, Powell CT, Fair WR, Samedi DS, Huryk RF, De Blasio A, Edwards ET, 
Wise GJ, Heston WDW (1994) Sensitive nested reverse transcription polymerase chain reaction 
detection of circulating prostatic tumor cells: comparison of prostate-specific membrane antigen 
and prostate-specific antigen-based assays. Cancer Res 54: 6306-6310 

Jain RK (1990) delivery of novel therapeutic agents in tumors: physiological barriers and strategies. 
J Natl Cancer Inst 81: 570-576 

Jauch K, Heiss MM, Grutzner U, Funke I, Pantel K, Babic R, EissnerHJ, Riethmuller G, Schildberg FW 
(1995) The prognostic significance of early disseminated tumor cells in bone marrow of patients 
with gastric cancer. (submitted) 

Juhl H, Stritzel M, Wroblewski A, Henne-Bruns D, Kremer B, Schmiegel W, Neumaier M, Wagener C, 
Schreiber HW, Kalthoff H (1994) Immunocytological detection of micrometastatic cells: 
comparative evaluation of findings in the peritoneal cavity and the bone marrow of gastric, 
colorectal and pancreatic cancer patients. Int J Cancer 57: 330-335 

Kamby K, Guldhammer B, Vejborg I, Rossing N, Dirksen H, Daugaard S, Mouridsen HT (1987) The 
presence of tumor cells in bone marrow at the time of first recurrence of breast cancer. Cancer 60: 
1306-1312 

Koga S, Takebayashi M, Kaibara N, Nishidoi H, Kimura 0, Kawasumi H, Makino M (1987) Pathological 
characterization of gastric cancer that develop hematogenous recurrence, with special reference to 
the site of recurrence. J Surg Oncol 36: 239-242 

Kovarik J, Lauerova L, Rejthar A, Bartek J (1989) Keratin typing in screening bone marrows for 
carcinoma cells. Cytotechnology S78:79 

Krook JE, Moertel CG, Gunderson LL et al (1991) Effective surgical adjuvant therapy for high-risk rectal 
carcinoma. N Engl J Med 324: 709-715 

Lebacq-Verheyden AM, Neirynck A. Ravoet AM, Humblet Y, Oie H, Linnoila I, Gazdar AF, Minna JD, 
Symann M (1988) Monoclonal antibodies for the vitro detection of small-cell lung cancer 
metastases in human bone marrow. Eur J Cancer Clin Oncol 24: 137-145 

Lindemann F, Schlimok G, Dirschedl P, Witte J, Riethmuller G (1992) Prognostic significance of 
micrometastatic tumour cells in bone marrow of colorectal cancer patients. Lancet 340: 685-689 

Liotta LA, Steeg PS, Stetler-Stevenson WG (1991) Cancer metastasis and angiogenesis: an imbalance 
of positive and negative regulation. Cell 64: 327-336 



Micrometastasis Detection and Treatment with Monoclonal Antibodies 17 

Manegold C, Krempien B, Kaufmann M, Schwechheimer K, Schettler G (1988) The value of bone 
marrow examination for tumor staging in breast cancer. J Cancer Res Clin Oncol. 114: 425-428 

Mansi JL, Berger U, Easton D,McDonnel1 T, Redding WH, Gazet JC, McKinna A. Powles TJ, Coombes 
RC (1987) Micrometastases in bone marrow in patients with primary breast cancer: evaluation as 
an early predictor of bone metastases. Br Med J 295: 1093-1096 

Mansi JL, Berger U, Wilson P, Shearer R, Coombes RC (1988) Detection of tumor cells in bone marrow 
of patients with prostatic carcinoma by immunocytochemical techniques. J Urol 139: 545-548 

Mansi JL, Berger V, McDonnell T, Pople A. Rayter Z, Gazet JC, Coombes RC (1989) The fate of bone 
marrow micrometastases in patients with primary breast cancer. J Clin Oncol 7: 445-449 

Mansi JL, Easton D, Berger U, Gazet JC, Ford HT, Dearnaley D, Coombes RC (1991) Bone marrow 
micrometastases in primary breast cancer: prognostic significance after 6 years' follow-up. Eur 
J Cancer 27: 1552-1555 

Moertel CG, Fleming TR, MacDonald JS et al (1991) Levamisole and fluoroacil for adjuvant therapy of 
resected colon carcinoma. N Engl J Med 322: 352-358 

Molino A. Colombatti M, Bonetti F, Zardini M, Pasini F, Perini A. Pelosi G, Tridente G, Veneri D, Cetto 
GL (1991) A comparative analysis of three different techniques for the detection of breast cancer 
cells in bone marrow. Cancer 67: 1033-1036 

Moreno JG, Croce CM, Fischer R, Monne M, Vihko P, Mulholland SG, Gomella LG (1992) Detection of 
hematogenous micrometastasis in patients with prostate cancer. Cancer Res 52: 6110-6112 

Mountain CF (1986) A new international staging system for lung cancer. Chest 89 [Suppll: 225S-233S 
Oberneder R, Riesenberg R, Kriegmair M, Bitzer U, Klammert R, Schneede P, Hofstetter A. Riethmuller 

G, Pantel K (1994a) Immunocytochemical detection and phenotypic characterization of 
micrometastatic tumour cells in bone marow of patients with prostate cancer. Urol Res 22: 3-8 

Oberneder R, Kriegmair M, Pantel K, Staudte S, Hofstetter A, Riethmuller G (1994b) Prognostic 
relevance of micrometastatic tumor cells in bone marrow of patients with genitourinary tract 
tumors. J Urol 151: 413A 

Osborne MP, Wong GY, Asina Sh, Old LJ, Cote RJ, Rosen PP (1991) Sensitivity of immuno
cytochemical detection of breast cancer cells in human bone marrow. Cancer Res 51: 2706-2709 

Pantel K, Izbicki JR, Passlick B, Angstwurm M, Haussinger K, Thetter 0, Riethmuller G (1996) Incidence 
and prognostic significance of isolated tumour cells detected in bone marrow of non-small cell lung 
cancer patients without overt metastases. Lancet (in press) 

Pantel K, Schlimok G, Braun S, Kutter D, Schaller G, Funke I, Izbicki J, Riethmuller G (1993a) Differential 
expression of proliferation-associated molecules in individual micrometastatic carcinoma cells. 
J Natl Cancer Inst 85: 1419-1424 

Pantel K, Koprowski H, Riethmuller G (1993b) Conference on cancer micrometastasis: biology, 
methodology and clinical significance. Int J Oncol 3: 1019-1022 

Pantel K, Schlimok G, Angstwurm M, Weckermann C, Schmaus W, Gath H, Passlick B, Izbicki J, 
Riethmuller G (1994) Methodological analysis of immunocytochemical screening for disseminated 
epithelial tumor cells in bone marrow. J Hematother 3: 165-173 

Pantel K, Aignherr C, Kiillermann J, Caprano J, Riethmuller G, Kiillermann MW (1995a) Immuno
cytochemical detection of isolated tumor cells in bone marrow of patients with untreated stage C 
prostatic cancer. Eur J Cancer 31 A: 1627-1632 

Pantel K, Schlimok G, Angstwurm M, Passlick B, Izbicki JR, Johnson JP, Riethmuller G (1995b) Early 
metastasis of human solid tumors: expression of cell adhesion molecules. In: Ciba Foundation 
Symposium (eds) Cell adhesion and human disease. Wiley, Chichester, pp 157-173 

Pass lick B, Izbicki JR, Kubuschok B, Nathrath W, Thetter 0, Pichlmeier U, Schweiberer L, Riethmuller 
G, Pantel K (1994) Immunohistochemical assessment of individual tumor cells in lymph nodes of 
patients with non-small cell lung cancer. J Clin Oncol 12: 1827-1832 

Persson MA (1993) Combinatorial libraries. Int Rev Immunol 10: 153-63 
Porro G, Menard S, Tagliabue E, Orefice S, Salvadori B, Squicciarini P, Andreola S, Rilke F, Colnaghi MI 

(1988) Monoclonal antibody detection of carcinoma cells in bone marrow biopsy specimens from 
breast cancer patients. Cancer 61: 2407-2411 

Redding HW, Coombes RC, Monagham P, Clink HMD, Imrie SF, Dearnaley DP, Ormerod MG, Sloane 
JP, Gazet JC, Powels TJ, Neville AM (1983) Detection of micrometases in patients with primary 
breast cancer. Lancet ii: 1271-1274 

Ridell B, Landys K (1979) Incidence and histopathology of metastases of mammary carcinoma in 
biopsies from the posterior iliac creast. Cancer 44: 1782-1788 

Riesenberg R, Orberneder R, Kriegmair M, Epp M, Bitzer U, Hofstetter A, Braun S, Riethmuller G, 
Pantel K (1993) Immunocytochemical double staining of cytokeratin and prostate specific antigen 
in individual prostatic tumor cells. Histochemistry 99: 61-66 



18 K. Pantel and G. Riethmuller: Micrometastasis Detection and Treatment 

Riethmuller G, Johnson JP (1992) Monoclonal antibodies in the detection and therapy of micro
metastatic epithelial cancer. Curr Opin Immunol 4: 647-655 

Riethmuller G, Schneider-Gadicke E, Johnson JP (1993) Monoclonal antibodies in cancer therapy. Curr 
Opin Immunol 5: 732-739 

Riethmuller G, Schneider-Gadicke E, Schlimok G, Schmiegel W, Raab R, H6ffken K, Gruber R, 
Pichlmaier H, Hirche H, Pichlmayr R, Buggisch P, Witte J, and the German Cancer Aid 17-1A Study 
Group (1994) Randomised trial of monoclonal antibody for adjuvant therapy of resected Dukes' C 
colorectal carcinoma. Lancet 343: 1177-1183 

Schlimok G, Funke I, Holzmann B, G6ttlinger HG, Schmidt G, Hauser H, Swierkot S, Warnecke HH, 
Schneider B, Koprowski H, Riethmuller G (1987) Micrometastatic cancer cells in bone marrow: 
in vitro detection with anti-cytokeratin and in vivo labeling with anti-17-1 A monoclonal antibodies. 
Proc Natl Acad Sci USA 84: 8672-8676 

Schlimok G, Funke I, Bock S, Schweiberer B, Witte J, Riethmuller G (1990) Epithelial tumor cells in bone 
marrow of patients with colorectal cancer: immunocytochemical detection, phenotypic characteri
zation, and prognostic significance. J Clin Oncol 8: 831-837 

Schlimok G, Funke I, Pantel K, Strobel F, Lindemann F, Witte J, Riethmuller G (1991) Micrometastatic 
tumor cells in bone marrow of patients with gastric cancer: methodological aspects of detection 
and prognostic significance. Eur J Cancer 27: 1461-1465 

Schlimok G, Lindemann F, Holzmann K, Witte J, Pantel K, RiethmUlier G (1994) Prognostic significance 
of tumor cells detected in bone marrow of breast cancer patients: a multivariate analysis. 
Onkologie 17 [Suppl 2J: 128 

Schlimok G, Pantel K, Loibner H, Fackler-Schwalbe I, Riethmuller G (1995) Individual metastatic tumor 
cells in bone marrow of cancer patients reduced by intravenously administered monoclonal 
antibody: towards a novel surrogate marker for adjuvant therapy. Eur J Cancer 31 A: 1799-1803 

Schoenfeld A, Luqmani Y, Smith D, O'Reilly S, Shousha S, Sinnett HD, Coombes RC (1994) Detection 
of breast cancer micrometastases in axillary lymph nodes by using polymerase chain reaction. 
Cancer Res 54: 2986-2990 

Scholz D, Lubeck M, Loibner H, Steplewski Z, Koprowski H (1991) Biological activity in the human 
system of isotype variants of oligosaccharide V-specific murine monoclonal antibodies. Cancer 
Immunol Immunother 33: 153-157 

Seiden MV, Kantoff PW, Krithivas K, Propert K, Bryant M, Haltom E, Gaynes L, Kaplan I, Bubley G, De 
Wolf W, Sklar J (1994) Detection of circulating tumor cells in men with localized prostate cancer. 
J Clin Oncol 12: 2634-2639 

Stahel RA. Mabry M, Skarin AT, Speak J, Bernal SD (1985) Detection of bone marrow metastasis in 
small cell lung cancer by monoclonal antibody. J Clin Oncol 3: 455-461 

Tada M, Omata M, Kawai Sh, Saisho H, Ohto M, Saiki RK, Sninsky JJ (1993) Detection of ras gene 
mutations in pancreatic juice peripheral blood of patients with pancreatic adenocarcinoma. Cancer 
Res 53: 2472-2474 

Talbot RW, Irvine B, Jass JR, Dowd GS, Northover JM (1989) Bone metastases carcinoma of the 
rectum: a clinical and pathological review. Eur J Surg Oncol 15: 449-452 

Tavian D, De Petro G, Colombi M, Portolani N, Giulini SM, Gardella R, Barlati S (1994) RT-PCR detection 
of fibronectin EDA+ and EDB+ mRNA isoforms: molecular markers for hepatocellular carcinoma. 
Int J Cancer 56: 820-825 

Traweek ST, Liu J, Battifora H (1993) Keratin gene expression in non-epithelial tissues. Detection with 
polymerase chain reaction. Am J Pathol 142: 1111-1118 

Weiss L, Grundmann E, Torhorst J, Hartveit F, Moberg I, Eder M, Fenoglio Preiser C, Napier J, Horne 
CH, Lopez MJ (1986) Haematogenous metastatic patterns in colonic carcinoma: an analysis of 
1541 necropsies. J Pathol 150: 195-203 

Welch JP, Donaldson GA (1979) The clinical correlation of an autopsy study of recurrent colorectal 
cancer. Ann Surg 189: 496-502 

Williamson RA. Burioni R, Sanna PP et al (1993) Human monoclonal antibodies against a plethora of 
viral pathogens from single combinatorial libraries. Proc Natl Acad Sci USA 90: 4141-4145 

Wood DP, Banks ER, Humphries S, McRoberts JW, Rangnekar M, Lexington KY (1994) Identification 
of micrometastases in patients with prostate cancer. J Urol 151: 303A 

Zippelius A, Honald G, Kufer P, Riethmuller G, Pantel K (1995) Detection of isolated carcinoma cells in 
bone marrow by RT-PCR. J Cancer Res Clin Oncol 121 [Suppl 2J: A5 



Transcriptionally Targeted Gene Therapy 
I.R. HART 

1 In Vivo Gene Transfer ...... . 

2 Melanin Biosynthesis Pathway and Tyrosinase Regulation 

3 Targeting of Immunity-Enhancing Genes ............ . 

4 Targeting of Prod rug-Activating Genes ..... . 

References ............................ . 

1 In Vivo Gene Transfer 

19 

21 

22 

23 

24 

Gene therapy approaches for cancer treatment have moved from the laboratory 
to evaluation in the clinic (CULVER and BLAESE 1994; NABEL et al. 1993). Many of 
these protocols are based upon the removal ex vivo of either the neoplastic or 
immune effector cells from the patient, their genetic manipulation in vitro and 
then their subsequent return to the patient (VILE and RUSSELL 1994). There are 
significant limitations to such manipulations including the fact that these rather 
cumbersome and technically demanding procedures probably will be limited to 
specialised centres. Their widespread use is unlikely on the grounds of both cost 
and available technology. Equally it is possible that the selection process of 
establishing cells in tissue culture, albeit for only a brief period of time, may result 
in the emergence of clones unrepresentative of the major cellular composition of 
the tumour - a potential problem for immunotherapy approaches. On a more 
pragmatic level it may be that, especially in early phase I and II trials, the necessary 
period of manipulation is greater than the patient's expected life span. 

An alternative approach, which has several conceptual advantages, would be 
the direct in !:?itu modification of tumour cells with novel genetic material. Direct 
gene transfer recently has been shown to be achievable in humans using 
cutaneous malignant melanoma as the target tumour (NABEL et al. 1993). The 
human HLA-B7 gene was injected as a complex of DNA with liposomes into 
subcutaneously located melanoma deposits of HLA-B7 negative patients (NABEL 
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et al. 1993). In the five patients evaluated not only was the procedure shown to be 
safe but also as many as 1 %-10% of the tumour cells around the injection 
location expressed protein resulting from expression of the transduced gene. 
This seminal paper established the fact that direct genetic modification of tumour 
cells in man is possible using DNA injected into the cancer deposit. Retrovirally 
mediated gene transfer has also been suggested as being a way to introduce 
genetic material into human neoplastic cells (OLDFIELD et al. 1993) based upon the 
demonstration that in situ retrovirally mediated gene transfer has proven feasible 
in the treatment of brain tumours in rats (RAM et al. 1993). While formal proof of 
viral integration in the human tumour cells has not yet been published, it seems 
likely from the rodent experience that this indeed is occuring. 

The capacity to transduce and to modify human cells genetically while still 
in situ therefore already exists, and the refinement of these procedures over the 
next few years, by the improvement of viral vectors or by the development of 
improved liposome vehicles, should enhance the efficiency of this phenomenon 
considerably. What genes, however, are to be introduced into these recipient 
tumour cells? Currently the genes available appear to fall into one of three general 
categories: 

1. Those which correct the genetic changes which underlie the development and 
progression of the malignant phenotype, and which can therefore arrest or 
reverse tumour development. 

2. Those which evoke or stimulate an immune response. 
3. Those which render cells sensitive to subsequently delivered drugs by coding 

for enzymes capable of converting inert prod rugs to active cytotoxics. 

Utilisation of the genes represented in category 1 is beset by two major 
difficulties. Firstly, in a process as extended as tumour development and progres
sion, identification of the major underlying genetic aberrations/lesions is not 
always clearcut; by the time of presentation there are probably numerous gross 
chromosomal abnormalities. Equally it is not always apparent whether even early 
changes represent a potential target. In hereditary melanoma, for instance, the 
p16 (CDKN2) gene located at chromosome 9p21 may be a candidate for introduc
tion of a normal wild-type gene (KAMB et al. 1994a,b). However, the fact that even 
in melanoma patients mutations in this gene are infrequent, relative to unaffected 
members of families showing linkage to 9p21 (KAMB et al. 1994b), calls into 
question the generality of the involvement of p16. That the product of the p16 
(CDKN2) gene inhibits an enzyme involved in regulating the cell cycle serves to 
illustrate the second difficulty associated with attempts at correctional therapy in 
cancer. Since no 'field effect' is likely to occur, this approach requires the delivery 
of the corrective gene to every neoplastic cell, or at least every neoplastic stem 
cell. Failure to correct the deficiency in less than the majority of stem cells might 
lead to the rapid overgrowth of an "unreversed" clone. 

At the present time the vector systems available for the delivery of therapeu
tic genes do not have the necessary efficiency to achieve anything like the 
requisite degree of transduction. Accordingly, our efforts have centred upon the 
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utilisation of genes from categories 2 and 3 which, rather than being simply 
inhibitory in their effects are potentially destructive. Given this destructive capac
ity it would seem advantageous in the use of genes from either category 2 or 3 to 
restrict their expression to target tumour cells alone. Again, currently available 
physical transfer techniques and viral vectors do not possess the necessary 
degree of selectivity to ensure that this occurs. Rather than relying upon delivery 
to target gene expression the use of tumour cell specific promoters may be one way 
of limiting the therapeutic gene to the appropriate cells. Specific expression would 
occur only in the neoplastic cells, and therefore non-specific delivery systems would 
be acceptable. This approach was pioneered by HUBER and coworkers (1991), 
using the a-fetoprotein promoter to direct expression to hepatocellular carcinoma and 
led us to examine similar possibilities in malignant melanoma. 

2 Melanin Biosynthesis Pathway 
and Tyrosinase Regulation 

The pigment cell's major function is the synthesis of melanin, and this biochemi
cal pathway frequently functions, and often is elevated, in malignant melanomas. 
The key regulatory steps in the melanin biosynthesis pathway depend upon the 
activity of the copper-binding enzyme tyrosinase. Thus the rate-limiting step.in the 
biosynthesis pathway is the oxidation of tyrosine to dopa and that of dopa to 
dopaquinone (KORNER and PAWALEK 1982). Several other proteins associated with 
melanogenesis also have been identified, including proteins related to tyrosinase, 
for example, TRP-1 (JACKSON et al. 1991) and TRP-2 (TSUKAMOTO et al. 1992). Cell 
type regulation is due partly to post-transcriptional control of expression, but 
specificity of melanin synthesis is generally attributable to melanocyte-specific 
transcription of both TRP-1 (JACKSON et al. 1991) and tyrosinase (KLUPPEL et al. 
1991) genes. Tissue-specific gene transcription is a consequence of expression in 
the appropriate cell type and repression in other cell types (YAVUZER and GODING 
1994). Using the reporter gene ~-galactosidase, we showed that as little as 769 
base pair of the 5' flanking region of the murine tyrosinase and 1.4 kilobase pair 
of the murine TRP-1 genes directed expression to both human and murine 
melanocytes and melanoma cells in vitro (VILE and HART 1993a). Thus high levels 
of activity were observed in 12 of 14 human and murine melanoma lines tested 
whereas only basal levels were observed in a panel of 12 non-melanocytic cell 
types (VILE and HART 1993a). Direct injection of naked DNA into murine melanoma 
or a control non-melanoma tumour achieved transduction of up to 10% of the 
melanoma tumour cells but no detectable expression in the control cancer (VILE 
and HART 1993a). Some normal melanocytes manifested reporter gene activity, 
but expression was not found in other surrounding normal tissues (VILE and HART 
1993a). These results showed that it is possible using the transcriptional 
specificity of a melanocyte-specific promoter to limit expression of genes to 
melanocyte-derived cells. 
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3 Targeting of Immunity-Enhancing Genes 

Based upon rather indirect immunological assays and their somewhat capricious 
clinical behaviour it has always been considered that melanoma is likely to be an 
immunogenic human cancer (CROWLEY and SEIGLER 1993)' (CARRELL and JOHNSON 
1993). The recent demonstration that a number of tumour peptide antigens, 
restricted by class I molecules of the major histocompatibility complex (MHC), 
can be isolated from this tumour type serves to confirm biochemically these 
earlier clinical suspicions (PARDOLL 1994). Thus the MZ2-E antigen (product of the 
MAGE1 gene), for example, is expressed by many melanomas as well as other 
tumour tupes but not by normal tissues (apart from the testis; VAN DER BRUGGEN 
et al. 1991) and represents a potential vaccination target. The lack of recognition 
of such tumour-specific neoantigens by T cells in the patients afflicted with these 
tumours is puzzling. It has been suggested that tolerance of the neoantigen may 
relate to the efficiency of epitope processing and presentation in manner which is 
similar to that of tissue-specific antigens (PARDOLL 1994). Moreover the tumours 
may lack appropriate levels of MHC class 1 or additional co-stimulatory molecules 
(see below) and remain functionally "invisible" to cytotoxic T lymphocyte recognition. 

It might be possible to manipulate these possible mechanisms for therapy. 
The co-stimulatory molecule B7 binds to the CD28 and CTLA-4 receptors on 
T cells and results in optimal activation of these cytotoxic effectors. Introduction 
of the B7 gene de novo into murine melanoma cells resulted in the rejection of 
murine melanoma cells after re-introduction into syngeneic animals (TOWNSEND 
and ALLINSON 1993; CHEN et al. 1992). Using the transcriptional control of tissue
specific promoters to restrict expression of the B7 molecule could result in 
effective immune stimulation. Recently we have shown (CHONG, HART and VILE, 
unpublished observations) that expression of the B7 gene driven off the tyrosi
nase promoter results in B 16 and K1735 melanoma cells becoming highly 
immunogenic. 

However, a theoretical advantage to this type of immunostimulatory ap
proach is that there is no necessity to deliver genes to every disseminated cancer 
deposit; an important point given the lack of efficiency of delivery mentioned 
above. Activated cytolytic T cells should be capable of dealing with distant 
growths because of their ability to recirculate. Since such effectors can kill more 
than a single tumour cell, the need to deliver immune-stimulating genes to a large 
percentage of target tumour cells is obviated. The finding that established B7-ve 

micrometastases were eliminated by the immune response generated by the 
subscutaneous inoculation of BJ+ve transfected tumour cells also suggests that 
once stimulated the effector cells are able to deal with untransfected cells located 
at a distance (CHEN et al. 1992). Various cytokine cDNAs may be introduced into 
tumour cells in an effort to amplify the number of responding T cells and other 
immune effector cells. This approach has often formed the basis for establishing 
more immunogenic vaccine material (GANSBACHER et al. 1992), but there also is 
every reason to suppose that the local production of such cytokines in situ as a 
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consequence of direct injection may have a beneficial effect (PLAUTZ 
et al. 1993). Once again, transcriptional targeting may enhance the efficacy of 
such in situ modification by stimulating the prolilferating T cells in close vicinity 
with the cytokine-expressing tumour cells. Clearly the cytokine cDNA chosen to 
be inserted into the tumour cells should not code for a factor for which the tumour 
cells possess the cognate receptor to avoid the possibility of autocrine growth 
stimulation. Using interleukin 2 and 4 as examples of such cytokines in our model 
systems, we have shown that direct injection of cDNAs expressed from the 
tyrosinase promoter into established B 16 melanoma growths results in gene 
expression within the melanoma cells (VILE and HART 1994) and a significant 
number of tumour regressions (VILE and HART, unpublished observations). 

4 Targeting of Prodrug-Activating Genes 

A number of genes are capable of converting an inert prodrug into an active 
cytotoxic. These genes, frequently referred to as "suicide" genes, include the 
bacterial cytosine deaminase gene, which encodes an enzymes that converts 
5-fluorocytosine into 5-fluorouracil, and the herpes simplex virus thymidine kinase 
(HSVtk) gene which encodes a kinase which phosphorylates ganciclovir. This 
guanosine analogue is phosphorylated to an intermediate by the viral kinase and 
is then phosphorylated further by cellular kinases to disrupt DNA synthesis. 
Considerable clinical experience has accumulated with both ganciclovir as an anti
viral agent and 5-fluorocytosine as an antifungal agent which makes them 
attractive compounds for fairly rapid translation to the clinic. We have shown that 
direct injection of HSVtk cDNA, under the control of the tyrosinase promoter, 
followed by systemic treatment with ganciclovir, produces a significant reduction 
in tumour size (VILE and HART 1993b). This reduction in tumour size probably is 
assisted by the so-called 'bystander' phenomenon in which there appears to be 
transfer of toxic metabolites between neighbouring cells. In practical terms this 
means that not every cell requires transduction with DNA so that currently 
achievable efficiencies of gene transfer may prove effective. We have docu
mented the degree of this bystander effect by mixing a clone of B 16 cells, stably 
transduced with HSVtk, with parental, untransduced B 16 cells in varying propor
tions. When the cell mix was cultured in 1 ~g/ml ganciclovir, there was substantial 
killing of the parent cells; at a 50:50 mix of transfected:untransfected cells over 
90% of the total cell population were killed (VILE and HART 1993b). Equally the use 
of the tissue-specific promoter in the direct injection protocols appears to limit the 
toxic effects to the melanoma cells since no untoward effects are observed in the 
treated mice (VILE and HART 1993b). 

The direct injection routes of administration of prodrug-activating genes, as 
distinct from immunity-modulating genes, appears to be limited by the extent of 
any field effect. At first sight it seems likely that these approaches could be used 
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only for local de-bulking procedures. The central conundrum remains how such 
genes are to be delivered to viscerally located tumours. We have used recom
binant retroviral vectors as systemic delivery agents in murine systems and 
shown that tissue-specific expression is maintained by incorporating the 
5' promoter of the murine tyrosinase gene into these constructs (VILE et al. 
1994a). While using these vectors, which are likely to be problematic in human 
patients, we have obtained some dramatic results that may have profound 
implications for future gene therapy approaches. The number of recently estab
lished lung metastases of murine melanoma in syngeneic mice was reduced 
substantially in animals treated with ganciciovir relative to controls following 
multiple intravenous injections of high-titre retroviral supernatant encoding the 
HSVtk gene (VILE et al. 1994b). The reduction in numbers of lung tumour nodules 
was greater than anticipated from the extent of transduction even allowing for a 
marked bystander effect. A comparable reduction in tumour nodules was not 
seen in athymic immunodeficient mice subjected to identical protocols, suggest
ing that an immune component is somehow involved in this response. We then 
demonstrated that, whereas the parental cells are only poorly immunogenic, a 
partial but effective anti-tumour immune response is generated following killing 
of neoplastic cells in vivo as a result of treatment with ganciciovir (VILE et al. 
1994b). This combination of direct killing, via a prodrug activation effect, and an 
augmented immune response, possibly as a consequence of the liberation of 
tumour neoantigens, might mean that prod rug activation by gene therapy could 
playa part in the therapy of disseminated disease. 

As stated, it is unlikely that murine retroviruses will be used in humans. Apart 
from safety considerations, such as the risk of insertional mutagenesis, human 
complement inactivates these vectors (WELSH et al. 1975). Therefore a duplication 
of our approach in mice is not likely to succeed in man. It may prove possible, 
however, to use direct injection of DNA, coding for a prodrug-activating enzyme, 
into a local tumour deposit to stimulate a systemic immune response. Experi
ments to test this possibility currently are under way. 
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The last decade has seen the extensive development of monoclonal antibodies 
(mAb) combined with rapid advances in recombinant DNA technologies. These 
developments have greatly accelerated and expanded research efforts to gener
ate new approaches for cancer therapy. The focus of many such efforts has been 
on immunotherapy, because of the unique specificity, diversity, and biological 
activity of antibodies that make them potentially ideal reagents in the laboratory 
and the clinic. Initial emphasis was primarily placed on mAb directed against 
tumor-associated antigen, including growth factor receptors, expressed to a 
greater extent on the cell surface of tumor cells than on normal cells and tissues. 
Two basic strategies were applied to substantially reduce tumor cell dissemina
tion and growth in preclinical models as well as in clinical applications. The first of 
these made use of antitumor antibodies simply as vehicles to deliver to tumor 
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cells either radionuclides, chemotherapeutic drugs, or toxins conjugated to these 
mAb by various means. Although several of these approaches resulted in some 
modest successes in the clinic, these were mainly confined to mAb conjugates 
with either radionuclides or toxins when applied to certain sensitive tumors, such 
as non-Hodgkins lymphoma. The second strategy applied to suppress tumor 
dissemination and growth made use of the natural effector mechanisms of 
antibodies to destroy tumor cells. These include triggering the complement 
cascade at the tumor cell surface, with consequent lysis or binding to Fc receptors 
on the surface of specialized effector cells, such as phagocytes or natural killer 
(NK) cells, thereby triggering phagocytosis or antibody-dependent cell-mediated 
cytolysis (ADCC). This approach has thus far also met only with modest success 
in the clinic; however, in contrast to the first strategy, it has been in part 
successful in patients with solid tumors, such as colon carcinoma (RIETHMULLER 
et al. 1994), melanoma (SALEH et al. 1992; MURRAY et al. 1994), and neuroblastoma 
(HANDGRETINGER et al. 1992, 1995). which usually are quite resistant to standard 
therapies. 

A series of observations made with a variety of murine antihuman tumor mAb 
in either preclinical experiments or in clinical applications strongly suggested that 
conventional murine mAb needed to be improved in a variety of ways to be 
optimally effective for cancer therapy. These included: (a) rendering them less 
immunogenic in humans by generating human/mouse chimeric mAb or human
ized mAb through complementarity-determining region (CDR) grafting and (b) 
structuring mAb to make optimal use of their natural effector mechanisms to kill 
tumor cells. In this regard, the unique domain structure of antibody molecules 
made them particularly accessible to genetic engineering, since functional do
mains with antigen-binding activities (Fc, Fab fragments) or effector functions (Fc 
fragments) lend themselves to be used separately as fragments or for inter
change between antibodies (for reviews, see WINTER and MiLSTEIN 1991; WRIGHT 
et al. 1992). The transfer of binding sites from one antibody to another is aided by 
the rigid ~-pleated sheet framework structure of the variable domains that are 
surmounted with antigen-binding loops (WINTER and MiLSTEIN 1991). Structural 
features such as these helped to generate a whole range of designer antibodies, 
ranging from chimeric or humanized mAb to a whole variety of recombinant mAb. 
These include the following: antigen-binding fragments, including domain-dele
tion mutants that can be used for targeting attached toxins or radionuclides (for 
reviews, see PAl and PASTAN 1994; BRINKMANN and PASTAN 1994; SCHLOM et al. 1991; 
SCHLOM 1995); antibody-like molecules that combine a binding site derived from a 
cell surface receptor or cell adhesion molecule, with antibody constant domains, 
i.e., immunoadhesions (for a review, see ASHKENAZI et al. 1993); hybrid antibodies 
assembled by using fragments from different antibodies to achieve novel anti
body-related effector functions (for a review, see SMITH and MORRISION 1994); and 
recombinant antibody fusion proteins with growth factors or cytokines. 

The ability of cytokines to elicit cellular immune responses led to the 
application of cytokine gene therapy to create tumor cell vaccines that induce 
protective immunity. Since the pioneering work of TEPPER et al. (1989), numerous 
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papers have been published on the potential of transfecting tumor cells with 
cytokine genes as an antitumor therapy primarily in weakly immunogenic murine 
tumor systems (for reviews, see PARDOLL 1993; COLOMBO and FORNI 1994). How
ever, the clinical application of such an approach would be both time consuming 
and costly, since it would involve the isolation, transfection, and readministration 
of an individual patient's tumor cells. Another approach was applied by construct
ing a recombinant fusion protein between granulocyte-macrophage colony-stimu
lating factor (GM-CSF) and a murine B cell lymphoma-derived idiotypic protein. 
This construct could be converted into a strong immunogen capable of inducing 
idiotype-specific antibodies that protected recipient animals from challenge with 
an otherwise lethal dose of tumor cells (TAO and LEVY 1993). 

An alternative approach would be to use the binding specificity of antitumor 
antibodies to target cytokines to tumor sites. Such an approach would not suffer 
from the limitation of being patient specific, since it would involve a simple 
injection or infusion of a recombinant antibody-cytokine fusion protein to any 
cancer patient suited for this type of therapy. In fact, successful therapy might be 
achieved with only a small percentage of the tumor mass being targeted by the 
fusion protein. This would be of considerable advantage and serve a dual purpose. 
First, it would circumvent the problem of tumor heterogeneity and tumor penetration 
that has severely limited the efficacy of antibodies targeting chemotherapeutic 
drugs, radionucleotides, and toxins. Second, the tumor cells targeted by the 
recombinant antibody-cytokine fusion protein could serve as an immunogen that 
would generate a specific and hopefully long-lasting cellular immune response 
that would result in successful cancer therapy. 

This article will deal with recombinant antibody-cytokine fusion proteins and 
summarize and discuss some of the results obtained by us and other investiga
tors with these constructs that have the potential to substantially suppress 
dissemination and growth of human tumor cells. 

2 Targeting of Human Cytotoxic T Lymphocytes 
to Kill Heterologous Epidermal Growth Factor 
Receptor-Bearing Tumor Cells 

Cytotoxic T lymphocytes (CTL) have been successfully targeted to effectively lyse 
tumor cells for which they lack specificity. This was achieved by heterobifunc
tional reagents that bridge a specific marker on the tumor cell to C03, a 
component of the T cell receptor (TCR) (Llu et al. 1985; JUNG et al. 1986). 
Alternatively, preferential killing of tumor cells by nonspecific CTL could also 
be obtained by conjugating an analogue of a-melanocyte-stimulating hormone 
(a-MSH) to an anti-CD3 antibody by chemical means (Llu et al. 1988). A genetic 
approach was applied in another attempt to optimize killing of heterologous 
epidermal growth factor (EGF) receptor (EGFR)-bearing human tumor cells by 
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CTL. Thus, a recombinant antibody fusion protein was constructed between a 
chimeric mouse/human antihuman CD3 antibody and EGF and tested for its ability 
to mediate lysis of EGFR-bearing melanoma cells by human CTL (GILLIES et al. 
1991 a). This construct was made by fusion of an EGF-coding sequence to the 
3'-end of the humanY1-heavy (Y1-H) chain gene sequence and subsequently expressing 
the modified gene in transfected cells together with the variable regions of a murine 
antihuman CD3 antibody. This fusion protein could compete with EGF for 
its receptor and was able to effectively mediate lysis of EGFR-bearing epidermoid 
carcinoma, melanoma, and neuroblastoma cells by a tumor-infiltrating lympho
cyte (TIl) line or by a CTL line established from peripheral blood. Lysis could be 
achieved at concentrations as low as 10-12_10-11 M that were significantly less 
than the kD for EGF binding to EGFR (2 x 10-10 M). This reaction was specific, since 
in the absence of the fusion protein, the CTL had little or no cytolytic activity 
against the tumor targets that were tested. The use of recombinant fusion 
proteins between anti-T cell antibodies and growth factors, such as EGF, may be 
useful in evaluating adoptive immunotherapy regimens where a patient's periph
eral blood-derived CTL are provided with an additional target specificity. Certainly, 
such recombinant fusion proteins offer a more direct approach to obtain heterobi
functional reagents of uniform high quality than that provided by heterobispecific 
antibodies or chemical conjugates that require additional in vitro manipulations. 

3 Antibody-Superantigen Fusion Proteins 
for T Cell-Based Tumor Therapy 

In an attempt to produce tumor-specific agents for T cell-based tumor therapy, 
DOHLSTEN et al. (1994) made a recombinant fusion protein of staphylococcal 
enterotoxin A (SEA) and the Fab region of the C215 murine monoclonal antibody 
reacting with human colon carcinoma cells. The rationale for this approach is 
based on the finding that strong immune responses against allografts usually 
involve T lymphocytes that are able to recognize peptides via the TCR presented 
in the context of major histocompatibility complex (MHC) molecules. Since the 
T cell response to a tumor is usually insufficient to interfere with its growth, an 
alternative approach to immunotherapy is to target tumor cells with a large 
number of T cells activated by SEA to release cytokines and produce cell
mediated Immunity (SCHERER et al. 1993). 

The recombinant fusion protein Fab C215-SEA produced a more than tenfold 
reduction in MHC class II binding compared to native SEA, and the affinity of this 
fusion protein for the C215 tumor antigen was approximately 100-fold greater 
than for MHC class II human colon carcinoma cells in vitro, demonstrating a 
functional substitution of MHC class II-dependent presentation of SEA with 
tumor specificity. Treatment with Fab C215-SEA resulted in 85%-99% inhibition 
of tumor growth and increased survival of Balb/c mice carrying B 16 murine 
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melanoma cells expressing a transfected C215 antigen. In this syngeneic, experi
mental metastasis model, the therapeutic effect depended on antigen-specific 
targeting of the fusion protein, since native SEA and an irrelevant SEA fusion 
protein failed to inhibit tumor growth (DOHLSTEN et al. 1994). These results suggest 
that a Fab-SEA fusion protein can convey superantigenicity to tumor cells that 
evoke T cell to suppress tumor growth in a syngeneic tumor metastasis model. 
However, it remains to be determined whether the use of a highly immunogenic 
bacterial superantigen that elicits tumor targeting of pseudospecific T cells will 
also be successful for the clinical treatment of solid human tumors. 

4 Recombinant Antibody-Cytokine Fusion Proteins 

The rationale for constructing recombinant antibody-cytokine fusion proteins is to 
achieve optimal biological effectiveness by combining the unique targeting ability 
of antibodies with the multifunctional activities of cytokines (for a review, see 
BURKE et al. 1993). Specifically, the hypotheses that needed to be tested with this 
approach were: (a) that these fusion proteins can target cytokines to tumor sites 
and thereby stimulate and expand immune effector cells sufficiently to achieve 
efficient tumor cell lysis and (b) that low doses of the antibody-cytokine fusion 
protein will be more effective than equivalent amounts of cytokine per se, in 
suppressing tumor growth and prolonging the life span of experimental animals. 
Should these hypotheses prove correct, one might then anticipate that the 
potentially lower effective dose levels of the antibody-cytokine fusion protein may 
be less toxic than the relatively high-dose levels of cytokines used thus far in clinical 
applications and that this will lead to a more effective immunotherapy of cancer. 

GILLIES et al. (1991 b, 1992) chose the antiganglioside GD2 antibody 14.18 
(MuJOO et al. 1987) to construct recombinant antibody-cytokine fusion protein 
based on several experimental findings. First, murine anti-GD2 mAb 14.18 (lgG) 
and its isotype switch variant 14. G2a (lgG 2a) as well as the chimeric human/mouse 
mAb ch14.18 (human IgG 1) served as specific probes for structural and functional 
studies of this disialoganglioside antigen that is associated with neuroblastoma, 
melanoma, sarcoma, and small cell lung carcinoma. The mAb 14.18 effectively 
lysed neuroblastoma cells in vitro by either complement-dependent cytotoxicity 
(CDC) or ADCC. This mAb (kD, 2.2 x 10-8 M) detected as many as 1.2 x 107 

antigenic sites on human neuroblastoma cells and markedly suppressed the 
growth of tumor xenografts in athymic (nu/nu) mice (MuJOO et al. 1987; REISFELD 
and CHERESH 1987). The isotype switch variant 14.G2a isolated from mAb 14.18 
(lgG3) by fluorescence-activated cell sorter analysis had a kD of 3.4 x 10-8 M and 
bound to the same chemically defined GD2 on neuroblastoma and melanoma 
cells. The mAb 14.G2b and 14.G2a effectively lysed these tumor cells by CDC and 
ADCC (MuJOO et al. 1989; REISFELD 1992). Effector cells isolated from the peri
pheral blood of either normal individuals or neuroblastoma patients were equally 
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suitable for ADCC (BRUCHELT et al. 1989; REISFELD 1992). The chimeric mAb 
ch 14.18, which is of human IgG, isotype, exhibited these same properties 
(REISFELD 1992). Importantly, mAb 14.G2a (HANDGRETINGER et al. 1992) and ch14.18 
(HANDGRETINGER et al. 1995) were effective in phase I clinical trials of patients with 
neuroblastoma, resulting in a number of prolonged partial remissions and several 
long-term complete remissions of this disease. Both antibodies were somewhat 
less effective in phase I clinical trials of melanoma patients, where treatment 
resulted in several partial remissions (SALEH et al. 1992; MURRAY et al. 1994). For the 
reasons summarized above, the anti-GD2 mAb 14.18 was considered a potentially 
effective fusion partner for recombinant antibody-cytokine fusion proteins. 

4.1 Recombinant Antibody-Tumor Necrosis 
Factor-p Fusion Proteins 

The biological functions of tumor necrosis factor (TNF-a) and Iymphotoxin (LT or 
TNF-~) provided the rationale for constructing recombinant antibody fusion pro
teins with one of these cytokines, i.e., LT. Thus, while both TNF-a and LT were 
reported to kill tumor cells, they exert a number of effects on a variety of cell 
types. The antitumor function of TNF was first studied in terms of its cytotoxic 
activity for neoplastic cells in vitro (HAVELL et al. 1988). It was initially assumed that 
the in vivo therapeutic activity of TNF is based on its ability to bind to its two cell 
receptors and to directly kill tumor cells. However, it became evident that the 
in vivo activity of TNF may not be based entirely on its ability to cause tumor 
regression directly, but is also aided by its capacity to cause hemorrhagic necrosis 
at the centers of established tumors, thereby destroying the tumor's vasculature. 
In this way, destruction of much of the tumor's center results from ischemia 
(HAVELL et al. 1988). 

The rationale for using mAb fusion proteins with TNF-~ is to make use of 
some of its multiple activities. Specifically, one of these will be the activation of 
inflammatory mechanisms involving granulocytes and macrophages. A further 
activity of this cytokine is to increase interleukin (IU-2 receptors on T cells and 
thereby augment I L-2-mediated proliferation of T cell effectors. Thus once 
individual modalities have been optimized, there is a rationale to attempt combi
nation therapies with IL-2 and TNF fusion proteins. An additional reason for 
making use of antibody-TNF fusion proteins is that ligation of TNF to its TR60 and 
TR80 receptors can induce apoptosis via induction of distinct signal pathways 
(GRELL et al. '1994). This finding may well lead to the investigation of additional 
basic mechanisms involved in the antitumor effects of antibody-TNF fusion 
proteins. Another rationale for trying to achieve an increased concentration of TNF 
in the tumor microenvironment is to more effectively induce destruction of tumor 
vasculature as a consequence of the hemorrhagic necrosis caused by TNF in the 
center of established tumors. In this regard, HAVELL et al. (1988) have clearly 
shown that treatment of established immunogenic murine sarcoma with TNF 
often causes hemorrhagic necrosis of the centers of established tumors, but only 
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rarely results in complete regression of the ring of living tumor tissue that survives 
central hemorrhagic necrosis. In fact, the therapeutic action of TNF against this 
tumor does not solely depend on its ability to directly destroy tumor cells in vivo, 
but also on the ability of this cytokine to directly or indirectly destroy the tumor's 
vasculature. In this way, destruction of most of the tumor center results from 
ischemia. For these reasons, a combination of mAb-TNF-P and mAb-IL-2 fusion 
proteins may have an optimal antitumor effect. 

Human L T was genetically conjugated to the constant region of a human y, 
immunoglobulin gene at the end of either the second (CH2-L T) or third (CH3-L T) 
constant region domain (Fig. 1) (GILLIES et al. 1991 b). The altered H chain constant 
regions were combined in a plasmid vector together with the variable regions of 
mouse antiganglioside GD2 antibody 14.18 and the human k-constant region. The 
resulting immunoconjugate constructs were expressed in transfected hybridoma 
cells and tested for both their antibody and L T activities. The two constructs were 
assembled to varying degrees depending on whether the third H chain constant 
region was present. However, both forms retained their ability to bind antigen and 
mediate ADCC, but only CH3-L T was able to mediate the lysis of melanoma 
target cells in the presence of human complement. In fact, as depicted in Fig. 2A, 
the CH3-L T conjugate mediates lysis at approximately the same concentrations 
as ch14.18, suggesting that the fusion of L T to the carboxy terminus of the 
H chain did not affect complement fixation. The CH2-LT conjugate, on the other 
hand, did not mediate lysis at concentrations as high as 1 0 ~g/ml. The ability of the 
CH3-L T conjugate to mediate ADCC was also not significantly impaired by the 
addition of LTto the carboxy terminus (Fig. 2B). In contrast, the CH2-LT conjugate 
required higher concentrations to achieve a comparable degree of lysis of the 
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Fig. 1A-D. Construction of fusion proteins between Iymphotoxin (L T) and the human immunoglobulin 
(lg) H chain. A Restriction map of a human Cy1 gene fragment cloned in plasmid pBR322. B The Cy1 
gene fused to L T at the end of the CH2 domain. C The Cy1 gene fused to L T at the end of the CH3 
domain. 0 The cDNA encoding L T cloned in expression vector pDEM including promotor (arrow), the 
natural leader peptide of LT (open box), the first residue of the mature protein (+ 1), and mouse kL chain 
polyA and 3' untranslated sequence. Open boxes represent protein-coding regions of Cy1 in A-C; black 
boxes represent synthetic linkers used to join the protein-coding sequences; striped boxes represent 
L T-coding sequences. (From GILLIES et al. 1991 b) 
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Fig. 2A.B. Complement-dependent cytoxicity (CDC) and antibody-dependent cellular cytoxicity 
(ADCC) activities of ch14.18 and immunoglobulin (lg)/ Iymphotoxin (L T) immunoconjugates. A The 
complement-dependent lysis of 51Cr-labeled GD2-bearing M21 cells was assayed with the indicated 
amounts of ch14.18 antibody (open circles), CH2-LT (closed circles), or CH3-LT (open squares) 
together with human complement. B The antibody-dependent lysis of 51Cr-labeled M21 cells was 
assayed with the antibody or conjugates as above and freshly prepared peripheral blood leukocytes 
(PBL) at an effector to target ratio of 200: 1. Both assays were carried out for 4h at 37"C. The percentage 
of specific lysis was calculated by subtracting the spontaneously released counts and dividing the 
corrected experimental values by the total counts obtained by detergent lysis and multiplying by 100. 
(From GILLIES et al. 1991 b) 

antigen-bearing melanoma target cells. Since only a fraction of the CH2-L T 
preparation was assembled into complete antibody molecules, it is possible that 
the assembled molecules are fully active in mediating ADCC, but that higher 
concentrations are required to compensate for the fraction of inactive molecules. 
The presence of the CH3 exon in the fusion protein resulted in complete H chain 
assembly and thus in higher LT and effector activities (GILLIES et al. 1991 b). 

Although the assembly of H chains may likely result in LT dimerization, this 
possibility requires further examination by cross-linking studies. Consequently, 
the degree of H chain assembly is not the only factor affecting the biological 
activity of the conjugates. In fact, CH2-LT and CH3-L T preparations differed by as 
much as 1 DO-fold in activity, but only two- to three fold in terms of assembly. Thus, 
the conformation of the L T portions of the dimerized conjugates must differ 
significantly to account for this discrepancy. 

The data of GILLIES et al. (1991 b) suggest that a free amino terminus is not 
necessary for L T binding to its receptor, since in the highly active CH3-L T 
construct the amino terminus of the L T domain is peptide bonded to the Ig H 
chain. This would agree with the results of FENG et al. (1988), who found that the 
fusion of L T to the carboxy-terminal end of interferon-y resulted in demonstrable 
L T activity. However, one cannot rule out the possibility that the conjugate is 
proteolytically cleaved during the assay period and releases a free L T protein that 
binds to the receptor. In fact, plasmin treatment of the two conjugates was found 
to cleave the Ig and LT molecules at, or very near, their junction and to release 
active LT, while leaving the chimeric antibody intact (S.D. GILLIES et al., unpub
lished observations). In summary, the data of GILLIES et al. (1991 b) clearly 
demonstrate that an anti-GD2 antibody can be genetically fused to LTwithout the 
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loss of antigen-binding activity or receptor-binding and biologic activity of this 
cytokine. The ability of this fusion protein to target to L T-bearing tumors in vivo 
remains to be determined. Although the 14.18-L T fusion protein may be useful in 
delivering L T to the tumor site and may elicit inflammatory responses and other 
biological activities, it may not be useful as a direct cytotoxic molecule. Thus, even 
though 14.18-L T was specific for the abundantly expressed and internalized cell 
surface molecule GD2, it did not render an antigen-positive, LT-resistant tumor cell 
sensitive to LT-mediated killing (GILLIES et al. 1991 b). However, this result is not 
surprising, since TNF (and presumably LT) does not have to enter a cell in order to 
kill it. Thus, the mechanism of TNF a and/or L T-mediated cell killing may be due to 
specific receptor signaling rather than general uptake into cells. The GD2-positive, 
LT-resistant tumor cells that were not sensitive to L T-mediated killing most likely 
did not express sufficient TNF receptors. In this regard, ligation of TNF to 
molecularly cloned TR60 (SCHALL et al. 1990) and TR80 (LOETSCHER et al. 1990) TNF 
receptors was recently reported to trigger distinct signaling pathways that induce 
apoptotic cell death (GRELL et al. 1994). It should be pointed out that both TNFa 
and TNF~ (LT) share the same specific TNF receptors, TR60 and TR80 (LEWIS et al. 
1991 ). 

4.2 Recombinant Antibody-lnterleukin-2 Fusion Proteins 

The rationale for constructing recombinant antibody-IL-2 fusion proteins is based 
on a large body of in vitro and in vivo data obtained with this cytokine in attempts 
to improve the efficacy of cancer immunotherapy. Initially, the ready availability of 
large amounts of molecularly cloned and defined cytokines catalyzed the wide
spread use of IL-2 for cancer immunotherapy. This was due largely to this 
cytokine's stimulatory effects on a broad range of immune cell types, including 
both T and B lymphocytes, monocytes, macrophages, and natural killer (NK) cells. 
Stimulation of peripheral blood lymphocytes by IL-2 in vitro and in vivo produced 
Iymphokine-activated killer (LAK) cells, derived mainly from NK cells, that were 
applied in clinical trials, which produced antitumor responses in some patients 
with melanoma and renal carcinoma (ROSENBERG 1988; ROSENBERG et al. 1994). 
Specifically, treatment with high doses of IL-2 in patients with advanced mela
noma proved to be somewhat less effective than the combined IL-2-LAK therapy 
resulting in response rates (complete and partial remission) (CR+PR) of 21 % 
versus 24% (ROSENBERG 1988). However, because of a short half-life in the 
circulation, relatively large doses of IL-2 had to be administered to patients, which 
lead to toxicities, including fluid and colloid loss into visceral organs and soft 
tissues. Treatment-related mortality with high doses of IL-2 alone or in combined 
LAK-IL2 therapies was 1.5% among 652 patients who received 1039 treatment 
courses (ROSENBERG et al. 1989). Clinical results of LAK-IL-2 therapy were ulti
mately improved by using TIL, a class of T lymphocytes infiltrating into tumors. 
Those cells with IL-2 receptors could be propagated in vitro in large numbers by 
culturing with IL-2. The best clinical results obtained with this type of effector 
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cells, including cyclophosphamide to eliminate T suppressor cells, was a re
sponse rate (CR+PR) of 39% obtained with 28 melanoma patients (ROSENBERG 
1992). Recently, a 5-year clinical trial of 86 patients with metastatic melanoma 
indicated that treatment with autologous TIL plus high-dose bolus IL-2 resulted in 
objective responses in about one third of the patients (ROSENBERG et al. 1994). 

In addition to these clinical data, the rationale for constructing recombinant 
antibody-IL-2 fusion proteins was further strengthened by several in vitro data. 
Thus treatment of T cells with anti-CD3 antibody prior to IL-2 exposure greatly 
increased T cell cytolytic activity (WElL-HILLMAN et al. 1991). In addition, expansion 
of TIL by culture in the presence of high concentrations of IL-2, together with 
periodic target cell stimulation, caused substantial increases in cytolytic activity 
(ROSENBERG 1988). Both of these approaches involve costimulation of IL-2 and 
T cell antigen receptors for expansion and maintenance of T cell cytolytic activity. 
Consequently, GILLIES et al. (1992) proposed that an optimal strategy could 
combine IL-2 activation and tumor antigen presentation together with a tumor
specific antibody, such as antiganglioside GD2 mAb ch14.18, which mediates 
both CDC and ADCC activities. 

The aim was to target IL-2 to tumors expressing ganglioside GD2 to ensure 
that local T cells would simultaneously recognize their cognate antigens in the 
context of MHC, while receiving an IL-2 activation signal. In addition, the anti-GD2 
antibody would also be available to target Fc receptor-bearing cells, such as NK 
cells, that were activated by the targeted IL-2. Finally, it was anticipated that the 
targeting of cytokines by recombinant antibody fusion proteins to tumor sites will 
obviate the requirement to target every tumor cell, as is the case for antibody 
conjugates with drugs, toxins, and to some extent radionuclides. The difficulty in 
achieving this objective with highly heterogenous tumor cell populations has 
been at least one of the reasons why such conjugates have thus far had only very 
limited success in cancer therapy. 

4.2.1 Construction and Characterization 

FELL et al. (1991) initially reported the genetic construction of a fusion protein 
consisting of a human/mouse chimeric F(ab') of anticarcinoma mAb L6 and 
human IL-2. In this case, genomic DNA fragments encoding the L6 Ig light (U 
chain and H chain variable (V) region gene segments were cloned and used to 
create chimeric Land H fusion gene constructs. The chimeric L chain construct 
consisted of L6VL and human Ck gene segments, and the H chain fusion construct 
contained the L6V H exon plus the CH1 exon of human Y1' This was followed by a 
synthetic exon encoding a mutated version of the human IgG 1 hinge region, i.e., 
a 13-amino acid linker and the mature sequence of human IL-2. In an attempt to 
prevent inappropriate intrachain disulfide formation while synthesizing the hinge 
sequence, the two cysteines that normally form interchain disulfide bonds 
between H chains were replaced with serine and proline residues, respectively. 
After cotransfection of the two vectors into the Ig-deficient murine myeloma cell 
line Ag8.653, screening of cell lines for the assembled fusion protein with a pair 
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of L6 anti-idiotypic antibodies indicated that an IL-2 fusion protein was produced 
at a concentration of 1 OIJg/ml. Specific binding activity of the fusion protein for the 
L6 antigen was maintained on L6-positivecarcinoma cells, and phytohemagglutinin 
(PHA)-activated human peripheral blood T cells demonstrated direct binding of the 
fusion protein to the human IL-2 receptor (IL-2R). In fact, the L6-IL-2 fusion protein 
also delivered an early signal via interaction with IL-2R that was at least qualitatively 
the same as that delivered by recombinant human IL-2 (FELL et al. 1991). 

However, while the L6-IL-2 fusion protein supported the growth of the IL-2-
dependent murine CTLL2 cell line in a dose-dependent manner, it was, unfortu
nately, far less active in this regard than recombinant human IL-2 (rhIL-2) on a 
molar basis. Thus, the L6-IL-2 fusion protein in culture supernatants was 30- to 
1 OO-fold less active than rhIL-2, and the purified L6-IL-2 fusion protein was 200-
fold less active than rhlL2. However, the L6-IL-2 fusion protein exhibited biologi
cal activity, as tumor cells coated with this fusion protein stimulated T cell 
proliferation. The amount of IL-2 activity transferred by lOx 103 tumor cells over 
the course of the cell proliferation assay was approximately that of 3 U rlL2/ml. 
Although the L6-IL-2 fusion stimulated the destruction of carcinoma cells by CD3 
blasts equally well as rl L-2, it was far less efficient than rl L-2 at potentiating the 
effect of resting PBL. FELL et al. (1991) postulate that, although their L6-1 L-2 
fusion protein is approximately 200-fold less potent than equivalent amounts of 
rhlL, this reduced activity may allow doses of protein to be administered that 
accumulate within the tumor with less toxicity than rIL-2. They base this conten
tion on unpublished data suggesting that the molar amount of mAb L6 required to 
achieve appreciable tumor localization in metastatic lesions is approximately 100 
times the amount of rlL that can be safely administered in vivo. These authors 
expect that the putative biological potency of L6-IL-2 in vivo will also be aided by 
a longer serum half-life than that of rl L-2; however, this fact has not been 
established as yet for this particular fusion protein. 

GILLIES et al. (1992) reported on a recombinant fusion protein consisting of 
chimeric antiganglioside GD2 antibody (ch14.18) and rhIL-2, designated ch14.18-
IL-2. In contrast to the findings reported by FELL et al. (1991) with their Fab L6-IL-2 
fusion protein, GILLIES et al. (1992) found that direct fusion of the I L-2 to the 
carboxyl terminus of the immunoglobulin H chain of intact ch14.18 did not reduce 
r1L-2 activity, as measured in a standard proliferation assay with either mouse or 
human T cell lines. The approach of GILLIES et al. (1992) differed from that of FELL 
et al. (1991) in that antibody and I L-2 sequences were fused directly without the 
introduction of an artificial linker consisting of 13-amino acid residues. 

In constructing the ch14.18-1 L-2 fusion protein, GILLIES et al. (1992) used 
plasmid constructs where the Ig-I L-2 fusion protein expression vector was 
constructed by fusing a synthetic human IL-2 sequence to the carboxyl end of the 
human Cy1 gene. In order to join the NH 2-terminal codon of mature IL-2 to the 
exact end of the CH3 exon (CH3-IL-2), a synthetic DNA linker was used, 
extending from the Sma I site near the end of the antibody-coding sequence to the 
single Pvull site in the IL-2 sequence. The fused gene was inserted into the vector 
pdHL2-14.18, as described previously, for an antibody-LT fusion protein (GILLIES 
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1991 b). Two additional constructs were made in which the IL-2 sequence was 
fused to the Sac1 site in the hinge region of the human Cy3 gene (Fab-IL-2) or to 
the end of the CH2 exon at a Taq1 site (CH2-IL-2). In each of these constructs, 
synthetic DNA linkers were used to fuse the antibody and I L-2 sequences without 
the introduction of any additional amino acid residues. 

The expression plasm ids were introduced into the Ig-deficient murine mye
loma cell line Sp2/0-Ag14 by protoplast fusion and selected in medium containing 
100 nM methotrexate (MTX). The clones secreting the largest amount of ch14.18-
IL-2 were propagated in increasing concentrations of MTX and subcloned in 
medium containing 5 iJM MTX. Purification of the CH3-IL-2 fusion protein was 
done on protein A sepharose, while the Fab-IL-2 and CH2-IL-2 fusion proteins 
were purified on an antihuman k-chain affinity column. 

Characterization of the various ch 14.18-IL-2 fusion constructs revealed that 
the H chain fusion proteins were expressed together with the V regions of mAb 
14.18 and the human Cy gene. Although secreted H chains did associate with the 
chimeric L chain to form Fab-IL-2 or CH2-IL-2 fusion proteins, the latter failed to 
assemble into a whole antibody. This was the case even though it had an intact 
hinge region, presumably containing covalent disulfide bonds normally involved in 
inter-H chain binding. As far as antigen-binding activities were concerned, the 
Fab-I L-2 protein containing the 14.18 V regions showed no antigen-binding 
activity, while the CH2-IL-2 fusion protein was strongly positive. The genetically 
engineered 14.18 Fab revealed greatly reduced antigen-binding activity, suggest
ing that this antibody required bivalency for full activity. However, Fab 14.18-
I L-2 and 14.18 CH2-IL-2 retained IL-2-specific activity ranging from 5 to 6.5 X 106 

U/mg when normalized for IL-2 content. The lack of 14.18 Fab-IL-2 antigen
binding activity did not indicate that this is generally the case for such constructs, 
since a Fab-IL-2 fusion protein could be constructed with anti-TAG72 mAb that 
retained both antigen-binding and I L-2 activities (GILLIES et al. 1992). 

Construction of a whole antibody-IL-2 fusion protein by fusing the coding 
sequence of IL-2 to the end of the H chain CH3 exon (CH3-IL-2) resulted in a fully 
assembled antibody fusion protein with full IL-2 activity. Interestingly, this con
struct had enhanced antigen-binding activity when compared to mAb ch 14.18. 
Furthermore, cleavage with plasmin reduced this increased antigen-binding 
activity of CH3-IL-2 back to that of ch14.18, as IL-2 was cleaved from the fusion 
protein at the carboxyl lysine residue of the antibody H chain, just before the + 1 
residue of mature IL-2 (GILLIES et al. 1992). This finding suggests that the fusion of 
cytokines may actively alter the structure of antibody domains, resulting in 
changes in 'antigen-antibody interactions. 

Evaluation of biological activities of CH3-IL-2 indicated that fusion of IL-2 to 
the carboxyl terminal of the immunoglobulin H chain did not reduce IL-2 activity 
when measured in proliferation assays with either mouse or human T cell lines. In 
addition, the CH3-IL-2 fusion was found to be remarkably stable throughout its 
purification and during subsequent storage for up to 4 years, thus far, at -20°C. The 
effector functions of CH3-IL-2, i.e., the abilityto mediate CDC or ADCC, were found 
to be maintained, although somewhat decreased when compared with ch 14.18, 
similar to results reported for the CH3-LT fusion protein (GILLIES et al. 1991 b). 
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The CH3-IL-2 fusion protein exhibited enhanced TIL cytotoxic activity of 
autologous tumor targets. This was observed when the human 660 TIL line, 
which is CD3+, CDS>, antigen specific, and MHC class I restricted, was used to 
test the ability of the CH3-IL-2 (14.18) fusion protein to stimulate the killing of 
GD2-positive autologous melanoma tumor cells (660 mel). Figure 3A provides an 
example of a killing assay performed with 660 TIL shortly after antigen stimulation 
with 660 mel cells. In this. experiment, the tumor target cells were first coated 
with CH3-1 L-2 fusion protein or with mAb ch 14.18 and then used as targets in a 
7-h 51Cr release asay. It is evident from Fig. 3A that at the higher effector to target 
(EfT) ratio of 50:1, mAb ch14.18 alone stimulated killing; however, this occurred 
to a much lesser extent than with CH3-IL-2. The effect of CH3-IL-2 was even 
more pronounced at the lower E/ T ratio (10: 1) or with TIL that had been deprived 
of I L-2 stimulation for 4 days. Figure 3B depicts results from a similar experiment, 
comparing CH3-IL-2 and exogenous IL-2, performed 1 week later when auto
logous killing activity had declined. In these 16 h cytotoxicity assays, the addition 
of I L-2 (100 U/ml) to the assay mixture produced little effect. However, the 
stimulatory effect of CH3-IL-2 was striking, especially at the lower E/ T ratio (1 0:1) 
and when IL-2-depleted effector cells were used. In fact, in all cases, the amount 
of stimulation obtained by coating tumor cells with the CH3-IL-2 fusion protein 
exceeded that obtained by equivalent amounts of IL-2. 

4,3 Recombinant Single-Chain Antibody-lnterleukin-2 
Fusion Proteins 

SAVAGE et al. (1993) reported the construction, expression, and characterization of 
a recombinant single-chain antibody-IL-2 fusion protein (SCA-IL-2) that retains 
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Fig. 3A,B. Stimulation of autologous cytolytic 
activity by CH3-interleukin (IL)-2-coated tumor 
cells. A Freshly stimulated 660 tumor-infiltrating 
lymphocyte (TIl) cells were used as effectors 
against 660 mel targets in a 7-h 51Cr release 
assay. Before the assay, the target cells were 
either untreated (filled bars) or coated with 
ch14.18 (hatched bars) or CH3-IL-2 (white 
bars). The effector cells (660 TIl) were taken 
from growing cultures (Normal) or were 
cultured for 4 days without IL-2 (-IL2) and were 
used at an effector to target ratio of 50: 1 or 10: 1. 
B Normal and IL-2-depleted 660 TIL cells, 1 
week after antigen stimulation, were used as 
effectors against untreated (filled bars) or CH3-
IL-2 coated (white bars) 660 ml targets at the 
indicated effector to target ratio in a 16-h release 
assay. One set was incubated with added IL-2 
(100 units [U]/ml; hatched bars). (From GILLIES 

et al. 1992) 



40 RA Reisfeld and S.D. Gillies 

both the antigen-binding characteristics of the parent SCA and the immuno
stimulatory actions of IL-2. These investigators chose to use an SCA comprised of 
variable heavy (VH) and variable light (VL) chain domains of the antilysozyme 
antibody D1.3 simply to test the feasibility of constructing it. The rationale 
advanced for making such a construct was to utilize such well-known character
istics of SCA as good tissue penetration (YOKOTA et al. 1992), rapid renal clearance 
of non-localized protein, and potentially low immunogenicity (COLCHER et al. 1990). 
The reason given by SAVAGE et al. (1993) for using the anti lysozyme SCA D1.3 was 
its thorough characterization, well-documented secretion, ease in affinity purifica
tion, and detection by enzyme-linked immunosorbent assay (ELISA). Because of 
the unsuitability of an SCA for cytotoxicity assays, SAVAGE et al. (1993) could not 
supply any evidence indicating concentration of IL-2 at tumor sites. However, 
these investigators were able to demonstrate that this fusion protein retains 
antigen-binding activity and also possesses the immunostimulatory actions of 
IL-2 when tested with lymphocytes bearing either high or low-affinity IL-2 receptors. 
Thus, fluorescence-activated cell sorter (FACS) analyses indicated that the SCA
IL-2 fusion protein was produced as an intact protein, rather than a degraded one, 
consisting of the two parent molecules. The fusion protein produced a significant 
increase in fluorescence compared with the negative control, while free SCA or 
free IL-2 alone showed no increase over background values. Specificity of the 
fusion protein's interaction with murine CTLL-2 cells was indicated by reduction 
of fluorescence to background levels in the presence of excess free rIL-2. This 
competitive inhibition of SCA-IL-2 binding also indicates that the fusion protein 
binds to the cells through specific receptor-ligand interactions. Result from 
proliferation assays with IL-2-dependent CTLL-2 cells revealed that half-maximal 
stimulation occurred equally well at equivalent concentrations of free r1L-2 (0.4 
U/ml) and SCA-IL-2 fusion protein. Similar dose-response curves were also 
obtained when the respective effects of r1L-2 were compared with those of the 
SCA-IL-2 fusion protein in these experiments. Native mAb D1.3-SCA had no 
proliferative effect in these assays. 

SAVAGE et al. (1993) also pointed to a few potential problems with the SCA
I L-2 fusion protein. Thus, after expression in cultures of Escherichia coli, K12 KS476, 
the fusion protein, when probed with anti-SCA antiserum, revealed a 46-kDa compo
nent, but also at least five other components of lower molecular mass that 
apparently are due to proteolytic degradation of the carboxy-terminal section of 
the fusion protein. Another problem mentioned by these investigators is that. due 
to proteolytic degradation in E. coli, the yield of expression of the SCA-I L-2 is very 
low and witl have to be improved. An additional, potential problem with an SCA
I L-2 fusion protein that may be seen in clinical trials could be the very short serum 
half-life time of such a construct, especially since even an intact antibody-IL-2 
fusion protein was reported to have a very rapid initial clearance rate (a-phase) in 
normal Balb/c mice (GILLIES et al. 1993). 

Recently, DORAI et al. (1994) reported on the mammalian cell expression of 
single-chain Fv (sFv) antibody proteins and their C-terminal fusions with IL-2 and 
other effector domains. In this case, the model sFv was derived from murine mAb 
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741 F8, which binds to the extracellular domain of the c-erbB2/HER2 antigen, a 
putative growth factor receptor in the tyrosine kinase family of oncogenes with an 
EGF-like ligand (HOLMES et al. 1992). The c-erbB2 receptor is overexpressed in 
ovarian and breast carcinomas and therefore represents an important target 
antigen for antibody-based therapy. DORAI et al. (1994) described methods for the 
stable expression of sFv, sFv', and sFv fusion proteins in Chinese hamster ovary 
(CHO) cells and myeloma cells, as well as for transient expression in the primary 
human embryonic kidney cell line 293, to permit evaluation of plasmid construc
tion. DORAI et al. (1994) mentioned briefly that they also constructed a fusion of 
I L-2 attached to the C-terminus of 741 F8 sFv using a glycine-rich linker of 14 
residues. This fusion protein was expressed in 293 and CHO cells, detected in 
western blots with anti-741 F8 sFv antibodies, as well as by immunoaffinity 
chromatography on a c-erbB2 resin. DORAI et al. (1994) state that this purified sFv
IL-2 fusion protein had a specific activity equivalent to the free IL-2 control. 
However, they did not show any experimental data to back up this statement, nor 
did they provide information on the antigen-binding activity of this sFv-IL-2 fusion 
protein. 

4.4 Biological Activity and In Vivo Clearance 
of Antitumor Antibody-Cytokine Fusion Proteins 

In a first step to evaluate recombinant antibody-cytokine fusion proteins as 
potential antitumor agents, GILLIES et al. (1993) examined their pharmacokinetic 
properties in normal Balb/c and athymic (nu/nu) mice. This included the evaluation 
of already constructed and characterized recombinant fusion proteins between 
the chimeric mouse/human antiganglioside GD2 mAb ch14.18 and the human 
cytokines LT (TNF-P) (GILLIES et al. 1991 b) and IL-2 (GILLIES et al. 1992)' respectively. 
Two additional Ig-cytokine fusion proteins were also constructed and tested for 
both biologic function and blood clearance. These included the fusion of ch14.18 
Ig to either human GM-CSF orTNF-a. The mature TNF-P or IL-2 protein sequences 
were directly fused to the carboxyl terminal of the CH3 exon of the human Cy1 
gene. The proteins secreted by transfectants, obtained with these constructs, 
assembled into complete antibody molecules with the cytokine peptide-linked to 
the Ig H chains. In both cases, these cytokines retained their biologic activities 
(GILLIES et al. 1991 b, 1992). 

The TNF-a fusion protein was made so that it could be compared to a TNF-P 
fusion protein' (GILLIES et al. 1991 b). These two cytokines have similar biological 
properties, although TNF-a has a more potent inflammatory effect (GOEDDEL et al. 
1986). A similar fusion protein was also reported by another group (HOOGENBOOM 
et al. 1991). The second construct was made with GM-CSF, a protein that is 
structurally different from IL-2 and TNF and that was reported to enhance 
effector activity (ADCC) mediated by antitumor antibodies, including ch 14.18 
(BARKER et al. 1991). Both H chain gene fusions were expressed together with the 
14.18 V regions and human Cy in plasmid pdHL2 transfected into Sp2/0Ag14 
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murine hybridoma cells and selected in increasing concentrations of metho
trexate (0.1-1.0 f.lM) (GILLIES et al. 1989). 

Analyses of the purified fusion proteins for chain composition and assembly 
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) showed 
that when the GM-CSF-ch14.18 fusion protein was tested under non reducing 
conditions, it migrated as a single molecular species with a higher molecular mass 
than mAb ch14.18. Under reducing conditions, this structure dissociated into the 
normal L chain and a fusion H chain with a relative molecular mass consistent with 
the fusion of GM-CSF (approximately 75 kDa). A similar result was obtained with 
the TNF-a construct (GILLIES et al. 1993). The antigen-binding activity of the 
antibody fusion proteins was compared to that of ch14.18 in direct binding assays 
using GD2-coated plates. These data indicated that, as mentioned above, the 
fusion of IL-2 to ch14.18 resulted in a marked increase in GD2 antigen binding, 
while the fusion of TNF-~ caused a much smaller increase, as determined by both 
direct and and competitive binding assays (GILLIES et al. 1991 b, 1992). The fusion 
of TNF-a to ch14.18 also caused a slight increase in antigen binding, while the 
fusion of GM-CSF to this same mAb slightly reduced its antigen-binding activity. 

The biological activity of the Ig-GM-CSF construct was found to be reduced 
when analyzed for proliferation with a GM-CSF-dependent acute myelogenous 
leukemic cell line. Thus, when compared to recombinant GM-CSF (produced in 
bacteria) on a molar basis, the fusion protein required approximately five times the 
concentration to achieve an equal level of cell proliferation when tested at 
100-800 pg/ml. However, at a concentration of 1 ng/ml, the activity of the 
ch14.18-GM-CSF fusion protein approached that of rhGM-CSF. The TNF-a activ
ity of the ch14.18-TNF-a fusion protein was found to be equal to the TNF-a 
standard (GILLIES et al. 1993). 

Examination of the serum clearance rate of the fusion proteins following 
intravenous injection into athymic (nu/nu) mice indicated that the ch14.18-IL-2 
fusion protein, despite its large molecular mass (approximately 200 kDa) was 
rapidly removed from the serum. In contrast, the ch14.18-GM-CSF fusion protein 
had an intermediate clearance rate. Specifically, a comparison of the half-life of 
the a- and ~-phases indicated that the ~- or elimination-phase half-life values of 
free ch14.18 (59 h) as well as of ch14.18-IL (30 h) and ch14.18-GM-CSF (28 h) 
fusion proteins were similar; the real difference in their catabolic rates is mainly 
due to the a-phase (distribution phase) half-life. These values are 0.3 h for the I L 2 
fusion protein and 1.4 h for the GM-CSF protein, as compared with 7.5 h for free 
ch14.18. These findings suggest an intravascular event to be responsible for the 
rapid clea'rance, removing most of the fusion proteins into the extravascular 
space. Simple aggregation does not seem to be the cause for this rapid clearance, 
since this was not observed upon long-term storage. 

Another possible explanation for the rapid clearance of the cytokine fusion 
proteins, other than the Ig-GM-CSF construct, is that the overall structure of 
these constructs is changed by the added domains. This may result in the 
recognition of the fusion protein by some type of clearance receptor. The 
observation that fusion of the same cytokines (lL-2, TNF-a, TNF-~) resulted in both 
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enhanced antigen binding and rapid clearance suggests that these altered charac
teristics are due to structural changes that are not present in the GM-CSF 
construct. Another finding which indicates that fusion of cytokines may cause 
changes in antibody conformation is the susceptibility to cleavage by plasmin 
shown by the IL-2, TNF-a and TNF-~ fusion proteins. This cleavage occurs 
between the carboxyl terminal of the ch14.18 antibody and IL-2 and reduces the 
increased antigen binding of the fusion protein to that of ch14.18 antibody (GILLIES 
et al. 1992). Interestingly, probing ofthe plasmin sensitivity of the ch14.18-GM-CSF 
fusion protein indicated that the junction was resistant to cleavage. This finding 
suggests a different protein structure for this construct which exhibits no in
crease in antigen-binding activity over free antibody, but also has a longer half-life 
than the IL-2, TNF-a, and TNF-~ fusion proteins (GILLIES et al. 1993). 

A common link between these two properties of antibody-cytokine fusion 
proteins may be the antibody's CH2 domain. Thus, this domain's interaction with 
Fab may reduce antigen binding in the 14.18 anti-GD2 system by decreasing the 
flexibility of the Fab arm. In fact, removal of the CH2 domain of mAb ch14.18 
greatly enhanced its GD2 binding, possibility by increasing the flexibility of the Fab 
arm (GILLIES and WESLOWSKI 1990). It is possible that cytokine-CH2 interactions 
may be sufficiently strong to disrupt CH2-Fab interactions and thus free the Fab 
arm for antigen binding. This same CH2-cytokine interaction could cause a 
distortion in the Ig structure that results in rapid clearance, especially since this 
domain was found to be critical in determining Ig half-life (MUELLER et al. 1990). 

Interactions between the carboxyl-terminal cytokine and the CH2 domain 
may vary with differences in surface charge interactions; however, such interac
tions may involve a looping back arround the CH3 domain. This type of structure 
is likely to be susceptible to proteolytic cleavage. In contrast, a fusion protein 
would be more resistant whenever the cytokine does not interact with the CH2 
domain. This may explain the differences observed in antigen-binding and serum 
half-life between ch14.18-GM-CSF and the other fusion proteins (GILLIES et al. 
1993). The various antibody-cytokine fusion proteins constructed and character
ized by GILLIES et al. (1991 b, 1992, 1993) were all biologically active with little or no 
loss in either antigen-binding or cytokine activity. An expression to this finding 
was the ch14.18-CM-CSF fusion protein, which was approximately 20% active; 
however, the GM-CSF standard used for comparison was produced in bacteria, 
whereas the fusion protein was expressed in mammalian cells. In this regard, it is 
well known that recombinant non-glycosylated GM-CSF produced in bacteria or 
treated enzymatically to remove carbohydrates when produced in mammalian 
cells has an approximately 20-fold greater specific activity than the fully glyco
sylated form of GM-CSF (MOONEN et al. 1987). Consequently, the glycosylated 
ch14.18-GM-CSF fusion protein produced in mammalian cells may well be as 
active as native glycosylated GM-CSF. 

Although the antigen-binding activities, biologic cytokine activities, and the in 
vivo clearance of antibody-cytokine fusion proteins are clearly important proper
ties to be established, one of the key questions to be answered is whether or not 
these fusion proteins are useful for targeting the various cytokines to tumors 
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in vivo. In this regard, a potential problem, aside from rapid clearance, is that the 
fusion proteins may bind effector cells prior to reaching the tumor. One can only 
speculate as to the effect cytokine bivalency of fusion proteins may have on 
receptor internalization and signal transduction. There is also the possibility that 
the fusion protein may serve a bridging function between effector and target cells 
as an additional adhesion molecule. Thus, GD2-positive human melanoma cells 
coated with ch14.18-IL-2 fusion protein were already shown to be much more 
readily lysed by their autologous CTL than were uncoated cells in the presence of 
free IL-2 (GILLIES et al. 1992). The question whether the antibody-cytokines' 
relatively short half-lives in the circulation present a serious problem that will 
impact on their effectiveness in suppressing tumor dissemination and growth 
in vivo can only be answered by appropriate in vivo experiments, This will be the 
subject of the last section of this article, which describes the second step in the 
biological evaluation of antibody-cytokine fusion proteins, namely a determina
tion of their efficacy in a preclinical model of tumor metastasis. 

NARAMURA et al.(1994) determined some of the mechanisms by which cellular 
cytotoxicity was mediated by a recombinant antibody-IL-2 fusion protein directed 
against human melanoma cells. In this case, functional characteristics were 
established for a fusion protein between rhlL-2 and the mouse/human chimeric 
mAb 225 (ch225), directed against the human EGFR. The ch225-IL-2 fusion 
protein was constructed as already reported for the ch14.18-1 L-2 fusion protein 
by fusing a synthetic human I L-2 sequence to the carboxyl end of the human Cy1 
gene (GILLIES et al. 1992). Antigen-binding activity of the ch225-IL-2 fusion protein 
was essentially the same as that of ch225. This was evident from dissociation 
constants (kD) for radiolabeled ch225 (2.62 x 1O-10M) and ch224-IL-2 (3.3x 
1O-10M) calculated from saturation binding curves obtained with the human 
melanoma cell line M24met. The biologic activity of ch14.18-IL-2, in terms of 
IL-2 proliferative activity tested with the IL-2-dependent cell line CTTL-2, was 
the same as that of equivalent amounts of rhlL-2 and was calculated as two 
molar equivalent of IL-2 per mole of ch225-IL-2 fusion protein (NARAMURA et al. 
1994). 

Determination of the cytotoxicity mediated by fresh human peripheral blood 
mononuclear cells (PBMC) against melanoma 24met and C8161 target cells 
coated with either ch225 or ch225-IL-2 indicated that the fusion protein was 
superior to ch225 in this regard. As far as different effector cell populations are 
concerned, ch225 and ch225-IL-2 did mediate NK cell cytotoxicity, while resting 
T cells were not stimulated by either ch225 or the ch225-IL-2 fusion protein. 
However; unlike fresh PBMC, purified NK cells coated with ch225 or ch225-IL-2 
killed both melanoma target cells with the same efficacy (NARAMURA et al. 1994). 

Experiments were designed to assess the relative involvement of FcyR111 and 
IL-2R in NK cell-mediated cytotoxicity, since these cells constitutively express 
both receptors. NK cells interacted with the ch225-IL-2 fusion protein mainly 
through Fcylll, while the involvement of IL-2R was secondary. When human T 
cells were activated through CD3 and stimulated with exogenous IL-2, they 
themselves were found to be capable of killing melanoma cells, an effect that was 



Recombinant Antibody Fusion Proteins for Cancer Immunotherapy 45 

further enhanced by the presence of the ch225-IL-2 fusion protein. Since CD8+ 
cell populations were much more potent effectors than CD4+ T cells, NARAMURA 
et al. (1994) tested the cytotoxicity of activated CD8+ T cells mediated by the 
ch225-IL-2 fusion protein against human melanoma cells. In this case, an equiva
lent amount of rh I L-2 was also found to be capable of stimulating activated T cells 
to lyse melanoma cells. These data imply that the effect of the ch225-1 L-2 fusion 
protein on activated T cells was most likely mediated by IL-2R. This is in contrast 
to observations made with NK cells, where as little as 0.1 I-1g ch225-IL-2/ml was 
enough to stimulate these effector cells, while equivalent amounts of ch225-
IL-2 did not potentiate T cells. Taken together, these data suggest that ch225-IL-2 
may be a potent immunotherapeutic agent that is able to recruit effector cells 
expressing FcyR and that it also may be capable of delivering relatively large 
amounts of IL-2 to tumor sites, to locally activate TIL/CTL. 

4.5 Immunotherapy with a ch14.18-lnterleukin-2 Fusion 
Protein in a Preclinical Neuroblastoma Metastasis Model 

The rationale for evaluating the efficacy of the ch 14.18-IL-2 fusion protein in a 
preclinical model of human neuroblastoma metastasis is based on preclinical data 
obtained with this construct that are already summarized in a prior section of this 
article. Encouraging results obtained with mAb ch14.18 per se in several phase I 
clinical trials that are also summarized in this article further strengthened the basis 
of this rationale. Although systemic rhlL-2 therapy in children with progressive 
neuroblastoma after high-dose chemotherapy and bone marrow transplantation 
resulted in only modest regressions of metastatic tumors (FAVROT et al. 1989), a 
further rationale for the potential use of ch14.18-1 L-2 fusion protein was provided 
by additional clinical data. Thus, ADCC-mediated killing of neuroblastoma cells 
was augmented by CD56+ NK cells, which were produced in increased amounts 
by IL-2 treatment of neuroblastoma patients (HANK et al. 1990). Furthermore, 
therapy of neuroblastoma patients with rhlL-2 and antiganglioside GD2 mAb 
14.G2a generated conditions within the peripheral blood of these patients that 
enabled their own lymphocytes to mediate ADCC sufficiently to kill human 
neuroblastoma cells in vitro (HANK et al. 1994). 

The primary aim of SABZEVARI et al. (1994) was to test the hypothesis that the 
ch14.18-IL-2 fusion protein can specifically target rhlL-2 to tumor sites and is 
more effective than equivalent amounts of free rhlL-2 in achieving efficient tumor 
cell lysis. This was demonstrated in an adoptive immunotherapy model for 
experimental hepatic metastasis of human neuroblastoma in severe combined 
immunodeficient (SClD) mice reconstituted with human Iymphokine-activated 
killer (LAK) cells. Specifically, 1 day after intrasplenic injection of 5x 105 SK-N-AS 
human neuroblastoma cells and induction of hepatic metastasis, a control group 
received daily i.p. injections of 0.2 ml phosphate-buffered saline (PBS). The other 
animals were each injected i.p. with 4 x 107 human LAK cells and then ran
domized into experimental groups, each being injected i.p. for 7 days with one of 
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the following: 0.2 ml PBS; ch14.18; ch14.18 plus rhlL-2 or ch14.18-IL-2 fusion 
protein containing an equivalent amount of rhIL-2. When animals were killed their 
livers examined for neuroblastoma metastases 1 month after tumor cell injection, 
there was no statistically significant difference from controls in the number of 
hepatic metastases found in SCID mice treated with either PBS or LAK cells. 
Most of these animals presented with a very large number (more than 500) of 
metastatic foci in their livers and exhibited up to three fold higher liver weights 
than untreated animals (Table 1). Although SCID mice treated with LAK cells plus 
ch14.18 showed a statistically significant decrease (p=0.01) in the number of 
metastatic foci, all of these animals presented with metastases ranging from five 
to 100 liver foci and had increased liver weights. In contrast, all SCID mice treated 
with the ch14.18-IL-2 fusion protein revealed a complete absence of macro
scopic metastatic liver foci (p=0.003) and also presented with normal liver 
weights (Table 1, Fig. 4). However, when SCID mice were treated with a mixture 
of ch14.18 and rhlL-2 at dose levels equivalent to the ch14.18-IL-2 fusion protein, 
they also showed a complete lack of macroscopic metastatic liver foci. Identical 
results were obtained when SCID mice were treated with high doses (7.5x 105 

IU/day) of rhlL-2 per se (Table 1). Since these same effects were observed with 
both ch14.18-1 L-2 and a mixture of ch14.18 and rhl L-2 at these relatively high 
doses, i.e., 250~g ch 14.18-1 L-2, a comparison was made with their antitumor 
effect achieved at lower doses. Surprisingly, as little as 1 ~g ch 14.18-1 L-2 per 
injection proved effective in suppressing dissemination and growth of metasta
sis. Indeed, doses of 1, 8, and 16 ~g ch14.18-IL-2 fusion protein were far more 
capable of suppressing growth of tumor metastasis than equivalent doses of rhlL-2 
(Table 2). Moreover, another set of experiments indicated that relatively low doses of 
ch14.18-IL-2 (1 and 16 ~g) were also more proficient than equivalent amounts of 
rhlL-2 (3000 and 48000 IU) in prolonging the life span of tumor-bearing SCID mice 
reconstituted with human LAK cells. Specifically, the median survival of control 
animals was 45 days, while animals injected with the ch14.18-IL-2 fusion protein at 
either 1 ~g/day or 16 ~g/day essentially doubled their median survival when com
pared to controls for animals injected with equivalent amounts of free rhl L-2 (Table 3). 

Table 1. Effect of a ch14.18-interleukin (I L)-2 fusion protein on experimental liver metastases of 
SK-N-AS neuroblastoma cells in severe combined immunodeficient (SCID) mice reconstituted with 
human Iymphokine-activated killer (LAK) cells 

Treatment' Focib(n) Liver WeightC (g) 

Control (PBS) 500 (250. 300. 500. 500. 500. 500. 3.06 ± 1.3 
500. 500. 500, 500, 500, 500. 500) 

LAK* 500 (2. 500. 500. 500. 500. 500. 500) 3.6 ± 2.7 
LAK + ch14.18** 43 (5. 10. 26, 36. 50. 55. 70, 100) 1.63 ± 0.2 
LAK + ch14.18+IL-2*** o (0. 0, o. O. 0, 0, 0) 1.5 ± 0.1 
LAK + ch14.18-IL-2**** 0(0. O. O. 0, O. O. 0.0) 1.4 ± 0.05 

From SABZEVARI et al. (1994). PBS. phosphate-buffered saline. 
'Daily dose x7 of ch14.18 and ch14.18-IL-2 was 250 [.Ig and recombinant human IL-2 (rhu IL-2) 7.5 x 105 

IU. 
bMedian (individual values are given in parentheses). 
cMean ± standard deviation. 
*P=0.8; **P=0.01; ***P=0.008; ****P=0.003. 
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Fig. 4A-D. Hepatic metastasis of SK-N-AS neuroblastoma cells. A representative liver specimen is 
depicted after completion of the initial adoptive immunotherapy experiments described in Table 1. The 
therapy regimens were phosphate-buffered saline (PBS) control (A), Iymphokine-activated killer (LAK) 
cells plus PBS (8), LAK cells plus ch14.18 (e), and LAK cells plus ch14.18-interleukin OL)-2 fusion 
protein (D). (From SABZEVARI et al. 1994) 

Table 2. Effect of a ch14.18-interleukin OL)-2 fusion protein and equivalent doses of IL-2 on 
experimental metastases of human neuroblastoma cells in severe combined immunodeficient (SCID) 
mice reconstituted with human Iymphokine-activated killer (LAK) cells 

Treatment Dose Foci in the liver (n) 

Control (PBS) 500, 500, 500, 500 
ch14.18-IL-2* 1 119 0, 0, 0, 0, 1, 1 
IL-2** 3000lU 0, 0, 76, 80, 500, 500 
ch14.18-IL-2* 8 119 0,0,0,0,0,2 
IL-2*** 24000lU 0,0,12,30,72,80,500 
ch14.18-IL-2** ** 16 119 0, 0, 0, 0, 0, 0, 0 
IL-2* 48000lU 0,1,4,17,18,86 

(From SABZEVARI et al. (1994). Tested by the nonparametric Wilcoxon rank sum test. PBS, phosphate
buffered saline. * P=0.0095; * * P=0.114; * * * P=0.024; * * ** P=0.0061. 

The choice of the adoptive immunotherapy model in SCID mice reconstituted 
with human LAK cells was based on the following considerations. First, the model 
was highly reproducible, as hepatic metastases were routinely found in 100% of 
the SCID mice 4 weeks after intrasplenic injection of human neuroblastoma cells. 
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Table 3. Effect of a ch14.18-interleukin Ol)-2 fusion protein and equivalent doses of IL-2 on the 
survival of severe combined immunodeficient (SCID) mice with experimental metastases of human 
neuroblastoma 

Treatment Dose Median survival (days) Range (days) 

Control (PBS) 45 40-78 
ch14.18-IL-2 1 I1g 98 61 - 128 
IL-2 3000lU 53 40-60 
ch14.18-IL-2 16119 97 78 - > 140 
IL-2 48000lU 56 43-> 140 

(From SABZEVARI et al. 1994). PBS, phosphate-buffered saline. 

Second, LAK cells were easily and reproducibly available in large numbers by 
stimulation of human PBMC with rhIL-2, and up to 20% of LAK cells were 
detected in the liver of SCID mice-for up to 14 days (TAKAHASHI et al. 1993). Third, 
a further rationale for using LAK cells in this model was that treatment of pediatric 
neuroblastoma patients with IL-2 plus mAb 14.G2a was reported to induce 
effector cells capable of mediating LAK activity against NK-resistant Daudi target 
cells and that further I L-2 treatment of these LAK cells greatly enhanced their 
cytolytic activity against neuroblastoma cells (HANK et al. 1994). Although in this 
particular experimental model the ch14.18-IL-2 fusion protein effectively acti
vated human LAK cells to suppress neuroblastoma dissemination and growth, the 
ability of recombinant antibody-IL-2 fusion proteins to activate effector cell is by 
no means limited to LAK cells. Thus, treatment of neuroblastoma patients with 
anti-GD2 antibody plus rhlL-2 induced ADCC of the patients PBMC sufficiently to 
effectively kill neuroblastoma cells in vitro (HANK et al. 1994). In preclinical studies 
of human melanoma, it was also found that antibody-IL-2 fusion proteins can 
activate TIL (GILLIES et al. 1992), as well as other leukocytes bearing FcyR111 and/or 
high-affinity IL-2 receptors, including NK cells and CDW activated T cells 
(NARAMURA et al. 1994). 

SABZEVARI et al. (1994) clearly established that a high dose (250 IJg/injection) of 
ch14.18-IL-2 is more effective than either LAK cells or LAK cells plus ch14.18 in 
suppressing growth of human neuroblastoma metastasis in SCID mice, How
ever, it was particularly impressive that the fusion protein can also achieve this 
effect at very low doses (1 IJg/injection) and more effectively than equivalent 
amounts of rhIL-2. These findings are encouraging for two reasons. First, they 
strongly support the hypothesis that recombinant antibody-cytokine fusion pro
teins can specifically target cytokines to tumor sites and stimulate immune 
effector cells sufficiently to achieve efficient tumor cell lysis. Second, the fact that 
very low doses of the ch14.18-IL-2 fusion protein proved more effective than 
equivalent amounts of rhlL-2 in suppressing tumor growth in SCID mice and in 
prolonging their life span suggests that it may also be feasible to apply an optimal 
biologic dose of ch14.18-1 L-2 for future treatment of pediatric neuroblastoma 
patients. Third, based on these data, one might anticipate that the potentially 
lower effective doses of ch14.18-IL-2 may produce less toxicity than the 
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relatively high doses of rhlL-2 found necessary thus far to achieve antitumor 
effects in clinical applications. 

5 Conclusions 

The extensive development of recombinant DNA technologies during the last 15 
years has led to many advances in molecular concepts of biology. Among these 
is the highly successful application of these technologies to the genetic engineer
ing of mAb, which greatly extended the usefulness of these unique molecules as 
biological and molecular probes. Concurrent with these developments came the 
realization that the relatively slow progress in the clinical treatment of cancer, 
particularly of solid tumors, required the development of novel approaches to 
tumor therapy. The intensive development and rapid advances of novel biological 
and molecular concepts in immunology during the last 30 years provided much of 
the impetus for applying such new concepts and technologies to cancer immuno
therapy. 

The subject of this article is just one of these concepts, namely the develop
ment of recombinant antibody fusion proteins for cancer immunotherapy. This is 
a rather recent event that has occured primarily during the last five years. 
Consequently, there is presently the kind of optimism for this approach that is 
characteristic of many new scientific concepts. This is especially true, since the 
"unforgiving yardstick of clinical trials" has not yet been applied to this new 
approach to cancer immunotherapy. In fact. the primary emphasis thus far has 
been on developing the technologies of constructing novel antibody fusion 
proteins and to characterize their biochemical and biological properties. Most of 
these evaluations have been done in vitro. Only one attempt has been made quite 
recently to assess the efficacy of a recombinant antibody-cytokine fusion protein 
in suppressing dissemination anf growth of a solid human tumor in vivo. The 
results of this study were encouraging, as they indicated than an antibody-IL-2 
fusion protein was more effective in suppressing tumor growth and prolonging 
the life span of experimental animals than equivalent amounts of free rhlL-2 
(SABZEVARI et al. 1994). However, it has to be pointed out that the experimental 
model applied was a highly favorable one, which involved experimental hepatic 
metastasis of human neuroblastoma in SCID mice reconstituted with human LAK 
cells. At the same time,it also needs to be emphasized that in spite of these 
limitations, thl3 data obtained in these experiments clearly provided a proof of 
principle. Thus, these findings support the hypothesis that a recombinant anti
body-IL-2 fusion protein can specifically target this cytokine to tumor sites and 
stimulate immune effector cells sufficiently to achieve efficient tumor cell lysis, 
resulting in effective suppression of tumor dissemination and growth. It is also 
encouraging that the antibody-IL-2 fusion protein was able to achieve this 
suppression of tumor growth concurrent with a doubling in life span of 
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experimental animals at doses considerably lower than those of free IL-2 per se. 
On the basis of these results, one can be cautiously optimistic and hope that it may 
prove feasible in the future to apply optimal biological doses of antibody-IL-2 
fusion proteins to pediatric neuroblastoma patients and hopefully other cancer 
patients as well. Clinical experience indicates that only very high and often toxic 
doses of rhlL-2 provide effective treatment; however, on the basis of the preclinical 
data of SABZEVARI et al. (1994) one can hope that much lower effective doses of 
antibody-I L-2 fusion proteins might achieve effective treatment results in patients 
concurrent with far less toxicity. 

What are the future perspectives for recombinant antibody fusion proteins? 
Obviously, as in all applications of new biological response modifiers, much of 
these perspectives will depend to some extent on the initial results obtained in 
phase I clinical trials with a ch14.18-1 L-2 fusion protein that will be started this year 
with pediatric neuroblastoma patients (R. HANDGRETINGER, personal communication). 
Needless to say, the successful development of a second generation of more 
effective recombinant antibody fusion proteins is essential for the optimal realiza
tion of future perspectives. In this regard, it is important to realize that this field of 
research is in an early phase of developmElnt and that additional and novel 
research is required for its advance, including, of course, extensive, critical, 
preclinical and clinical evaluations. If these developments take place, one can 
anticipate that recombinant antibody fusion proteins will aid in providing a much 
needed impetus for more effective immunotherapy of human cancer. 
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The molecular mechanisms and, in particular, the role of cytokines involved in the 
process of metastasis, though one of the most important aspects of cancer research, 
are largely unknown. In order to metastasize, a malignant cell has to detach from the 
primary tumor, invade the extracellular matrix and the blood or lymphatic vessels, 
arrest in the circulatory system, extravasate into target organs, and initiate tumor cell 
growth. This multistep process may involve interactions between metastatic tumor 
cells and the local environment. where cytokines, chemokines, angiogenetic factors, 
and other factors produced by tumor cells or tumor-infiltrating cells will influence or 
control the metastatic process in different ways. 

Cytokines regulate immune responses in a variety of ways. Because of their 
immunostimulating properties, such as induction of tumoricidal activity of im
mune cells, enhancement of tumor antigen presentation, and direct antitumor 
activity, cytokines, e.g., interleukin (IU-2, tumor necrosis factor (TN F), interferons 
(IFN), have been widely used to treat cancer patients by systemic application 
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(ROSENBERG et al. 1989). Although they show some (usually transient) therapeutic 
effects, systemically applied cytokines have a major drawback, namely more or 
less severe toxicity resulting from the need to apply unphysiologically large 
amounts. 

Recently, an alternative strategy, tumor cell-targeted cytokine gene therapy, 
has been proposed for cancer treatment. This strategy aims at increasing the 
concentration of certain cytokines at the site of tumor growth. At least in 
experimental tumor models, this can easily be achieved by gene transfer and 
expression of the cytokine in vitro which usually does not change the growth 
characteristics of the cultured cells. Upon injection into mice, the gene-modified 
tumor cells start to proliferate and to secrete the transfected cytokine. Depending 
on the transfected cytokine and the particular tumor cell line, this can lead to 
induction of an inflammatory response, activation of immune cells, and eventually 
rejection of the tumor cells (for a review, see BLANKENSTEIN 1994a). First of all, 
these experiments have shown that local cytokines may exert potent antitumor 
activity without any toxicity, presumably because the source of the cytokine, the 
tumor cells, is eradicated before the cytokine concentration increases to a toxic 
level. Furthermore, we are currently left with the puzzling situation that more than 
ten cytokines are active in this experimental system, even though the underlying 
immunological mechanisms seem at least partially to differ from each other. 
Tumor cells transfected with cytokine gene (or other genes with immunostimula
ting activity) are of therapeutic use provided a systemic immunity is induced and 
distantly growing, nontransfected tumor cells can be destroyed. Indeed, this has 
been shown in several tumor models and gives these gene-modified tumor cells 
the character of a vaccine. However, neither a general consensus exists on 
whether any particular cytokine is superior to the others-perhaps granulocyte
macrophage colony-stimulating factor (GM-CSF), IL-2, or IL-7 - nor has it been 
established that cytokine gene -modified tumor cells represent a qualitative 
improvement compared to classical tumor vaccines. In any case, cytokine gene
transfected tumor cells are relevant to the subject of metastasis, because they 
are thought to induce host immunity against its own micro-metastasis. On the 
other hand, several experiments have shown that the transfected cytokine may have 
opposite effects, namely to augment metastasis of the tumor cells. I n the following, 
we will restrict ourselves to models with metastasizing mouse tumor cells 
transfected with cytokine genes and will illustrate the two potential sides of the 
coin. More detailed reviews on this subject have recently been published (PARDOLL 
1993; COLOMBO et al. 1994; BLANKENSTEIN 1994a; PORGADOR et al. 1994). 

2 Experimental Systems 

Several aspects of effects of transfected cytokines have been addressed: (a) 
Does the secretion of the cytokine alter the metastatic properties of the tumor 
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cells in the form of either spontaneous metastasis of subcutaneously (s.c.) 
injected cells or experimental metastasis of intravenously (i.v.) injected cells? (b) 
Does immunization with cytokine gene-modified tumor cells protect the mice 
from a challenge with the parental, metastasizing cells? (c) Can mice with existing 
metastasis be cured by injection of cytokine gene-modified tumor cells? 

Mouse tumor cell lines which have been used as models for analysis of 
metastasis include the Lewis lung carcinoma 3LL, the melanoma B 16, the Friend 
leukemia 3CI-8, the mammary adenocarcinoma TS/A, and the T lymphoma ESb 
(Table 1). A variety of cytokines have been expressed in these tumor cell lines, and 
their tumorigenicity, metastatic behavior, and properties as antitumor vaccines 
have been analyzed. 

Table 1. The influence of local cytokine production on tumor metastasis 

Transfected Tumor Cytokine Metastasis Improved Reference 
cytokine cells production vaccine 

properties 

IL-2 3LL 7 U/ml t + PORGADOR (1993a) 
3LL 1 U/ml Unchanged + PORGADOR (1993a) 
TS/A 3600 U/ml t + CAVALLO (1993) 

IL-6 3LL 3 U/ml t + PORGADOR (1992) 
IFN-a 3CI 256-512 U/ml t + FERRANTINI (1993) 

TS/A 8-1024 U/ml t + FERRANTINI (1994) 
IFN-y TS/A 2-6000 U/ml 1 NA LOLLINI (1993) 

3LL 128-256 U/ml t + PORGADOR (1993b) 
3LL 2 U/ml 1 + PORGADOR (1993b) 

TNF ESB 130-200 pg/ml 1 NA QIN (1993) 

IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; 3LL, Lewis lung carcinoma; TS/A, mammary 
adenocarcinoma; 3CI-8, Friend leukemia; ESb, T lymphoma; I, augmented metastasis; t, decreased 
metastasis; +, immunization with cytokine-producing tumor cells was more effective than immuniza
tion with nonproliferating parental cells; NA. not analyzed. 

3 Local Cytokines Inhibit the Metastatic Potential 
of Transfected Tumor Cells 

3.1 Interleukin-2 

The IL-2 gene has been expressed in a variety of tumor cells, including the 
metastatic cell lines 3LL (subclone 0122). B 16 (subclone F10.9). and TS/A. I L-2 
secretion by approximately ten different tumor cell lines reproducibly suppressed 
the growth of s.c. injected locally growing cells, and the cells often were 
completely rejected. The immunological mechanism involved T cells (C08+) and 
non-T cells (asialo GM1 +). By immunohistology of tumor tissue, macrophages or 
(depending on the tumor model) granulocytes have been detected. Their role in 
the antitumor response is not yet known. Secretion of up to 7 wml IL-2 by 
transfected 3LL cells led to the reduced generation of spontaneq!,Js metastasis in 
the lung. Metastasis formation inversely correlated with the amount of secreted 
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I L-2. However, I L-2-secreting 3LL and B 16 cells still formed metastasis when the 
cells were injected i.v. (PORGADOR et al. 1994). Similar results were obtained with 
TS/A cells producing relatively high amounts of IL-2 (3600 U/ml). Upon i.v. 
injection, IL-2 secretion by gene-modified tumor cells prolonged survival of tumor
bearing mice, but almost all mice died in the end (CAVALLO et al. 1993). The s.c. 
injected IL-2-producing cells were more efficiently eliminated than i.v. injected 
cells. 

3.2 Interleukin-6 

IL-6 is a multifunctional cytokine regulating immune response, hematopoiesis, 
and acute phase reaction. It stimulates growth and differentiation of Band T cells 
(VAN SNlcK1990). Systemic application of recombinant IL-6 reduced the number of 
metastatic lesions in experiments with several methylcholanthrene (MCA}-in
duced sarcoma and a colon carcinoma cell line (MULE et al. 1990). 3LL cells 
transfected with the human IL-6 gene and secreting low amounts of IL-6 showed 
a phenotype with little or no metastasis either spontaneously or experimen
tally, whereas the mock-transfected cells were highly metastatic. However, 
expression of IL-6 by the cells also led to reduced growth in vitro, which might 
partially contribute to the diminished metastasis (PORGADOR et al. 1992). 

3.3 Interferon-a 

Interferons (lNF) were discovered and named on the basis of their interference with 
viral infection. However, IFNs (several of which are known) have other activities, 
including regulation of immune response, inhibition of cell growth, and antitumor 
activity. INF-a has been widely used for treatment of certain malignancies (e.g., 
hairy cell leukemia; GRESSER 1989). FERRANTINI et al. (1993, 1994) transfected Friend 
leukemia cells 3CI-8 and TS/A cells with murine IFN-a cDNA and showed that 
production of IFN-a by 3CI-8 cells strongly diminished tumor growth in mice, 
regardless of whether the cells were injected s.c., i.p., or i.v. The experimental 
metastasis of TS/A-IFN-a was also significantly inhibited in comparison to that of 
the parental TS/A cells. 

4 Vaccination Against Tumor Metastasis 
with Cytokine-Producing Cells 

The next question addressed was whether mice immunized with cytokine
producing tumor cells as vaccine could prevent the growth of subsequently s.c. 
injected parental cells of the metastatic type. DRANOFF et al. (1993) transduced 
murine melanoma B 16-F1 0 cells, which metastasize preferentially to the lung, 
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with several cytokine genes. They found that irradiated GM-CSF-producing tumor 
cells stimulated tumor immunity against a s.c. challenge with the parental cells. 
Whether the tumor cells still metastasized in the immunized mice or whether 
they were directly eradicated at the injection site was not analyzed. PORGADOR 
et al. (1992) transfected 3LL cells with the IL-6 gene and observed that immuni
zation with IL-6-expressing cells dose-dependently protected mice from meta
static challenge by the i.v. injected parental cells. FERRANTINI et al. (1993, 1994) 
found that injection of INF-a-secreting 3CI-8 cells s.c. into DBA/2 mice induced a 
tumor-specific protective response against the s.c. challenge of non modified 
3CI-8 cells, while control cell-injected mice developed rapidly growing tumors and 
died with liver and spleen metastasis. In mice immunized with IL-2-secreting 
TS/A cells, protection was relatively efficient against a subsequent s.c. challenge, 
but to a lesser extent against i.v. challenge with the parental tumor cells (CAVALLO 
et al. 1993). However, at least for s.c. challenge repeated immunization with 
irradiated parental tumor cells had nearly the same effect as immunization with 
I L-2-secreting cells. 

5 Cure of Established Micro-metastasis 
with Irradiated Cytokine-Producing Cells 

Because metastasis is the major cause of death in cancer patients, experiments 
have been performed to demonstrate the curative potential of cytokine gene
modified tumor cells for treatment of metastasis-bearing mice. PORGADOR et al. 
(1994) performed experiments with tumor cell lines 3LL and B 16; mice were 
injected in the footpad with the parental tumor cells and 11 days later with 
cytokine (IL-2, IL-6, IFN-y)-producing cells, and lung metastasis was analyzed. The 
primary tumor had already been removed after it had reached a certain size. They 
observed reduced increase in lung weight in mice immunized with irradiated 
cytokine-secreting cells in comparison to those injected with parental tumor cells. 
How that correlated with increased survival was not analyzed. 

In the TS/A tumor model, immunization with IL-2-producing cells starting 1 
day after contralateral challenge with the parental tumor cells had only a moderate 
effect on the percentage of surviving mice, which further dropped if immunization 
was started later (CAVALLO et al. 1993). Similarily, FERRANTINI et al. (1993) observed 
that treatment with IFN-a-producing 3CI-8 cells of mice challenged 1-3 days 
previously with parental tumor cells significantly prolonged survival, but did not 
cure the vast majority of the mice on a long-term basis. 

Taken together, the above-mentioned results are encouraging; however, 
they also illustrate one of the major obstacles in cancer immunotherapy. Beyond 
a critical time point of the tumor growing in the mice (which never exceeded 
approximately 2 weeks), immunotherapy was virtually ineffective, regardless of 
which approach was investigated. Factors such as tumor load or tumor-induced 
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immune suppression may be responsible for this. Another important point is that 
even though the above experiments clearly demonstrate an improved thera
peutic effect of the cytokine-secreting tumor cells in comparison to the use of 
nonproliferating parental tumor cells as vaccines, they do not take into account 
the extensive clinical and experimental experience with vaccines consisting 
of tumor cells plus adjuvants, e.g., bacille Calmette-Guerin (BCG) or Coryne
bacterium parvum. In 1981 DYE et al. demonstrated in the P815 tumor model, 
conceivably an inherently immunogenic tumor, that injection of a tumor celI
e. parvum mixture not only led to rejection of these tumor cells, but also to those 
injected at a distant site at the same time. Moreover, similar to the experiments 
with cytokine gene-modified cells, a complete decay of systemic immunity was 
observed when the treatment with tumor cells and adjuvant was started 6 days 
after injection of P815 cells (DYE et al. 1981). Therefore, we compared the vaccine 
effect of several cytokine gene-transfected tumor cells (plasmacytoma J558U 
with that of a tumor cell-e. parvum mixture. Similarto observations made by 
others, immunization with cytokine-producing cells, but not with parental irradi
ated cells, conferred some protection against subsequent challenge with wild
type tumor cells. This effect. however, was less obvious with higher challenge 
doses and, importantly, no qualitative difference between the cytokines and the 
adjuvants was found (HOCK et al. 1993). Similar results have been obtained in the 
TS/A tumor model (ALLIONE et al. 1994). Because tumor cell-adjuvant vaccines 
have been tested in numerous clinical trials with moderate and hardly reproduc
ible success, we argue that gene-modified tumor cell vaccines require further 
improvement. By no means, however, should this notion be interpreted as a 
pessimistic view on the part of the authors regarding cancer immunotherapy. 
Profound new knowledge of immune regulation, mode of antigen presentation, T 
cell activation pathways, the existence of tumor antigens (at least in certain 
tumors). the accessibility of approximately 50 cytokines, and molecular insight 
into tumor development has paved the way for completely new strategies. 

6 Production of Cytokine by Tumor Cells 
Leads to Augmented Metastasis 

An adverse effect of cytokines expressed by gene-transfected tumor cells, 
namely tumor promotion instead of suppression, has been observed with some 
cytokines. 

6.1 Tumor Necrosis Factor 

TNF was identified by its direct cytotoxic effects on some tumor cells; however, 
its antitumor activity in vivo seems to be mainly mediated by immunological 
mechanisms and/or hemorrhagic necrosis (HAVELL 1988). TNF is now known as 
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a multifunctional cytokine which plays an important role in inflammation, immu
nity, and hematopoiesis (BEUTLER and CERAMI 1989). Several groups have trans
fected different apparently non metastatic tumor cell lines with human or mouse 
TNF genes and demonstrated that local TNF effectively suppressed tumor 
growth in most cases (reviewed in BLANKENSTEIN 1994b). In order to analyze the 
influence of local TNF expression on metastasis, we chose ESB (L5178Y-M) cells 
as a tumor model forTNF gene transfection. This cell line is a highly metastasizing 
variant of EB, an MCA-induced DBN2 T lymphoma. 

TNF gene expression was achieved by infection of ESB cells with a TNF gene 
containing retrovirus vector, which contains murine TNF cDNA under the control 
of ~-actin promotor (QIN et al. 1993). Bulk culture and several clones of TNF
secreting ESB cells were analyzed for their spontaneous metastasis after injec
tion of the cells s.c. into syngeneic mice. As shown in Fig. 1, injection of 2.5 x 106 
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Fig. 1a,b. Mortality curves of mice injected subcutaneously with the indicated cells.a Parental ESB (T 
lymphoma) cells compared with tumor necrosis factor(TNFHransduced clones ESB-T2 and ESB-T7 
and bulk culture ESB-TNF. b TNF-transduced ESB-Tl cells compared with five clones of mock-infected 
ESB cells. Each group consisted of five or six mice. (With permission from GIN et al. 1993) 
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parental or mock-transfected ESB cells killed mice in an average of 18 days. 
However, secretion of 100-200 pg TNF/ml by ESB cells led to an accelerated 
death of mice. All mice bearing TNF-producing cells died within 8-12 days. 
Analysis of mice injected with TNF-producing cells revealed increased numbers of 
liver metastasis in comparison to mice injected with control cells. The enhance
ment of spontaneous metastasis of ESB tumor cells was due to the production of 
TNF, since an anti-TNF monoclonal antibody (mAb) specifically reverted the 
augmented liver metastasis of ESB-TNF cells. Of note, expression of TNF in 
similar amounts in the parental, nonmetastazing EB cells led to effective tumor 
suppression, and most of the mice completely rejected EB-TNF cells (QIN et al. 
1993). The mechanism by which TNF increased hepatic metastases may involve 
any of its multiple effects on endothelial cells. TNF upregulates vascular cell 
adhesion molecule (VCAM), intercellular adhesion molecule (ICAM), and endo
thelial leukocyte adhesion molecule (ELAM)-l on endothelial cells and directly 
causes transendothelial cell migration of polymorphonuclear neutrophils (PMN). 
ESB cells express several ligands (lymphocyte function-associated antigen-1, 
LFA-1; very late activation antigen-4, VLA-4; Mel-14) for adhesion molecules on 
endothelial cells, which could facilitate early arrest in the circulatory system, and 
ESB-derived TNF could enable stabilization of this interaction by upregulation of 
adhesion molecules on endothelial cells. Furthermore, local TNF may stimulate 
transendothelial migration of ESB cells, as has been observed for neutrophils in 
in vitro systems. 

Interestingly, MIELE et al. (1994) observed that treatment of human malignant 
melanoma cells with TNF or INF-y upregulated ICAM-1 (a counter-receptor for 
LFA-1) expression, which correlated with an increase of lung metastasis forma
tion in nude mice. 

6.2 Interferon-y 

Similar to TNF in gene transfer experiments, IFN-y can strongly suppress tumor 
growth and induce tumor immunity (see above) or augment metastasis. 
By exogenous application of IFN-yto B16 cells, which resulted in increased MHC 
class I expression, it was reported that INF-yenhanced experimental metastasis of 
the tumor cells (TANIGUCHI et al. 1987). TS/A cells transfected with the murine INF-y 
gene produced more experimental metastasis than the mock-transfected cells 
(LOLLINI et al. 1993; FERRANTINI 1994). When spontaneous metastasis was analyzed, 
cells with low but not high I NF-ysecretion showed significantly more metastases. 
The enhancement of tumor metastasis by INF-y may be related to upregulation of 
MHC class I expression and resistance of tumor cells to NK cell-mediated lysis 
(TANIGUCHI et al. 1987). Similarly, using 3LL cells as the tumor model, PORGADOR 
et al. (1993a,b) observed that cells with high INF-y production manifested signi
ficantly reduced metastatic growth in comparison to the parental 3LL-D122 
cells when tumor cells were i.v. injected into syngeneic mice. However, they obser
ved that the INF-ygene-transfected cells, which did not secret detectable amounts 
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of IFN-ybut nevertheless showed elevated MHC class I expression, did metastasize 
equally well or even more rapidly than parental and mock-transfected cells, both 
in experimental and spontaneous metastasis experiments. The INF-y-producing 
cells were equally sensitive to NK cell lysis as the parental cells in vitro in this 
experiment. 

7 Conclusion 

As we have shown, cytokine gene-transfected tumor cells are an interesting tool to 
analyze the function of a cytokine in vivo and to evaluate the immunotherapeutic 
potential of such cells. A variety of cytokines increase the immunogenicity of tumor 
cells following gene transfer. Cytokine gene-modified tumor cells can be effective 
as a vaccine against a subsequent tumor challenge and, at least to some extent, 
against small, preexisting tumors. However, the strength of these vaccines, e.g., in 
comparison to classical adjuvants as vaccines or with regard to the question of 
whether they are able to revert tumor-induced immune suppression (Tcell anergy), 
needs to be further investigated. Quite different effects have been observed in 
different tumor models, even when investigating the same cytokine. This becomes 
most obvious when TNF or IFN-yare investigated. When transfected into different 
tumor cell lines, both cytokines can variously suppress tumor growth or augment 
metastasis of the cells. Whereas metastasis promotion by IFN-y seems to involve 
upregulated MHC -class I expression and reduced lysis by NK cells, TNF seems to 
facilitate tumor cell migration. 
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Interleukin-12 (I L-12) was identified independently by two groups. The first group, 
at Hoffmann-La Roche, was studying a cytokine, named cytotoxic lymphocyte 
maturation factor (CLMF), that activated cytolytic lymphocyte activities (STERN 
et al. 1990). The second group, at the Wistar Institute, was evaluating a cytokine, 
originally named natural killer (NK) cell stimulatory factor (NKSF), that could 
stimulate NK cell functions (KOBAYASHI et al. 1989). Once CLMF and NKSF were 
characterized and cloned, it became clear that this was in fact one molecule, 
which is now called IL-12. IL-12 has profound effects on both NK and T cells, 
including the ability to stimulate proliferation, cytolytic activity, and cytokine 
induction. Furthermore, it plays a major role in regulating the induction of T cell 
subsets and thus is an important component of the immune response to foreign 
antigens. Based on these properties, I L-12 was evaluated in animal models of 
malignancies and shown to have potent antitumor and antimetastatic activities. In 
this chapter, we will summarize some of the biological effects of IL-12 and show 
how these relate to the in vivo effects of this cytokine on malignancies. Additional 
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information on I L-12 can be found in a number of review articles (BRUNDA 1994; 
GATELY et al. 1994a; BRUNDA and GATELY 1994;TRINCHIERI 1994; GATELY and BRUNDA 
1995; BRUNDA and GATELY 1995; HENDRZAK and BRUNDA 1995). 

2 Structure, Molecular Biology, and Production 
of Interleukin-12 

I L-12 is unique among known cytokines since it is a disulfide-linked heterodimeric 
protein; the molecular masses of the two subunits of IL-12 are 40 kDa (p40) 
and 35 kDa (p35), respectively (KOBAYASHI et al. 1989; STERN et al. 1990; PODLASKI 
et al. 1992). The human p40 subunit of IL-12 is 306 amino acids long and contains 
ten cysteine residues and four potential N-linked glycosylation sites, while 
the human p35 chain is 197 amino acids long with seven cysteine residues and 
three potential N-linked glycosylation sites (GUBER et al. 1991; WOLF et al. 1991; 
PODLASKI et al. 1992). The genes for human p40 (chromosome 5, 5q31-q33) 
and p35 (chromosome 3, 3p12-3q 13.2) are found on separate chromosomes 
(SIEBURTH et al. 1992). There is no sequence homology between the p35 and 
p40 subunits (GUBLER et al. 1991; WOLF et al. 1991), but the p35 subunit is distantly 
related to several other cytokines, while p40 has sequence homology with 
a few receptors (GEARING and COSMAN 1991; MERBERG et al. 1992; SCHOENHAUT 
et al. 1992). It has been hypothesized that IL-12 may have arisen from a disulfide
linked complex of a ligand with its receptor (GEARING and COSMAN 1991). Hetero
dimeric disulfide-linked IL-12 is necessary for the optimal biological activity 
of I L-12 (GUBLER et al. 1991; WOLF et al. 1991; PODLASKI et al. 1992; SCHOENHAUT 
et al. 1992). The p40 and p35 subunits of murine IL-12 share 70% and 60% amino 
acid sequence identity to their human counterparts, respectively (SCHOENHAUT 
et al. 1992). 

IL-12 was originally purified and cloned from Epstein-Barr virus (EBV)
transformed human B cell lines (KOBAYASHI et al. 1989; STERN et al. 1990; GUBLER 
et al. 1991; WOLF et al. 1991). Following appropriate stimulation, additional 
human EBV-transformed B cells (D'ANDREA et al. 1992; VALIANTE et al. 1992), 
myeloid (KUBIN et al. 1994a) and keratinocyte (MULLER et al. 1994; ARAGONE et al. 
1994) cell lines, and murine B cell (MENGEL et al. 1992). macrophage (YOSHIDA 
et al. 1994). and thymic stromal (GODFREY et al. 1994) cell lines can produce I L-12 
mRNA or protein. In normal human or murine cell populations, IL-12 has been 
shown to be produced mainly by monocytes/macrophages (D'ANDREA et al. 
1992; TRIPP et al. 1993; HSIEH et al. 1993; SMITH et al. 1994; GAZZINELLI et al. 1993; 
VIEIRA et al. 1994; REINER et al. 1994; MA et al. 1994). Other cell types that have 
been reported to produce IL-12 include B cells (D'ANDREA et al. 1992). granulo
cytes (CASSATELLA et al. 1995), Langerhans cells (TRINCHIERI 1994), dendritic cells 
(TRINCHIERI 1994; KANANGAT et al. 1995), mast cells (SMITH et al. 1994). and 
keratinocytes (MULLER et al. 1994; ARAGONE et al. 1994). A variety of stimuli, 
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primarily infectious agents or their products, can induce I L-12 production both 
in vitro and in vivo (D'ANDREA et al. 1992; TRIPP et al. 1993; GAZZINELLI et al. 1993; 
KUBIN et al. 1994a; HEINZEL et al. 1994). I L-12 production is both positively (KUBIN 
et al. 1994a; 1994 YOSHIDA et al. 1994) and negatively (KUBIN et al. 1994a; 
D'ANDREA et al. 1995; VAN DER Pouw KRAAN et al. 1995) regulated by other 
cytokines and factors. 

3 Structure of and Signaling 
by the Interleukin-12 Receptor 

IL-12 receptors (IL-12R) have been detected on activated human T cells 
(DESAI et al. 1992; CHIZZONITE et al. 1992) and on resting or activated NK cells (DESAI 
et al. 1992; NAUME et al. 1993a), while no IL-12R have been found on resting 
T cells, resting or activated B cells, or monocytes (DESAI et al. 1992; GATELY and 
BRUNDA 1995). The IL-12R can be upregulated on T cells by mitogen or alloantigen 
stimulation (DESAI et al. 1992) and on NK cells activated by IL-2 (DESAI et al. 1992) 
or IL-12 (NAUME et al. 1993a). Multiple forms of the IL-12R exist with apparent 
affinities of 5-20 pM 50-200 pM and 2-6 nM (CHUA et al. 1994). One component 
of the human IL-12R has been cloned and is a type I transmembrane protein with 
an extracellular domain of 516 amino acids and a cytoplasmic domain of 91 amino 
acids (CHUA et al. 1994). The cloned IL-12R component binds IL-12 with an 
equivalent apparent affinity of 2-5 nM (CHUA et al. 1994) and is comparable to the 
low-affinity I L-12R; antibodies directed against this protein specifically inhibit 
IL-12-mediated biological activities (CHUA et al. 1994; GATELY and BRUNDA 1995). 
Work is in progress to search for other components of the I L-12R that result in 
high-affinity binding of IL-12. 

Little is known about the signaling events that occur following interaction 
of I L-12 with its receptor. Tyrosine kinases appear to be important in signal 
transduction by IL-12, since tyrosine kinase inhibitors block several I L-12-induced 
functional activities in human NK cells (GEROSA et al. 1993). Phosphorylation of 
a number of proteins, including a 44-kDa member of the mitogen-activated 
protein (MAP) kinase family (PIGNATA et al. 1994), TYK2 (BACON et al. 1995), JAK2 
(BACON et al. 1995), and p56 iCk tyrosine kinase (PIGNATA et al. 1993), occurs rapidly 
after exposure of NK or T cells to IL-12. IL-12 has also been shown to induce 
or inhibit apoptosis under various experimental conditions (CLERICI et al. 1994; 
ORTALDO et al. 1995; RADRIZZANI et al. 1995). 



68 J.A. Hendrzak and M.J. Brunda 

4 Biological Activities of Interleukin-12 

4.1 Cell Proliferation 

IL-12 can stimulate the proliferation of both T and NK cells. IL-12 stimulated the 
proliferation of activated T cells, T cell clones, cytotoxic T cells lines, and tumor
infiltrating lymphocytes (TI L) (GATELY et al. 1991; PERUSSIA et al. 1992; ANDREW et al. 
1993; MEHROTRA et al. 1993; NABIOULLIN et al. 1994; YANAGIDA et al. 1994; ALZONA 
et al. 1995). Proliferation of both C04+ and COW T cell receptor (TCR)-aW T cells 
or T cell clones and TCR-yo+ Iymphoblasts has been observed with IL-12 (GATELY 
et al. 1991; PERUSSIA et al. 1992; MEHROTRA et al. 1993; NABIOULLIN et al. 1994). Maximal 
proliferation of T cells by I L-12 was only observed in the C030+ T cell population 
(ALZONA et al. 1995), and IL-12 does not stimulate proliferation of resting T cells 
(GATELY et al. 1991). IL-12 was active at lower concentrations than IL-2, but the 
maximal stimulation observed with IL-12 ranged from 30% to 70% of that 
obtained with IL-2 (GATELY et al. 1991). The effect of IL-12 is independent of IL-2, 
since antibodies to either IL-2 or the IL-2R did not inhibit IL-12-induced prolifera
tion (GATELY et al. 1991; PERUSSIA et al. 1992; ANDREW et al. 1993; MEHROTRA et al. 
1993). Costimulation by IL-12 and the B7-C028 complex results in optimal 
proliferation of human T cells (KUBIN et al. 1994b) and murine T cell clones (MURPHY 
et al. 1994). Synergistic proliferation of various T cell populations has been 
observed with IL-12 and suboptimal concentrations of IL-2, (GATELY et al. 1991; 
PERUSSIA et al. 1992; ANDREW et al. 1993; NABIOULLIN et al. 1994) but IL-12 inhibits 
proliferation if combined with high concentrations of IL-2 (PERUSSIA et al. 1992; 
NABIOULLIN et al. 1994). 

I L-12 is a relatively poor stimulator of N K cell proliferation compared to 
cytokines such as IL-2 or I L-7 (GATELY et al. 1991; PERUSSIA et al. 1992; NAUME et al. 
1992; ROBERTSON et al. 1992; NAUME et al. 1993a). Combining IL-12 with IL-2 
resulted in either additive (PERUSSIA et al. 1992; NAUME et al. 1992) or inhibitory 
(NAUME et al. 1992; ROBERTSON et al. 1992) effects; as with T cells, these differ
ences are explained in part by the dose of IL-2 used, since IL-12 enhanced 
proliferation at low doses of IL-2 but inhibited proliferation at high doses of IL-2 
(PERUSSIA et al. 1992). In contrast to its inhibitory effects on IL-2- or IL-7-induced 
proliferation, IL-12 synergizes with IL-4 to stimulate enhanced proliferation of NK 
cells (ROBERTSON et al. 1992; NAUME et al. 1993a). NK cell proliferation induced by 
IL-12 may differ from that induced by IL-2 or IL-7. 

4.2 Cytolytic Activity 

The ability of IL-12 to augment/induce lytic activity of cytotoxic T lymphocytes 
(CTL) was one of the first properties described for this cytokine (WONG et al. 1988; 
GATELY et al. 1992). In some experiments, the effect of IL-12 on CTL was inhibited 
by antibodies to IL-2 (GATELY et al. 1992), but in other studies no inhibition of CTL 
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was found with antibodies to the IL-2R (MEHRoTRA et al. 1993). Under some 
conditions, synergy of IL-12 with IL-2 was observed, while under other conditions 
inhibition of CTL was found (MEHROTRA et al. 1993). Murine IL-12 can augment 
alloantigen-stimulated CTL by a mechanism which is interferon (IFN)-y..lL-2, and 
NK cell independent (BLOOM and HORVATH 1994). IL-12 can enhance the generation 
of alloantigen-specific CTL in vivo (GATELY et al. 1994b). 

I L-12 can augment NK cell cytolytic activity both in vitro (KOBAYASHI et al. 1989; 
GATELY et al. 1992; SCHOENHAUT et al. 1992; ROBERTSON et al. 1992; CHEHIMI et al. 
1993) and in vivo (GATELY et al. 1994b). IL-12-mediated enhancement of NK activity 
is independent of IL-2, IFN-a, IFN-~, and IFN-y (ROBERTSON et al. 1992; CHEHIMI et al. 
1993); TNF-a is also not involved in the activation of mature human NK cells by 
I L-12 (CHEHIMI et al. 1993). but it is involved in IL-12-mediated activation of 
immature NK cells (JEWETI and BONAVIDA 1994). Under various conditions, treat
ment of NK cells with a combination of IL-12 and IL-2 resulted in synergistic (RossI 
et al. 1994), additive (CESANO et al. 1993), or less than additive enhancement of 
cytotoxicity (CHEHIMI et al. 1992). IL-12 can also enhance activity of N K cells from 
patients with various malignancies (SOIFFER et al. 1993). 

Lymphokine-activated killer (LAK) cell activation has also been observed 
following incubation of cells for several days with IL-12 in vitro (GATELY et al. 1992; 
NAUME et al. 1993a; NABIOULLIN et al. 1994). Activation of both NK cells (GATELY et al. 
1992; NAUME et al. 1992, 1993a) and C08+ T cells (NABIOULLIN et al. 1994) by I L-12 
has been reported. LAK cell induction from either peripheral blood leukocytes 
(PBL) or purified NK cells is inhibited by antibodies to TNF-a, while antibodies to 
IFN-y exhibit some inhibitory effect and antibodies to IL-2 do not inhibit LAK cell 
induction (GATELY et al. 1992; NAUME et al. 1992). IL-4 does not inhibit the 
generation of IL-12-induced LAK activity (NAUME et al. 1993a). IL-12 is important 
for induction of LAK cell activity by IL-2, since IL-2-induced LAK activity is blocked 
by neutralizing anti-IL-12 antibody (GATELY et al. 1992). 

The mechanism or mechanisms mediating the augmentation of cytolytic 
activity induced by IL-12 on NK and T cells are currently under investigation. 
Increased expression of perforin and granzymes (CESANO et al. 1993; SALCEDO et al. 
1993; ASTE-AMEZAGA et al. 1994) and an increased number of cytoplasmic granules 
(CHEHIMI et al. 1993; CESANO et al. 1993) has been found in a number of cell types 
exposed to IL-12. In addition, IL-12-induced enhancement of stimulus-dependent 
granule exocytosis from NK/LAK cells has been reported (BoNNEMA et al. 1994). 
Increased target cell binding was found in one study (RABINOWICH et al. 1993). but 
not in another (CESANO et al. 1993). I L-12 upregulates a number of cell surface 
molecules, inCluding C02, C011 a, C054, C056, C069, C071, HLA-OR, the p75-
kOa tumor necrosis factor (TNF) receptor, and receptors for IL-2 (a,~, and 
y-chains). IL-4, and IL-12 (NAUME et al. 1992, 1993; ROBERTSON et al. 1992; GEROSA 
et al. 1993; JEWETI and BONAVIDA 1994; YANAGIDA et al. 1994; ALLAVENA et al. 1994; 
NAKARAI et al. 1994). Antibodies to C018 inhibit cytotoxicity of IL-12-stimulated NK 
cells, suggesting the importance of this molecule in recognition of target cells 
(RossI et al. 1994). IL-12 also induces directional migration of NK cells and 
activated T cells (ALLAVENA et al. 1994). 
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4.3 Cytokine Induction 

IL-12 can induce IFN-yproduction from both human/murine NK and T cells in vitro 
(KOBAYASHI et al. 1989; CHAN et al. 1991, 1992; SCHOENHAUT et al. 1992; PERUSSIA 
et al. 1992; NAUME et al. 1993b; HSIEH et al. 1993; TRIPP et al. 1993; GAZZINELLI et al. 
1993; CARSON et al. 1994; ASTE-AMEZAGA et al. 1994; ALZONA et al. 1995). IL-12 is a 
more potent inducer of IFN-ythan either IL-2 or IL-7 (NAUME et al. 1993b), and the 
ability of IL-12 to induce IFN-yproduction is independent of IL-2 (CHAN et al. 1991). 
Synergistic induction of IFN-y is obtained from cells stimulated with IL-12 and a 
variety of other stimuli (CHAN et al. 1991; PERUSSIA et al. 1992; HSIEH et al. 1993; 
TRIPP et al. 1993; GAZZINELLI et al. 1993; CARSON et al. 1994), while a number 
of cytokines downregulate IL-12-induced IFN-y production (CHAN et al. 1991; 
D'ANDREA et al. 1993; TRIPP et al. 1993; GAZZINELLI et al. 1993). The molecular 
mechanism by which IL-12 mediates its effect on IFN-y induction is not fully 
understood, but upregulation of mRNA expression by transcriptional and post
transcriptional effects have been observed (CHAN et al. 1992; NAGY et al. 1994). 
Substantial circulating serum levels of I FN-y have also been found in mice injected 
with IL-12 (GATELY et al. 1994b; BRUNDA et al. 1995a). 

In addition to IFN-y, IL-12 has been shown to induce a number of other 
cytokines under some conditions. Following in vitro exposure of IL-12, Tor NK 
cells increased production of IL-2 (PERUSSIA et al. 1992), TNF (PERUSSIA et al. 1992; 
NAUME et al. 1992; ASTE-AMEZAGA et al. 1994), granulocyte-macrophage colony
stimulating factor (GM-CSF; NAUME et al. 1993b; CARSON et al. 1994; ASTE-AMEZAGA 
et al. 1994), IL-8 (NAUME et al. 1993b; VALIANTE and TRINCHIERI 1993), macrophage 
CSF (ASTE-AMEZAGA et al. 1994), and IL-3 (NAUME et al. 1993b); in contrast to the 
high levels of IFN-y induced by IL-12, the levels of these cytokines are generally 
low. In several studies, increased levels of cytokines have been observed by 
treatment with IL-12 and other stimuli (NAUME et al. 1993b; VALIANTE and TRINCHIERI 
1993; CARSON et al. 1994; ASTE-AMEZAGA et al. 1994). Mice injected with IL-12 have 
circulating serum levels of TNF-<x (ORANGE et al. 1994) and mRNA for 
TNF-<x (MORRIS et al. 1994; ORANGE et al. 1995) as well as a large increase in splenic 
mRNA and spleen cells secreting IL-1 0 (MORRIS et al. 1994). The in vivo induction 
of IL-10 following injection of IL-12 may be a regulatory response in the animal, 
since IL-10 can inhibit the production and biological effects of IL-12 (TRIPP et al. 
1993; HSIEH et al. 1993; D'ANDREA et al. 1993). 

4.4 Induction of T-Helper-1 and -2 Cells 

T-helper (Th)l and Th2 cells differ in their ability to secrete cytokines (MOSMANN 
and COFFMAN 1989; DEL PRETE et al. 1994), with Th1 cells producing IFN-y, IL-2, and 
TNF-P and Th2 cells producing IL-4, IL-5, IL-6, and IL-10; these differences in 
cytokine secretion patterns lead to distinct effector functions (MOSMANN and 
COFFMAN 1989; DEL PRETE et al. 1994); Th1 cells are usually associated with cell
mediated immunity, while Th2 cells provide help for immunoglobulin production 
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(MOSMANN and COFFMAN 1993; DEL PRETE et al. 1994). IL-12 has the unique cytokine 
property of regulating the development of both murine (HSIEH et al. 1993; SEDER 
et al. 1993; SCHMID et al. 1994a, 1994b; CROFT et al. 1994; MURPHY et al. 1994) and 
human (MANED! et al. 1993, 1994) Th1/Th2 CD4+ Tcells. In contrast to IL-12, 
IL-4 induces the development of Th2 cells (DEL PRETE et al. 1994). Naive murine 
CD4 + T cells primed with IL-12 during antigenic exposure in vitro produce the Th1 
cytokine IFN-y, while cells primed with IL-4 produce the Th2 cytokine IL-4 (HSIEH 
et al. 1993; SEDER et al. 1993; SCHMID et al. 1994a, 1994b; CROFT et al. 1994); the 
effect of IL-4 dominates the effect produced by IL-12 (HSIEH et al. 1993; SEDER 
et al. 1993; SCHMID et al. 1994a). The effects of I L-12 are mediated directly on T 
cells in these models (SEDER et al. 1993; SCHMID et al. 1994a) and can be IFN-y 
dependent (SCHMID et al. 1994b) or independent (SEDER et al. 1993) in various 
model systems. IL-12 also has a number of direct effects on murine Th1, but not 
ThO or Th2 clones (MURPHY et al. 1994; YANAGIDA et al. 1994; GERMANN et al. 1993; 
KENNEDY et al. 1994). Evidence in various in vivo situations has confirmed the 
importance of IL-12 in regulating Th1/Th2 responses (CLERICI et al. 1994; HEINZEL 
1994; OSWALD et al. 1994; ROMANI et al. 1994). 

IL-12 also induces the generation of human Th1 cells from antigen-stimulated 
cells from atopic individuals and anti-IL-12 shifts cells toward a Th2 phenotype 
(MANEDI et al. 1993). If IL-12 is added during the cloning of T cells, severalfold 
higher levels of IFN-y are induced in both CD4+ and CD8+ T cells, but there is no 
effect on IL"4 production (MANEDI et al. 1994). In contrast to its lack of eHect on 
murine Th2 clones, IL-12 can stimulate the transient expression of IFN-y in Th2 
clones (MANEDI et a11994; YSSEL et al. 1994). The ability of IL-12 to induce the 
generation of Th1 cells may be important in the induction of cell-mediated 
immune responses to tumors. 

5 Evaluation of Interleukin-12 in Murine Tumor Models 

5.1 Antitumor and Antimetastatic Activities 

Based on the immunomodulatory properties of IL-12, its antitumor activity was 
assessed in mice with established subcutaneous tumors. When administered 
systemically or intratumorally, I L-12 has been shown to exert potent antitumor 
effects against a number of tumors, including B 16F1 0 melanoma, Renca renal cell 
carcinoma, M5076 reticulum cell sarcoma, MCA-105 and MCA-207 sarcomas, 
MC-38 colon adenocarcinoma, Lewis lung carcinoma, and several other tumor 
types (BRUNDA and GATELY 1994; HENDRZAK and BRUNDA 1995). Therapeutic efficacy 
of IL-12 was demonstrated even against well-established tumors that were 
approximately 1 cm in diameter (BRUNDA et al. 1993; NASTALA et al. 1994). In some 
tumor models, such as the B 16F1 0 melanoma model, the administration of I L-12 
resulted in dose-dependent inhibition of tumor growth and an increased length of 
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survival, but complete regressions were not observed (BRUNDA et al. 1993). 
In other models, such as the Renca renal carcinoma, the MCA-1 05 and MCA-207 
sarcoma, and the MC-38 colon adenocarcinoma models, complete regressions 
did occur after either peritumoral or systemic administration of IL-12, with mice 
being immune to rechallenge (BRUNDA et al. 1993; NASTALA et al. 1994; GATELY 
and BRUNDA 1995). IL-12 has also recently been shown to have antitumor effects 
not only in mice with large, established tumors, but also in mice with minimal, 
residual lymphoma after treatment with high-dose therapy and bone marrow 
transplantation (VERBIK et al. 1995). 

The antimetastatic effects of I L-12 were initially demonstrated against 
experimental pulmonary metastases of the B 16F1 0 melanoma (BRUNDA et al. 
1993). In this model, there was a dose-dependent inhibition of metastases when 
IL-12 was administered 1 day after i.v. injection of tumor cells and, importantly, 
the number of metastases was also significantly reduced when IL-12 was 
administered 7 days after tumor cell injection, at which time metastases were 
already established. Recently, it has been shown that lipid arabinomannan 
extracted from Mycobacterium tuberculosis (Z-100) has inhibitory activity on 
pulmonary metastases in mice bearing the B 16F1 0 melanoma, and this antitumor 
activity may be mediated by the induction of IL-12 (KOBAYASHI et al. 1995). 
In addition, systemic IL-12 administration was shown to reduce experimental 
pulmonary metastases of the MC-38 adenocarcinoma when treatment was 
initiated 10 days after inoculation of tumor cells (NASTALA et al. 1994). Treatment 
of mice with IL-12 also reduced the number of experimental hepatic metastases 
of the M5076 reticulum cell sarcoma, resulting in increased survival (BRUNDA 
et al. 1993). Finally, IL-12 has been shown to inhibit spontaneous pulmonary 
metastases of the Lewis lung carcinoma (STERN et al. 1993) and spontaneous 
hepatic metastases of the M5076 reticulum cell sarcoma (GATELY et al. 1994a). 
In this hepatic metastasis model, IL-12 was effective when treatment was 
initiated 4 weeks after s.c. implantation of tumor cells. 

Gene therapy models have recently been developed to study the effects 
of IL-12 secreted locally at the tumor site. Fibroblasts genetically engineered 
to secrete IL-12 were shown to suppress the growth of BL-6 melanoma cells 
simultaneously injected into the same site, with efficacy related to the amount 
of IL-12 expressed by the transfected fibroblasts (TAHARA et al. 1994). In another 
report, mice were inoculated s.c. with I L-12-transduced C-26 murine colon 
carcinoma cells, and tumor onset was delayed as compared with control mice 
(MARTINOTII et al. 1995). Furthermore, the i.v. injection of these C-26/IL-12 cells 
resulted in'a similar delay in the formation of lung and liver metastases and death 
of the mice. Thus, I L-12 has pronounced antitumor activity in a number of s.c. 
tumor and metastasis models, following administration by several routes. 
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5.2 Mechanism of Antitumor Activity 

The mechanism by which I L-12 mediates its antitumor effects is not fully 
understood and may vary with the tumor type. Several studies have shown that 
IL-12 does not have any direct antiproliferative effects on murine tumor cell lines 
in vitro (O'TOOLE et al. 1993; TAHARA et al. 1994; BRUNDA et al. 1995a). These data 
are consistent with the possibility that IL-12 mediates its activity primarily through 
the immune system. Analysis of the antitumor mechanism of IL-12 in murine 
tumor models has confirmed that its biological activities on immune effector cells 
are clearly involved. 

Evidence to date indicates that T cells may be the critical immune effector 
cells involved in mediating the antitumor effects of IL-12. In both the B 16F1 0 and 
Renca models, the antitumor efficacy of IL-12 was substantially reduced in T cell
deficient nude mice (BRUNDA et al. 1993). In addition, as mentioned previously, 
mice cured of tumors by treatment with IL-12 were specifically immune to 
subsequent rechallenge with the same tumor, but not with other tumors (BRUNDA 
et al. 1993; NASTALA et al. 1994; GATELY and BRUNDA 1995) Furthermore, in gene 
therapy immunization models, locally secreted I L-12 at the tumor site was found 
to induce protective immunity against a subsequent tumor challenge. For exam
ple, when irradiated BL-6 tumor cells mixed with IL-12-secreting fibroblasts were 
injected as a vaccine and mice were challenged with nonirradiated BL-6 cells, 
tumor establishment was delayed (TAHARA et al. 1994). In addition, it has recently 
been reported that mice immunized with transfectants expressing B7-1 and 
secreting I L-12 were protected against a second tumor challenge, and the authors 
hypothesized that the induction of both cytotoxic T cells and a memory Th1-type 
response were involved (CHEN et al. 1995). However, it should be noted that IL-12 
was an effective antitumor agent in T and B cell-deficient severe combined 
immunodeficient (SClD) mice bearing the X5563 B cell lymphoma, suggesting 
that T cells are not always essential for the antitumor activity of IL-12 (O'TOOLE 
et al. 1993). 

The roles of CD4+ and CDs+ cell subsets have also been examined. Using 
monoclonal antibodies to deplete individual T cell subsets in tumor-bearing mice 
treated with I L-12, it was shown that CD8+ T cells were required to inhibit the 
growth of the Renca tumor (BRUNDA et al. 1993), but either CD4+ or CDs+ T cells 
were sufficient to inhibit the growth of the MCA-207 tumor (NASTALA et al. 1994). 
Interestingly, CD8+ T cell depletion in mice injected with C-26 colon carcinoma 
cells transduced with I L-12 genes had no effect on the time of tumor onset or 
survival, whereas depletion of CD4+ T cells led to delayed tumor appearance and 
tumor regression in 40% of the mice (MARTINOTII et al. 1995). Examination of 
tumor cell infiltrates showed very few T cells in nondepleted mice, but abundant 
CD8+ T cell infiltration in mice depleted of CD4+ T cells. Further analysis revealed 
that CD4+ T cells did not inhibit CD8+ T cell priming in vivo, and these primed T 
cells inhibited the formation of C-26/1 L-12 tumors. The authors concluded that in 
the non-CD4+ T cell-depleted mice, C-26/IL-12 cells activate CD8+ T cells, but 
CD4+ T cells inhibit CDs+ T cell infiltration into the tumor, which-may be essential 
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for tumor regression. It should be noted, however, that an increased number of 
NK cells also infiltrated the tumors in mice depleted of CD4+ T cells. Additional 
support for the role of tumor-infiltrating CD8+ T cells in the antitumor activity of 
IL-12 was demonstrated in the MCA-207 sarcoma model (NASTALA et al. 1994). 
Tumor-bearing mice were treated intratumorally with IL-12, and the regressing 
tumors were found to be characterized by a predominantly CDW T cell infiltrate. 
In addition, a decreased number of CD4+ T cells and accumulation of macrophages 
was observed within the BL-6 tumors of mice previously vaccinated with irradi
ated tumor cells and IL-12-secreting fibroblasts to induce antitumor immunity 
(TAHARA et al. 1994). The exact role of the T cell populations involved in mediating 
the antitumor effects of I L-12 requires further investigation. 

NK cells appear to playa role in the antitumor activity of IL-12 against some 
tumors but not others. Depletion of NK cells with anti-asialo GM1 antibody 
resulted in a significant reduction in time of tumor onset in mice injected s.c. with 
C-26 colon carcinoma cells transduced with IL-12 genes and reduced survival in 
mice with C-26/IL-12 tumor metastases (MARTINOTII et al. 1995), Moreover, IL-12 
displayed antitumor activity against the X5563 B cell lymphoma in SCID mice, 
suggesting that NK cells may be involved in the activity of IL-12 (O'TOOLE et al. 
1993). In contrast, the efficacy of IL-12 was maintained in NK-deficient beige mice 
bearing the B 16F1 0 melanoma and in Renca or MCA-207 tumor-bearing mice 
depleted of NK cells by treatment with the anti-asialo GM 1 antibody (BRUNDA et al. 
1993; NASTALA et al. 1994). Thus the importance of NK cells in the antitumor 
mechanism of I L-12 remains controversial and most probably varies with the 
tumor model studied. 

A more recent area of investigation is the role of macrophages in mediating 
the antitumor effects of I L-12. Macrophages were found to infiltrate Renca 
(BRUNDA and GATELY 1994; TANNENBAUM et al. 1995) and BL-6 melanoma (TAHARA 
et al. 1994) tumors in I L-12-treated mice and were possibly recruited by expres
sion of the chemokine inflammatory protein (lP)-1 0 within the tumor (TANNENBAUM 
et al. 1995). In addition, IL-12 did not directly activate the tumoricidal function of 
mouse peritoneal macrophages in vitro, but cytolytic peritoneal macrophages 
were obtained from mice injected with IL-12 (JA HENDRZAK et al. submitted). This 
macrophage activity is mediated in part by the induction of IFN-y. but other 
cytokines may also be involved. One potential mediator of macrophage tumori
cidal activity is nitric oxide (STUEHR and NATHAN 1989); IL-12 treatment induced 
nitric oxide production in vivo (NASTALA et al. 1994), and I FN-y in combination 
with other cytokines can promote nitric oxide prQduction by macrophages (Cox 
et al. 1992). 

In addition to augmenting the cytolytic activity of T cells, NK cells, and 
possibly macrophages, IL-12 induces high levels of IFN-y, which can mediate a 
variety of antitumor effects. The levels of I FN-y induced by IL-12 in tumor-bearing 
mice were similar to those in normal mice (BRUNDA et al. 1995a). IFN-y may be 
produced by T cells, NK cells, or both cell types in IL-12-treated tumor-bearing 
mice, and, although IFN-yproduction suggests that a Th1 response may be involved, 
the induction of other Th1 cytokines has not been addressed. Treatment of mice 
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with a neutralizing anti-IFN-y antibody significantly reduced the antitumor activity 
of IL-12 in the Renca (BRUNDA et al. 1995a), MCA-38 (NASTALA et al. 1994), 
and B 16F1 0 (M. BRUNDA, unpublished observations) tumor models. However, 
the administration of I L-12 to normal or tumor-bearing nude mice resulted in 
much higher serum IFN-y levels than in euthymic controls, yet IL-12 displayed 
little antitumor activity in nude mice (BRUNDA et al. 1993, 1995a). Since it was 
also shown that the administration of IFN-y to Renca tumor-bearing mice did 
not result in antitumor effects comparable to those achieved with I L-12, it is 
apparent that, while necessary for the antitumor action of IL-12, IFN-yalone 
is not sufficient (BRUNDA et al. 1995a). IFN-y may exert its effects by upregulat
ing major histocompatibility complex (MHC) class I and II molecules (WONG et al. 
1983), activating macrophages (VARESIO et al. 1984), and generating C08+ cytolytic 
T cells (GIOVARELLI et al. 1988). It is therefore possible that T cells or NK cells 
infiltrating tumors in IL-12-treated mice secrete IFN-y, which in turn enhances 
the functions of macrophages or T cells present at the tumor site. Recently, 
it has been reported that IFN-y can also mediate the nonimmunogenic, 
antiangiogenic effect of IL-12, which was involved in the inhibition of basic 
fibroblast growth factor-induced corneal neovascularization in mice (VOEST 
et al. 1995). 

A variety of other cytokines have been reported to be upregulated following 
injection of IL-12 into normal mice (Sect. 3.3; HENDRzAK and BRUNDA 1995). IL-12 
induced low levels of serum TNF-a in mice, but administration of the neutralizing 
anti-TNF-a antibody to mice bearing the MC-38 colon carcinoma did not decrease 
the antitumor efficacy of IL-12 (NASTALA et al. 1994). However, in this report, it was 
also shown that the depletion of TNF-a and IFN-ytogether partially decreased the 
antitumor effect of I L-12 on MC-38 pulmonary metastases. Additional work is 
necessary to examine the role of other cytokines in I L-12-mediated antitumor 
effects. 

Further investigation using murine models in which I L-12 is delivered locally 
to the tumor site may provide a clearer understanding of the mechanism by which 
IL-12 inhibits tumor growth. As discussed above, the local delivery of IL-12 by 
peritumoral administration or by gene therapy can lead to the development of 
antitumor immunity. In addition, this form of therapy often results in tumor 
infiltration by leukocytes, especially C08+ T cells, and recent evidence suggests 
that this may enhance the antitumor activity of IL-12 (MARTINOTII et al. 1995). 
Finally, the production of IFN-yand other cytokines induced by IL-12 could be 
measured at the tumor site, and the antitumor effects of any cytokines detected 
could then be"examined. 

5.3 Additional Clinical Issues Addressed 

Several issues associated with the clinical use of IL-12, such as treatment-related 
toxicities, have been addressed using murine tumor models. Fortunately, few 
toxicities have been associated with IL-12 treatment. When tumor-bearing mice 
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were treated with a regimen associated with antitumor efficacy (1 I-lg/day, 5 days 
per week), mice developed a mild leukopenia, a mild anemia, and moderately 
elevated levels of hepatic transaminases, which correlated with mononuclear cell 
infiltrates in the liver (M. BRUNDA and T. ANDERSON, unpublished results). Minimal 
apparent toxicity has similarly been demonstrated at effective doses of IL-12 in 
murine adenocarcinoma and sarcoma models (NASTALA et al. 1994). More exten
sive studies performed in normal mice and monkeys have revealed some addi
tional toxicities at high doses (GATELY et al. 1994a; BRUNDA and GATELY 1995; 
HENDRZAK and BRUNDA 1995) but there were no major toxicities to prevent the use 
of IL-12 for the treatment of human malignancies. 

Several studies have also been performed to compare the antitumor efficacy 
of IL-12 with that of other cytokines currently in use in cancer therapy. At 
maximum tolerated doses, IL-12 was more effective than IL-2 against the B 16F1 0 
melanoma and the Lewis lung carcinoma and comparable to IL-2 against the colon 
38 and M5076 reticulum cell sarcoma (STERN et al. 1993; BRUNDA et al. 1995b; 
M. BRUNDA and L. LUISTRO, unpublished results). IL-12 was active over a broader 
range of doses than IL-2 in the Renca model (BRUNDA et al. 1995b). while high 
doses of IL-12 or IL-2 were equally effective against MC-38 metastases, but IL-2 
treatment resulted in systemic toxicities (NASTALA et al. 1994). In addition, IL-12 
exhibited greater antitumor activity than IFN-a against both the B 16F1 0 
melanoma and the Renca renal tumors (BRUNDA et al. 1995b). 

Another issue relevant to the clinical use of I L-12 that has been addressed is 
the efficacy of IL-12 in combination with cytokines or other anticancer agents. 
Suboptimal doses of IL-12 and either IL-2 or IFN-a resulted in additive or 
synergistic effects in tumor-bearing mice, but these effects were not better than 
those achieved by IL-12 alone (BRUNDA et al. 1995b). and higher doses of these 
cytokines resulted in enhanced toxicities. Furthermore, the combination of low 
doses of IL-12 and IL-2 was ineffective in reducing MC-38 pulmonary metastases, 
and no synergy was observed at higher doses of these cytokines (NASTALA et al. 
1994). IL-12 may be used more effectively in combination with other cancer 
treatments, such as cellular therapies. Human killer T cells transferred in combi
nation with IL-12 increased the survival of SOD mice bearing acute myelogenous 
leukemia (CESANO et al. 1994), and IL-12 enhanced the antitumor activity of human 
NK cells in combination with IL-2 in human melanoma-bearing SCID mice (HILL 
et al. 1994). Recently, it has also been shown that IL-12 has the ability to enhance 
the antitumor activity of the immunomodulator bacille Calmette-Guerin (BCG; 
HUNTER-MAYER et al. 1995) as well as various chemotherapeutic agents and 
radiation therapy (EMI et al. 1995). Further testing must be performed, however, 
to determine whether such combinations will prove to be too toxic. 

In addition to the data obtained from murine tumor models, antitumor effects 
of human IL-12 have been observed after in vitro incubation with immune effector 
cells obtained from cancer patients. IL-12 was found to restore defective NK 
activity of peripheral blood mononuclear cells (PBMC) from patients with meta
static soild tumors (SOIFFER et al. 1993) as well as stimulate NK cell activity of hairy 
cell leukemia patients (BIGDA et al. 1993). In addition, I L-12 was recently shown to 
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reverse aberrant cytokine production by PBMC from patients with Sezary syn
drome, an advanced form of cutaneous T cell lymphoma (ROOK et al. 1995). PBMC 
from cancer patients produced significantly less IL-12 and IFN-ywhen stimulated 
in vitro than PBMC from normal controls, but treatment of patients' PBMC with 
IL-12 resulted in increased production of IFN-y, decreased production of IL-4, and 
increased NK activity (ROCK et al. 1995). Finally, a possible use for IL-12 in the 
treatment of cancer patients with minimum residual disease has been suggested 
by its ability to enhance the cytolytic function of PBMC from patients with 
hematologic malignancies after allogeneic bone marrow transplant (SOIFFER et al. 
1993) and by its ability, in combination with IL-2, to enhance the NKactivity of cord 
blood cells, which could be used for transplantation (CHANG et al. 1995). 

In summary, I L-12 is a cytokine with unique immunomodulatory properties 
which mediate potent antitumor and anti metastatic effects in a number of murine 
tumor models. Both T cells and NK cells have been shown to be involved in the 
seemingly complex antitumor mechanism of I L-12; therefore, it is likely that I L-12 
stimulates the proliferation and cytolytic activity of these cells in tumor-bearing 
mice. In addition, IL-12 may enhance the cytolytic activity of macrophages in vivo 
via an indirect mechanism. IL-12 also stimulates the induction of cytokines, 
especially IFN-y, in tumor-bearing mice, and IFN-y has been shown to be neces
sary but not sufficient for the antitumor response. The activation of T cells, 
together with the induction of IFN-y, suggests that IL-12 may induce a Th1-type 
response in at least some tumor models. Furthermore, some of these biological 
effects of IL-12 have also been observed when IL-12 was incubated in vitro with 
immune cells from cancer patients. Since IL-12 therapy is associated with few 
toxicities, may be more effective than cytokines currently in use, and may be used 
in combination with other anticancer agents, it is hoped that the efficacy of IL-12 
observed in murine tumor models will some day translate to success in the 
clinical setting. 
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Major histocompatibility complex (MHC) molecules are peptide receptors. Their 
function is to collect peptides inside the cell and transport them to the cell surface, 
where the complex of peptide and MHC molecule may be recognized by 
T lymphocytes (RAMMENSEE et al. 1993). In normal cells MHC-associated peptides 
are derived from normal, self proteins. During their differentiation, T cells become 
tolerant - by elimination or inactivation (anergy) - to complexes of self MHC and 
self peptides (Von Boehmer 1992). Thus when new peptides derived from 
infectious agents or changed self proteins occur later, these can be recognized by 
T cells (ZINKERNAGEL and DOHENTY 1974). However, overexpressed, aberrantly ex
pressed, and even normal self proteins can induce T cell responses under condi
tions which revert anergy (Nanda and Sercarz 1995). Since the specific immune 
response is regulated by T cells, the trimolecular complex of T cell receptor (TCR), 
MHC molecul.e, and peptides serves as a control switch forthe immune system. 
Control of tumor growth and tumor dissemination by the immune system, 
particularly by the cellular immune system, is the basis for development of 
antitumor vaccines (FOLEY 1953; PREHN and MAIN 1957; KLEIN et al. 1960; OLD et al. 
1962). The role MHC molecules and their associated peptides play in tumor contol is 
important for development of targeted antigen-specific vaccines for cancer therapy. 
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2 Major Histocompatibility Complex Structure 
and Function 

There are two distinct, classes of MHC molecules, class I and class II. Class I 
consists of a 45-kDa heavy chain and a 12-kDa, noncovalently attached ~2-

microglobulin light chain (KLEIN 1986). X-ray crystallography has shown that the 
assembled cell surface molecule forms a cup-like structure with a ~-pleated sheet 
structure at the bottom and two a-helix structures as walls, forming a closed 
groove that binds peptides (BJORKMAN et al. 1987a,b). Human leukocyte antigen 
(HLA)-A,B,C are the classical human class I molecules, and H-2K, H-2D, and H-2L 
are the mouse equivalents. Class II MHC are 30-kDa heterodimers, and both 
a- and ~-chains are transmembranal; HLA-DR, DQ, and DP are human class II 
MHC, and H-2A and H-2E are their murine equivalents. Crystallography showed 
that, in general, the three-dimensional structure of class II molecule is similar to 
class I; however the groove formed in class II is open on both sides, accomodating 
longer peptides than class I molecules (BROWN et al. 1993; STERN et al. 1994; STERN 
and WILEY 1994). 

M HC molecules are very polymorphic, and tens to hundreds of alleles exist in 
a species. Human have up to six classical class I, additional nonclassical class I 
genes and six to ten expressed class II molecules, while homozygous mice have 
two to three classical class I genes and one to two expressed class II hetero
dimers (KLEIN 1986; BODMER et al. 1994). Most polymorphic residues in class I and 
class II molecules are clustered at the bottom and on the a-helices of the peptide
binding groove. Thus each MHC molecule will bind a relatively limited set of 
peptides, which will undergo appropriate interactions with amino acid residues of 
the groove (BJORKMAN et al. 1987a). Rammensee and colleagues were the first to 
isolate MHC-bound peptides by isolating first the MHC-peptide complexes on 
anti-MHC antibody columns and then using acid to release the associated 
peptides. Pool sequencing of these peptides showed that a high frequency of a 
given amino acid appeared in certain positions of the peptides; these were 
defined as anchor positions. For class I, one anchor position usually exists in the 
middle of the peptide and a second at the C terminus of the peptide. Occas
sionally, a third amino acid is involved in binding and is called an auxiliary anchor 
(reviewed in RAMMENSEE et al. 1995). 

MHC molecules function as peptide receptors. Class I molecules are synthe
sized in the endoplasmic reticulum (ER) and newly synthesized heavy and light 
chains are assembled with preprocessed peptides in the ER. The peptides loaded 
on class I are mainly derived from cytosolic proteins, most often from endo
genous, cellular proteins which are degraded by the proteosomes (JACKSON and 
PETERSON 1993; ROCK et al 1994; DICK et al. 1994). The high specificity of the 
proteosome may be influenced by two proteosome subunits encoded in the M HC 
region, LMP2 and LMP7, which are regulated by y-interferon (IFN-y) and which 
replace two resident proteosome subunits, x and y, after IFN-ytreatment (HOWARD 
and SEELING 1993). Processed peptides, according to one hypothesis, are protected 
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by a chaperone of the heat-shock family in the cytoplasm until they are trans
ported into the lumen of the ER. Entry into the ER is mediated by an ER 
transmembranal dimer of transporters in antigen processing, TAP1-TAP2, which 
transport peptides in an adenosine triphosphate (ATP)-dependent process 
(NEEFJES and MOMBURG 1993; SRIVATSAVA et al. 1994; MOMBURG et al. 1994). The 
discharge of peptides from the TAP transporter was suggested to occur directly 
to class I molecules bound to TAP or alternatively to involve a second chaperone 
of the heat-shock family (ORTMANN et al. 1994; SUH et al. 1994; SRIVASTAVA et al. 
1994). Stabilized, assembled class I MHC-peptides complexes migrate through 
the Golgi apparatus to the cell surface. Commonly, class I molecules present 
endogenous peptides to CD8-expressing T cells but in macrophages, at least, 
exogenous antigens can be presented by class I MHC by a direct phagosome to 
cytosal pathway (PFIEFER et al. 1993; ROCK et al. 1993; KOVACSOVICS-BANKOWSKI and 
ROCK 1995). 

Class II molecules mostly present exogenous protein peptides to 
CD4- expressing T cells. Processing of endocytosed proteins in endosomes or 
Iysosomes require acidic pH. The class II a- and ~-chains assemble in the ER with 
a nonpolymorphic invariant (Ii) chain which stabilizes the structure and prevents 
early loading. In the class II loading compartment, the Ii chain is removed and 
specific peptides are bound before the complex is expressed on the cell surface 
(CRESSWELL 1994). 

3 Defective Antigen Presentation in Tumors 

Loss of MHC class I expression is a common finding on tumors of many origins 
and may represent a way for tumor cells to escape T cell immune surveillance. 
Reduced expression of HLA-A, -B, and -C was found in a variety of colorectal 
tumors, in breast carcinomas, in lung carcinomas, especially small cell lung 
carcinomas, in melanomas, and in other tumors (reviewed in ELLIOT et al. 1989; 
EISENBACH and FELDMAN 1991; FELDMAN and EISENBACH 1991, 1993). Comparison of 
HLA expression between primary and metastatic lesions from the same patients, 
including breast, colon, bladder, and renal carcinomas, showed that metastatic 
lesions generally express low class I MHC compared to primary tumors (CORDON
CARDO et al. 1991). Most studies concerning human tumors evaluated HLA 
expression bY'immunohistochemsitry using antibodies that recognize HLA-A,-B, 
and -C. However, allele-specific losses were observed in colorectal carcinomas, in 
gastric carcinomas, and in laryngeal tumors by the use of allele-specific antibodies 
(REES et al. 1988; SMITH et al. 1988, 1989; MOMBURG et al. 1986; NATALI et al. 1989; 
LOPEZ-NEVOT et al. 1989; RODRIGUEZ et al. 1994). Multiple mechanisms were 
described for down-regulation of MHC class I expression in tumors. Reduced 
transcription of the class I heavy chain and/or ~2-microglobulin often occurs 
(PLAKSIN et al. 1988; KUSHTAI et al. 1988; SCHRIER et al. 1983; BERNARDS et al. 1986; 
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BLANCHET et al. 1991; HENSELING et al. 1990; LASSAM and JAY 1989; SHEMESH et al. 
1991; VAN'TVEER et al. 1993). Mutations in the fS 2-microglobulin gene were recently 
described for a number of colorectal tumor lines and fresh tumors (BROWNING et al. 
1993; BICKNELL et al. 1994). In small cell lung carcinomas and in prostrate cell lines, 
down-regulation of TAP1 and TAP2 expression was demonstrated to be an 
important mechanism responsible for low cell surface expression of class I MHC 
(SOONG et al. 1991; SOONG and HUI 1992; RESTIFO et al. 1993a,b; SANDA et al. 1995; 
ROTEMYEHuDAR et al. 1994a). 

In murine tumors we and others have shown a correlation between low class I 
MHC expression and high tumorgenicity or high malignancy. Low expression is 
principally controlled transcriptionally. The crucial promoter regulatory sequences 
are NFKB, AP1/CREB, and IFN response elements (ISRE), which are either not 
occupied in vivo (YAMIT-HEZI et al. 1994) or are occupied by negative regulators (PLAKSIN 
et al. 1993). However, down regulation of TAP1 and T AP2 has been documented in 
adenovirus 12-transformed cells which express low class I MHC (SHEMESH et al. 
1991). Post-transcriptional mechanisms involving retention of class I MHC heavy 
chain have also been shown in adenovirus 12-transformed cells (ROTEM-YEHUDAR 
et al. 1994b). 

4 Improvement of Tumor Immunogenicity 
by Gene Transfer 

Low antigenicity of tumors defective in class I MHC presentation can be reconsti
tuted by transfection with MHC class I or TAP genes (Hul et al. 1984; TANAKA et al. 
1985; WALLICH et al. 1985; PLAKSIN et al. 1988; PORGADOR et al. 1989; MANDELBOIM 
et al. 1992; SPIES and DEMARS (1991). In contrast, increasing tumor immunogenicity, 
i.e., the ability to induce tumor-specific T cell responses, often necessitates more 
complex manipulation. Efficient T cell activation requires two signals. The first is 
received through T cell receptors after engaging antigenic peptides on MHC class 
I molecules. The second is a costimulatory signal originally propsoed for B cells 
(BRETSCHER and COHN 1970) or actual antigen-presenting cells {A PC) such as 
macrophages, dendritic cells, or Langerhans cells (JANEWAY 1989; NOSSAL 1989; 
LAFFERTY and WOOLNOUGH 1977). APC proper are MHC class II-expressing cells. 
Antigens endocytosed or phagocytosed into these cells are processed in an 
endosomal/lysosomal compartment and peptides are presented on MHC class II. 
The interaction between the MHC class II-peptide complex and TCR of CD4+ 
helper T cells, in conjunction with other costimulatory molecules such as B7-1 on 
the APC and CD28 on the T cell, activates helper cells to produce necessary 
cytokines (CHEN et al. 1992; TOWNSEND and ALLISON 1993; BASKAR et al. 1993). These 
cytokines serve as the second signal for activation of class I-restricted cytotoxic 
cells. 
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Conflicting data exist with regard to the question of which cells can present 
class I-peptide complexes for induction of cytotoxic T lymphocyte (CTL). A 
number of studies have shown that tumor cells or virally infected cells are first 
killed by nonspecific effectors such as natural killer (NK) cells, macrophages, or 
granulocytes, and their antigens are taken up by APC (BEVAN 1976; MATZINGER and 
BEVAN 1977; CARBONE and BEVAN 1990; HUANG et al. 1994). Although the exact 
mechanism by which such antigens enter the class I MHC presentation pathway 
is not clear in most APC, a direct phagosome to cytosol pathway for exogenous 
antigens presented on MHC class I was recently demonstrated in macrophages 
(KOVASOVICS-BANKOWSKI and RocK 1995). This mechanism postulates that potentially 
all tumors can be immunogenic even if they do not express class I MHC or process 
their own peptides (HUANG et al. 1994). On the other hand, a large body of evidence 
shows that transduction of tumor cells with MHC class I genes, with MHC 
class II genes or with B7-1 genes dramatically increases their immunogenicity 
(PLAKSIN et al. 1988; PORGADOR et al. 1989; OSTRAND-RoSENBERG et al. 1990; CHEN and 
AN AN THASWAMY 1993; BASKAR et al. 1988; CHEN et al. 1994; LI et al. 1994). 

Had antigen presentation occurred exclusively by host APC the expression of 
such molecules by the tumor should have been ignored by the immune system or 
should lead to anergy as suggested before (LANZAVECCHIA 1988; MUELLER et al. 1989). 

It was recently demonstrated that tumor cells of various origins-epithelial, 
fibroblastic, and others - can present antigen directly for induction of CTL (COHEN 
and KIM 1994; TOWNSEND and ALLISON 1993; KUNDIG et al. 1995). While denovo 
expression of MHC class I, class II, or B7-1 on tumor cells may serve to increase 
their intrinsic immunogenicity, transduction by a variety of cytokine genes was 
shown to increase tumor cell functional immunogenicity. Murine tumor cells 
modified by transduction of interleukin (lL)-l, IL-2, IL -4, IL-6, IL-7, IL-10, IL-12, IFN-a, 
IFN-y, tumor necrosis factor TNF-a, granulocyte colony-stimulating factor (G
CSF), macrophage CSF(M-CSF), granulocyte-macrophage CSF (GM-CSF), or 
10-kOa inflammatory protein (I P-1O) were shown to be rejected in vivo or mani
fested reduced growth rates (reviewed in PARDOLL 1993; BLANKENSTEIN 1994; PORGADOR 
et al. 1994). Some of the cytokines induce nonspecific immunocyte infiltrates 
consisting of macro phages, eosinphils, neutrophils, or NK cells at the site of rejection, 
while in other cases C04+ and C08+ bearing lymphocytes were also identified (TEPPER 
et al. 1989; BANNERJI et al. 1994; COLOMBO and TORNI 1994). With the exception of 
IL-5, TNF, and G-CSF, all cytokine-transduced cells were shown to induce sys
temic immunity in mice that rejected the challenge with cytokine-modified tumor 
cells (BLANKENSTEIN 1994).Systemic immunity was always dependent on C08+cells 
and in a number of systems also on C04+ expressing cells (BLANKENSTEIN 1994). 

However, when a more stringent comparison between immunogenicity of 
irradiated cytokine-transduced cells and irradiated parental cells was performed, 
cytokines such as IL-1, IL-2, IL-6, IFN-y, GM-CSF, and IL-12 were mainly shown to 
actually increase the immunogenicity of weakly immunogenic tumors (OOUVDEVANI 
et al. 1992; PORGADOR et al. 1992, 1993a,b; ORANOFF et al. 1993). A more crucial 
question is whether increased immunity of cytokine-transduced cells can 
be translated to the design of antitumor vaccines. Vaccines based on IL-2, IFN-y, 
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GMcCSF, and IL-12 gene transduced tumor cells were shown to protect mice 
against a subsequent challenge with parental tumor cells or to reject small 
established tumors (DRANOFF et al. 1993; CAVAllO et al. 1992; CONNOR et al. 1993; 
TAHARA etal. 1994). In metastatic tumors such as the murine Lewis lung carcinoma 
(3LL-D122) carcinoma, the murine B 16 melanoma, or the rat R3327-Mat LyLu 
prostate carcinoma, treatment of animals bearing small established tumors with 
vaccines secreting IL-2, I L-6, or IFN-y prevents metastasis (PORGADOR et al. 1992, 
1993a,b; VIEWEG et al. 1994). However, established metastases treated after the 
removal of a large primary tumor can be rejected in the 3LL-D122 system only 
by IFN-ytransduced 3LL-D122 cells and in the B16-Fl0.9 system only by com
bined vaccination with MHC class I-transfected and IL-2 transduced cells (PORGADOR 
et al. 1993b, 1995). 

5 Tumor Antigens and Tumor Peptides 

The ability of gene-modified tumor cells to induce effective antitumor responses 
in animal models indicated that tumor-associated antigens which can be recog
nized by CTL are probably expressed in the majority of animal tumors. Tumor
specificCTL have also been detected in several human cancers (YASUMURA et al. 
1993; VIRET et al. 1993). A small group of TAA peptides have been identified to 
date, mostly of human mealnomas. The most successful approach, developed by 
T. Boon and colleagues, uses cDNA libraries of human tumor cell lines cloned in 
a pcDNAI/AMP expression vector. Pools of plasmids from this library are transien
tly transfected into COS-7 cells together with relevant HLA class I genes. These 
transfectants are then reacted with CTL lines (mostly autologous to the tumor) 
and identified by secretion of cytokines such as TNF. Positive plasmid pools are 
subdivided until a single clone that transfers sensitivity to CTL lysis is identified. 
Using this or similar methods, the melanoma antigens melanoma antigen 1 
(MAGEl). MAGE3, BAGE, GAGE, tyrosinase, melan A/MART-l, glycoprotein (gp) 
1 00/Pme117, and gp75 were identified (GAUGLER et al. 1994; VAN DER BRUGGEN et al. 
1991, 1994a, b BOEl et al. 1995; VAN dEN EYDENE et al. 1995; BRlcHARD et al. 1993; 
WOlFEl et al. 1994; COULIE et al. 1994;KAWAKAMI et al. 1994 a,b; BAKKER et al. 1994; 
WANG et al. 1995). These TAAs can be subdivided into two groups; one group 
consists of normal melanoma proteins, including tyrosinase, MelanA/MART1, 
gp100/pmel 17, and gp75, while the other TAAs are embryonal proteins of 
unknown functions which are not expressed in adult tissues, except for the testis. 
Recently, a new TAA gene, MUM-1, was cloned from a human melanoma; this 
gene, which is expressed in many tissues, serves as a T AA only in a mutated form 
(COULIE et al. 1995). In murine tumors, mutagenesis of P815 mastocytoma cells 
was shown to give rise to two mutated TAAs, while the nonmutagenized P815 
cells express a nonmutated T AA protein (LURQUIN et al. 1989; SIBillE et al. 1990; 
SZIKORA et al. 1990). 
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In recent years, the novel approaches developed for isolation of MHC-bound 
peptides by chemical methods have yielded many new peptides. The first three 
natural MHC class I ligands were identified in 1990 and were all of viral origin 
(ROTZSCHKE et al. 1990a; VAN BLEEK and NATHENSON 1990). In these instances, 
knowledge of the viral protein sequence was mandatory for peptide identification. 
Since then, the number of MHC ligands that have been characterized has been 
growing exponentially (ROTZSCHKE et al. 1991; UDAKA et al. 1992; VAN BLEEK and 
NATHENSON 1991; SHIBATA et al. 1992; JARDETZKY et al. 1991; HUNT et al. 1992; 
HENDERSON et al. 1992; WEI and CRESSWELL 1992; RAMMENSEE et al. 1995). 

Most ligands known to date are self peptides, i.e., peptides derived from 
normal cellular proteins, such as histones, heat-shock proteins, enzyme, and 
others. Relatively few natural class I MHC ligands derived from foreign proteins, 
i.e., from pathogens have been isolated (RAMMENSEE et al. 1995). 

Although over 100 different MHC class I haplotypes have been identified in 
humans (BODMER et al. 1992), only three to six of these structural isoforms are 
expressed in anyone individual. Two to three MHC class alleles are expressed in 
inbred homozygous mice. Thus each isoform must bind a wide variety of 
peptides. Most mouse and human cells express 1-1 Ox 105 class I molecules per 
cell. From the level of class I expression present and knowledge of the occupancy 
and the diversity of the peptide repertoire a single peptide-class I complex is 
calculated to be expressed in the range 100-4000 copies per cell, and every cell 
can present about 2000 distinct peptides (ENGELHARD 1994; HUCZKO et al. 1993). As 
a result, there are two basic problems that prevent the routine isolation of tumor
associated antigen peptides. The first problem is the amount: only a small fraction 
(0.1 %) of MHC bound peptides are considered to be TAA peptides, embedded in 
a large amount of normal cellular peptides. The second problem concerning the 
isolation of T AA peptides is heterogenicity: the T AA peptides are embedded in an 
ocean of variable self peptides; hence the Edman degradation sequence of 
Class I MHC associated peptides would require 5-10, nmol (approximaely 5-10 
mg) of starting material. It seems that successful identification of TAA peptides 
necessitates both large quantities of tumor cells and a sensitive bioassay to follow 
active peptides. Therefore, a variety of techniques have been employed to isolate 
and charcterize peptides constituently bound to class I molecules. 

Peptides can be dissociated from class I molecules by treatment with 
trifluoracetic acid (TFA) or acetic acid (VAN BLEEK and NATHENSON 1990, 1991; 
ROTZSCHKE et al. 1990a, b, 1991; UDAKA et al. 1992; SHIBATA et al. 1992; FALK et al. 
1990, 1991, reviewed in RAMMENSEE et al. 1995). Three alternative approaches for 
isolation of MHC class I peptides were employed based on acid wash. Treatment 
of whole cell lysate with TFA brings the peptides into solution, and they can then 
be detected by the respective T cells (ROTZSCHKE et al. 1990a). This was the 
approach used for isolation of minor histocompatibility antigens and virus-derived 
peptides from cells (ROTZSCHKE et al. 1990a; FALK et al. 1990). Acid extraction of 
whole cells has the advantage of yielding not only MHC-bound peptides but also 
other peptides, e.g., potential intermediates of the processing pathway (ROTZSCHKE 
et al. 1990b, 1991; UDAKA et al. 1992; FALK et al. 1990). In the second approach, 
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MHC molecules with their associated peptides are first purified by anti-MHC 
antibody columns and then acid extraction of the peptides is performed. The 
resulting peptide mixture is much purer than in the first approach, and the 
peptides lend themselves more readily to further isolation and sequence analysis 
(JARDETYZKY et al. 1991; HUNT et al. 1992; HENDERSON et al. 1992; (Wei and Cresswell 
1992). In the third approach, brief pH 3.3 acid treatment of live cells brings 
peptides into solution without the need of MHC class I purification, and the 
neutralized cell culture can be left for further peptide extractions (ZEH et al. 1994). 
The resulting peptide fraction is much purer, since it does not contain the MHC 
class I molecules themselves; however, the peptide quantitiy is very limited, and 
no TM peptides have been isolated so far using this approach. 

Conventionally, the TAA peptides are isolated from the peptide mixture by 
high-performance liquid chromatography (HPLC) fractionation. However, the sen
sitivityof H PLC separation is limited and in many cases the final fraction contained 
several peptides that cannot be separated and hence cannot be sequenced. To 
overcome the limitation of sensitivity, Engelhard's and Hunt's groups joined 
forces by sharing their facilities and expertise to characterize naturally processed 
peptides associated with class I molecules using a combination of microcapillary 
reversed phase (RP)-HPLC separation coupled with electrospary ionization tan
dem mass spectrometry (HUNT et al. 1992; HuczKO et al. 1993; HENDERSON et al. 
1992, 1993). Their collaborative efforts have facilitated the identification and 
characterization of peptides isolated from as few as 108 cells. By using these 
sophisticated instruments, they have been able to determine amino-sequences, 
beginning with only a few hundred fentamoles of peptides (HUNT et al. 1992; 
HuczKo et al. 1993; Henderson et al. 1993). The potential of this system has been 
best demonstrated by the determination of the amino acid sequence of endog
enous peptides recognized by a xenoreactive CTL (HENDERSON et al. 1993) and by 
the successful identification of a tumor peptide antigen restricted by class I MHC 
molecules. 

Cox et al. (1994) have used peptide fractionation to identify a shared HLA-A2-
restricted melanoma peptide recognized by CTL lines derived from T cells of 
patients' lymph nodes. Because each of the several bioactive fractions contained 
over 50 peptides on mass spectroscopic (MS) analysis, a second dimension HPLC 
fractionation using different elution conditions was required. Tandem MS was 
employed to separate and sequence a number of peptides in one bioreactive 
fraction. One of the peptides sequenced was derived from the melanocyte
specific gp100 that was previously identified by genetic means. This peptide 
reconstituted recognition by melanoma-specific T cell lines from four separate 
patients (Cox et al. 1994). The main disadvantage of this method is the need for 
sophisticated equipment which is not widely available. In our studies, the quanti
tative problems were overcome through the isolation of a sufficient amount of 
peptide using acid extraction of tumor cells growing in vivo in the mouse. Hence 
200 g tumor tissue, which is equivalent to about 2x1 012 tumor cells growing in tissue 
culture was grown in nude mice (mature T cell-deficient mice), thus avoiding other 
unrelated cells in the growing tumors. The amount of TM peptides was further 
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increased by preparing whole cell peptide extract rather than using MHC affinity 
columns, followed by several rounds of HPLC purification. Purified peptide 
fractions were tested for their ability to lyse unrelated MHC-compatible tumor 
cells following incubation with bulk CTL, which enabled us to overcome the 
problem of generating CTL clones manipulated in vitro. Such manipulation might 
lead to the development of the non-immunodominant clones instead of the 
immunodominant ones. Using our approach - the in vivo tumor propagation/bulk 
CTL - we were the first to isolate T AA peptides from a spontaneous mouse 
carcinoma (MANDELBOIM et al. 1994). The resulting peptides, MUT1, (Phe-Glu-Gln
Asn-Thr-Ala-Gln-Pro)and MUT2, (Phe-Glu-Gln-Asn-Thr-Ala-Gln-Ala), were shown 
to be derived from the lung gap junction protein connexin 37. The normal 
homogous peptide, Con37 (Phe-Glu-Cys-Asn-Thr-Ala-Gln-Pro), is different in posi
tion 3 of the peptide from MUT1 and in positions 3 and 8 from MUT2. We have 
shown that MUT1 and MUT2 bind to H-2Kb class I, while Con37 does not. These 
new TAA peptides define new binding motifs to the H-2Kb molecule. While the 
classical Kb motifs contain a Tyr in position 5, a Leu, lie, Val, or Met in position 8, 
and a Tyr in position 3 as an auxiliary anchor, in MUT1 or MUT2 Glu in position 2 
and Thr in position 5 substitute for Tyr in position 5. Pro or Ala in position 8 
substitutes for hydrophobic residues in classical peptides, and Gin but not cys in 
position 3 substitutes for the Kb auxiliary anchor motif and determines binding 
(MANDELBOIM et al. 1995b). Synthetic M UT1 and M UT2, when loaded on the 
antigen processing-deficient cell line RMA-S (of C57BL/6 origin), stabilize high 
expression of H-2Kb. Immunization of syngeneic mice with RMA-S-Ioaded pep
tides or with peptides in incomplete Freund's adjuvant induces high levels of 
antitumor CTL (MANDELBOIM et al. 1994). Recently, we have shown that such 
immunized mice do not develop lung metastases when challenged with the 
highly metastatic 3LL clone D122. Moreover, mice were injected in their footpad 
with D122 cells subsequently underwent surgery of the primary tumor 
6-6.5 mm), and were treated after surgery with peptides; they developed 
reduced levels of metastases when treated with peptides in adjuvant or com
pletely rejected established metastases when treated with peptides loaded on 
RMA-S cells (MANDELBOIM et al. 1995a). Thus peptide vaccines seem to be an 
effective vaccine modality to treat even established micrometastases. 

6 Conclusion 

The ultimate goal of tumor vaccine design is the generation of antigen-specific 
vaccines. Our growing knowledge on specific TAAs and their peptides will enable 
the design of peptide or recombinant protein vaccines for cancer treatment. It is 
not as yet clear by what modes such vaccines will be administered and what the 
role of APC in vaccination will be. Cytokines might be needed to gl.Jide the immune 
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system in the development of an effective antitumor CTL response. Vaccines 
based on autologous tumor cells modified by MHC class I, MHC class II, B7-1, or 
cytokine genes will be useful before specific T AA are identified for many cancers. 
Moreover, vaccines based on allogenic tumor cell lines, modified by cytokine 
genes or DNA vaccines designed to modify tumors in vivo, are being developed. 
These will hopefully lead to improved cancer treatment. 
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Plasminogen activator of the urokinase type (uPA) has been shown to be 
overexpressed in most experimental malignant tumors and human cancers (DANO 
et al. 1985; DEBRUIN et al. 1987; SAPPINO et al. 1987; MARKUS 1988; SIM et al. 1988; 
DUFFY et al. 1990; JANICKE et al. 1990; TESTA and QUIGLEY 1990; SAPPINO et al. 1991; 
MiGNATII and RIFKIN 1993), The overproduction of uPA by tumor cells was detected 
in primary cultures, organ cultures, and cancer cell lines, However, examination 
by in situ analyses (both immunocytochemistry and in situ hybridization) of 
sections of human tumors consisting of multiple cell types identified in some 
instances cells other than cancer cells as the uPA producers, Depending on the 
type of cancer, and in some instances the laboratory and the reagents used to 
perform the analysis, tumor, stromal, and sometimes infiltrating macrophages 
were found to be the main source of uPA and/or its receptor (GRONDAHL-HANSEN 
et al. 1991; PYKE et al. 1991, 1993; BIANCHI et al. 1994; CARRIERO et al. 1994), 
Regardless of its source, however, it has been firmly established in several 
human cancers that high levels of uPA are predictive of more aggressive disease 
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with shorter relapse-free survival (DUFFY et al. 1990; JANICKE et al. 1990, 1991; 
GRONDAHL-HANSEN et al. 1993; KOBAYASHI et al. 1994). 

Two additional components of the plasminogen activation system, the uPA 
receptor (uPAR) and a specific inhibitor of plasminogen activators, PAI-1, display 
a distribution similar to that of uPA in human and animal cancers and have also 
been found to be reliable as independent predictors of the disease-free survival 
(JANICKE et al. 1991; GRONDAHL-HANSEN et al. 1993; KOBAYASHI et al. 1994). 

The discovery of uPA overproduction by tumors led to a flurry of experiments 
in which its role as a determinant of the invasive phenotype of cancer cells has 
been shown in numerous in vitro and in vivo models (OSSOWSKI and REICH 1983; 
MiGNATII et al. 1986; REICH et al. 1988; OSSOWSKI 1988a; HEARING et al. 1988; AXELROD 
et al. 1989; Yu and SCHULTZ 1990). The existing evidence points to uPA as a crucial 
initiator of a proteolytic cascade leading to the generation of active plasmin and 
collagenases, which by degrading biological barriers remove the impediment to 
tumor cell spread. With the discovery of a specific cell surface receptor (VASSALLI 
et al. 1985; STOPPELLI et al. 1985), it was shown that receptor-bound uPA can 
remain active on the cell surface for several hours and that the bound form of uPA 
is more efficient in matrix degradation and invasion (OSSOWSKI 1988b; SCHLECHTE 
et al. 1989; OSSOWSKI et al. 1991; QUAX et al. 1991; Llu et al. 1995). Surface-bound 
uPA was shown to be protected from its physiological inhibitors in macrophages 
(KIRCHHEIMER and REMOLD 1989), but this was not confirmed in any other cell types 
(CUBELLIS et al. 1989). The reason for this discrepancy remains unknown. 

In addition to its matrix-degrading function, the binding of uPA or pro-uPA to 
its receptor has been shown to stimulate chemotaxis and/or chemokinesis in a 
variety of cell type such as neutrophils, tumor cells, and endothelium (GUDEWICZ 
and GILBOA 1987; FIBBI et a11988; ODEKON et al. 1992; DEL Rosso et al. 1993; Busso 
et al. 1994; STAHL and MUELLER 1994). The fascinating observation (WEI et al. 1994) 
that binding of uPA to its receptor confers vitronectin-binding specificity on uPAR 
suggests that tumor-secreted uPA, by binding to uPAR on endothelial cells and 
affecting their adhesion and migration, may lead to enhanced angiogenesis. In 
addition, not unlike the case for other glycophosphatidylinositol (GPI)-linked 
proteins, which are known to transduce signals through as yet unidentified 
pathways, the possibility of several signal transduction pathways through this 
receptor has also been considered. These involve tyrosine phosphyrylation, 
protein kinase C (PKC), de novo diacylglycerol (DAG) generation etc. (DEL Rosso 
et al. 1993; DUMLER et al. 1993, 1994; ANCHINI et al. 1994; Busso et al. 1994). 

2 Experimental Approaches Aimed at Interfering 
with the Interaction of Urokinase-Type Plasminogen 
Activator with Its Receptor 

The evidence cited above links two important functions of cancer cells, migration 
and invasion, with the cell surface-bound uPA activity. It is not surprising, 
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therefore, that numerous attempts have been made to interfere with the interac
tion between uPA and its receptor as a means of specific targeting of cancer 
therapy. Targeting of uPA-uPAR interaction can be achieved either by competi
tive uPA antagonists or by specific reduction in the expression or in the binding 
ability of uPAR. If antagonists with sufficiently high affinity for uPAR can be found, 
it may be possible to achieve therapeutic efficacy without major side effects. This 
notion is based on the observation that mice in which the uPA gene has been 
knocked out by homologous recombination do not suffer severe general conse
quences (CARMELIET et al. 1994). Theoretically, the best antagonist would be an 
enzymatically inactive peptide with high uPAR-binding activity. Such peptide 
derived from the growth factor domain of mouse uPA and spanning the amino 
acids 17-34 has been tested in Lewis lung carcinoma (KOBAYASHI et al. 1994), and 
has been shown to significantly reduce lung metastasis from subcutaneously 
growing tumors. The peptide was ineffective in reducing lung metastasis when 
coinjected intravenously with cancer cells followed by daily injections. This 
observation suggests that surface uPA may be required for completion of 
specific, but not of all, steps of metastasis. It confirms our earlier finding in human 
carcinoma cells grown in the chick embryo (OSSOWSKI 1988a), in which we showed 
that uPA-blocking antibodies which drastically reduced the overall level of meta
stasis did not affect the ability of cells to extravasate, while both connective tissue 
invasion and, most likely, invasion of blood vessels (intravasation) were shown to 
be greatly reduced and thus dependent on active uPA (OSSOWSKI 1988a). 

An overexpression by tumor cells of inactive or noncleavable forms of uPA via 
gene therapy may prove to be a sound alternative to the exogenous delivery of 
therapeutic doses of antagonists. This approach has been tested by transfecting 
human prostate carcinoma cells (PC3) with a construct expressing catalytically 
inactive human uPA in which one of the active site amino acids (serine 356) was 
substituted by alanine. Both "wild type-active" and "mutant-inactive" uPA express
ing PC3 cells produced similar-sized tumors when injected subcutaneously 
into nude mice. However, while active uPA expressing PC3 uPA produced 
metastases in lymph nodes, bones, brain, and lungs, the metastatic potential of 
the mutant-expressing PC3 was drastically reduced for all organs tested (CROWLEY 
et al. 1993). Although this result underscores the immense potential of therapy 
with uPA antagonists, it does not resolve the question of tumor-specific, in vivo 
delivery of the genes. 

Several other attempts at blocking uPAR have also been described. For 
example, a hybrid between amino terminal fragment (ATF) of uPA and human 
serum albumin has been shown to inhibit urokinase-dependent plasminogen 
activation and invasion through Matrigel (Becton Dickinson, Bedford, MA) (Lu 
et al. 1994). In addition, recombinant soluble human uPAR was used to interfere 
with uPA binding to its receptor by scavenging the secreted uPA. This interven
tion was sufficiently potent to inhibit invasion by human ovarian carcinoma cells 
in vitro (WILHELM et al. 1994). 

For all of these approaches to have therapeutic potential, methods for 
specific delivery of genes and their efficient expression in tumor cells or peptides 
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which bind with high affinity to uPAR must be developed. In absence of such high
affinity antagonists, unrealistically high concentrations of these compounds 
would have to be delivered. An attempt to identify such peptides through random 
peptide bacteriophage display has recently been described (GOODSON et al. 1994). 
It is based on selecting from a bacteriophage library expressing 107 random 15-
mere peptides those which interact with cells expressing surface human uPAR. 
At least one peptide with an IC50 of 10 nM was identified by this technology. It is 
interesting to note that, although none of the selected peptides contain cysteine 
residues, believed to be necessary for the proper folding and binding to uPAR, 
they nevertheless bind with relatively high affinity and specificity. This suggests 
that secondary structures mimicking those of the amino terminal fragment of uPA 
may be formed independently of disulfide bonding and offers an opportunity to 
search for better pharmaceutical agents. 

3 Direct Targeting of Urokinase-Type 
Plasminogen Activator Receptor 

It may be possible to directly target the uPAR expression in malignant cells. Since 
in some cases uPAR appears to be associated with the malignant phenotype, 
regardless of its uPA-binding potential (QUATIRONE et al. 1995), aiming the therapy 
toward receptor inactivation may prove to be more effective. Inactivation of uPAR 
can be achieved either through inhibition of its mRNA with antisense RNA, 
degradation by specific ribozymes, or proteolytic cleavage of the receptor uPA
binding domain. Switching off the uPAR gene expression by an antimessenger 
oligonucleotide has been shown to reduce invasion through Matrigel in human 
fibroblasts transformed with SV-40 virus (QATIRONE et al. 1995). Whether it will be 
possible to design oligonucleotides that are stable enough and clinically useful 
remains an open question. The ribozymes, although still highly experimental and 
not sufficiently specific or stable, may prove to be useful. A successful ribozyme 
synthesis directed at human uPAR RNA and its delivery to cultured human 
osteosarcoma cells using lipofectin has been described (KARIKO et al. 1994). While 
"free" ribozymes were degraded immediately upon delivery to tissue culture 
medium, in complex with lipofectin they both entered the cells rapidly and were 
protected from RNAses for up to 22 h, indicating that improvements in this 
approach are likely. 

As mentioned, uPAR binds uPA through a specific sequence located in 
domain 1 of the receptor (RONNE et al. 1991). Under experimental and in vivo 
conditions, proteolytic enzymes have been shown to cleave this domain and 
render uPAR unable to bind its ligand (SOLBERG et al. 1994). uPAR was also 
shown to be a substrate for the streptococcal pyrogenic exotoxin B secreted by 
Streptococcus pyogenes, which can be inhibited by cysteine proteinase inhibi
tors (WOLF et al. 1994). Under conditions of streptococcal infection, this bacterial 
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activity may block inflammatory response by monocytes and neutrophils, whose 
migration is dependent on surface uPA. It may, however, also provide a clue for 
new receptor-degrading family of enzymes which may have some future thera
peutic potential. 

Our own choice of intervention was to stably disable the uPAR gene expression 
by transfecting a highly malignant human epidermoid carcinoma cells, HEp3 (TOOLAN 
1954), with a construct producing uPAR antimessenger RNA. We reasoned that since 
correlative evidence and some less direct experiments put uPAR at the center 
of invasive activity, blocking its synthesis may be a rate-limiting step in metastasis. 

In spite of a vast literature on the use of antisense RNA-producing constructs, 
there is no clear consensus on the type of construct or the part of cDNA that should 
be used for this purpose. Good inhibitory effects are shown by some authors to be 
achieved with the 5'-fragments, while others find the 3'-ends more effective in 
inhibition. Whether it is gene, cell type, or construct dependent has not been 
entirely resolved. We prepared a construct by subcloning a 300-bp, polymerase 
chain reaction (PCR)-amplified 5'-fragment of uPAR cDNA, which included the ATG 
codon, into pCDMS or PCDNAJI-NEO plasm ids under cytomegalovirus (CMV) 
promoter in antisense orientation. (Transfection of cells with a full-length antisense 
construct did not produce any clones with reduced levels of uPAR). The pCDMS
transfected cells were cotransfected with a pSVneo plasmid which renders cells 
neomycin resistant. Cells transfected with the "empty" vectors (pCDMS with 
pSVneo, or pCDNAJI-NEO) served as positive controls. Close to a 100 neo-resistant 
clones (controls and antisense transfected) were isolated and tested for surface 
uPAR expression. Among the 40 clones transfected with the vectors alone, the 
mean receptor site number per cell, determined by binding of 1251-labeled pro-uPA 
and analyzed by a Scatchard analysis, was approximately 105, with less than 15% 
variation from the mean. Only five of the 60 tested antisense clones showed 
between 20% and 40% fewer uPAR sites, and only one clone had 74% fewer 
uPAR sites than the control. Many of the antisense-transfected clones grew very 
slowly and never reached sufficient density to be isolated and characterized. Since 
this was not observed in the vector-transfected cultures, we suspect that clones in 
which the uPAR suppression was maximal may be unable to grow even in vitro. The 
affinity (kD) of pro-uPA binding to uPAR varied in different clones from 5 x 10-10 to 
1 x 10-9 M and was unaffected by the type of the transfected construct. The tested 
clones did not differ with regard to the rate of growth in culture and the amount and 
type of protease content; all clones produced high levels (approximately 0.5 Ploug 
units/1 06 cells) of uPA and two gelatinases (72 and 92 kDA, respectively). Therefore, 
except for blocking of uPAR, the transfection or the clonal selection did not alter 
other specific phenotypic properties usually associated with malignancy. The 
reduction in pro-uPA binding paralleled reduced levels of uPAR protein and uPAR 
mRNA. These values did not, however, correlate with the levels of uPAR antisense 
RNA; a clone with only 30% reduction in uPAR had easily detectable levels of 
antisense RNA; while in the clone with the fewest receptors and very low level of 
uPAR mRNA, no antisense RNA could be detected (KOOK et al. 1994). Thus, a high 
copy number of integrated constructs or the presence of detectable levels of 
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antisense RNA did not predetermine the reduction in uPAR mRNA. However, once 
a reduction in uPAR mRNA level was achieved, it correlated well with a reduced 
uPAR protein and uPA-binding activity. Similar observations were reported by 
others in epithelial growth factor receptor (EGFR) or c-myb antisense inhibition 
(MORONI et al. 1992; RASCHELLA et al. 1992). 

The metastatic properties of the clones we have isolated and characterized 
were tested in an in vivo model which we have developed and published 
(OSSOWSKI 1988 a,b; OSSOWSKI and REICH 1980, 1983). As described briefly below, 
this model can be used to simultaneously quantitate the overall potential of cells 
to form metastases and to quantitate individual steps in this process: 

1. Tumorigenicity. Cells are inoculated onto the chorioallantoic membranes (CAM) 
of chick embryos and the eggs are incubated for 7 days. The size of nodules 
produced on the CAM is measured and recorded, and the presence of tumor 
cells in the nodules is assessed microscopically. The latter is very important, 
since even a drop of buffer on the CAM can invoke an inflammatory reaction 
which results, 7 days later, in a well-vascularized nodule. 

2. Metastasis. Cells inoculated onto a wounded CAM of a chick embryo rapidly 
grow and disseminate through the vasculature to reach almost every organ of 
the embryo within 2-3 days (OSSOWSKI 1988a; OSSOWSKI and REICH 1980, 1983). 
Lungs are used for quantitation since they are the most predictable target for 
metastasis. Lungs of tumor-bearing chick embryos are removed, minced, and 
reinoculated on fresh CAM for an additional week of growth. Even if only a very 
small number of cells are present in the original lung "mince," this number is 
sufficiently enriched by the second cycle of growth and can be easily 
detected either microscopically or by measurement of human specific uPA 
levels (OSSOWSKI and REICH 1983). 

3. Local invasion of connective tissue. Wounded CAM that have been allowed 
to reseal in vivo are used for tumor cell inoculation. In this assay, cells are 
labeled with 1251odo deoxy Uridine C25IUdR) for 24 h in culture. The labeled cells 
are inoculated onto CAM and after a 25 h incubation period the cells which have 
not invaded are removed by extensive wash and trypsinization and the excised 
CAM, containing cells which have penetrated into the tissue and are protected 
from trypsin action, are counted in a gamma counter. We showed previously 
that the resistance to tumor cell invasion was directly proportional to the 
recovery period ("resealing time") between CAM wounding and cell inoculation 
(OSSOWSKI 1988b), making this model suitable for testing tumor cells with varied 
invasive potential. 

4. Extravasation and intravasation. Extravasation is tested by injecting 1251UdR
labeled cells intravenously and measuring their arrest in organs. However, 
since we showed previously that this step of metastasis was independent of 
active uPA (OSSOWSKI 1988a), it will not be discussed further. From indirect 
evidence, intravasation, or the entry of tumor cells into the circulation, appears to 
be dependent on active uPA. Since we have only very recently developed a PCR
based test to detect intravasating human tumor cells in the chick embryo, we 
have not yet had the chance to test the effect of uPAR block on intravasation. 
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5. Nude mouse model. The HEp3 carcinoma grows rapidly in nude mice and 
produces lung metastases from a subcutaneous site in the majority of mice 
within a well-defined time period (4 weeks). The primary tumors show histo
logic and macroscopic signs of local invasion (OSSOWSKI et al. 1987, 1991). 

Thus, in the chick embryo model described above, it is possible to test the 
direct quantitative impact of inhibition of malignancy-linked genes such as uPAR 
on individual steps of metastasis. Using the same tumor cells, several of these 
effects can be confirmed in a mammalian, nude mouse model. 

We have previously shown that HEp3 cells kept in culture reversibly lose their 
malignant potential, first losing their ability to form metastasis and then their 
ability to form tumors. Reexposure of these cells to in vivo conditions (chick 
embryos or nude mice) restores their malignant potential (OSSOWSKI and REICH 
1983). We expected that, because of the need to isolate and culture the 
transfected clones (controls and uPAR antisense) for prolonged periods in vitro, 
they would have to be reexposed to in vivo conditions to restore their malignant 
potential. We tested four antisense-inhibited and six control clones (KOOK et al. 
1994) and, more recently ten additional HEp3 clones transfected with a construct 
under ~-actin promoter (WEN Yu and L. OSSOWSKI, unpublished results) and found 
that while the majority of control clones recover turmorigenicity after different 
lengths of exposure to in vivo conditions, the antisense clones are unable to form 
tumors even after ten passages (10 weeks) on the CAM. This suggests that 
reduced surface uPAR may be responsible for the inability of these tumor cells to 
readapt to in vivo conditions and to form tumors. Alternatively, this can be viewed 
as a permanently latent state, a condition of obvious interest in cancer therapy. 
One of the reasons for the defect in establishing growth from a relatively small 
inoculum may be inferred from our finding that tumor cells in which uPAR sites 
have been reduced by antisense inhibition show a greatly diminished ability to 
invade connective tissue. We found that the clone in which the uPAR number was 
reduced to less than 30% of control showed a 75% reduction in invasiveness 
(KOOK et al. 1994). The invasive ability of clones expressing intermediate number 
of receptors (between 50% and 80% of control) was appropriately less affected. 
Since none of the antisense-inhibited clones in the first group of transfectants 
regained tumorigenicity on the CAM, and therefore no primary tumors were 
generated, the impact of uPAR inhibition on metastasis could not be tested in the 
chick embryo. The short gestation period of chick embryos necessitates weekly 
passage of the inoculated cells even if no growth of the inoculum is observed. The 
possibility exists, therefore, that some cells may be lost during this procedure. 
This is not the case in the nude mice model, in which cells are left undisturbed 
following inoculation for as long as is needed. We therefore tested whether the 
clone with 70% reduced receptor numbers recovers tumorigenicty when injected 
subcutaneously into nude mice. Cells from a vector-transfected clone served as 
a positive control. Tumors initiated by the control cells were palpable within 6 days 
in all inoculated mice, while the cells of the antisense clone did not become 
palpable until 24 days after inoculation. Once palpable, however, the growth rates 
of all tumors was similar and rapid. Based on this outcome, two contrasting 
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:onclusions can be drawn with regard to uPAR participation in tumorigenicity: one 
II/ould postulate that once a tumor is established (following a much extended 
atency period), uPAR is not required for further growth. A second postulate 
II/ould predict that a selection process takes place during the latent period, 
mriching the population in cells which express sufficiently high levels of uPAR. By 
malyzing cells recovered from the antisense cell-initiated tumors and finding that 
)oth uPAR mRNA and uPA-binding activity rose to levels higher than those of 
n vitro-cultured positive control cells, we determined that the second conclusion 
II/as correct. We have not determined whether the loss of uPAR inhibition was 
jue to inactivation of the CMV promoter driving the antisense transcription or 
)ther causes. Experiments are currently underway to examine cells transfected 
Nith a construct in which the CMV was replaced by a mammalian promoter. In 
19reement with the CAM invasion assay, the antisense-transfected cells pro
juced nude mouse tumors that were determined by histologic analysis to be 40% 
ess locally invasive. They also produced fewer and more limited lung metastases, 
)ut this observation will have to be confirmed with additional clones in a larger 
lumber of mice. 

Overall these results show, therefore, that diminished expression of surface 
lPAR leads to a reduction in invasiveness of tumor cells and a substantial increase in 
:umor latency. This conclusion is reinforced by the observation that the invasive ability 
)f the antisense-transfected cells is inversely proportional to the density of surface 
lPAR. A diminished malignant potential early in the establishment of tumors (or 
lletastases) may shift the balance in favor of the host by blocking angiogenesis, 
xeventing processing of prohormones or growth factors, or inhibiting formation of 
~hemotactic proteolytic products. In addition, a reduction in their surface proteolytic 
3ctivity may render tumor cells more susceptible to host defense mechanisms. 

Within the limitation of these experimental models, the results shown allow 
JS to conclude that uPAR is indispensable in the early stages of tumor growth and 
that, if applied to patients with small or clinically undetectable metastases, its 
blocking may induce a prolonged state of latency. Whether this conclusion will 
hold true when tested with additional clones, with other tumors and possibly 
using inducible promoters in which antisense level can be regulated, remains the 
object of our current investigation. Once this is established, the challenge will be 
to identify the mechanisms by which a relatively small inoculum of cancer cells 
enters the phase of invasive growth and to relate it through tissue invasion, 
angiogenesis, or other signalls to the uPAR function. 

4 Conclusions 

Experimental evidence from in vitro and in vivo models and the correlation 
between uPAR expression levels and cancer aggressiveness suggest that uPAR
bound urokinase is an important component of the invasive phenotype and that 
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mere enhancement of soluble uPA production does not entirely substitute for 
surface-bound activity. Our results show that, at least in experimental models, it 
is possible to target specific genes for inactivation of expression by antisense 
RNA and that interference with one of the many steps in the proteolytic cascade 
results in a dramatic down modulation of the malignant potential of tumor cells. 
Therefore, unless very efficient antagonists of uPA can be found, direct blocking 
of uPAR expression, possibly through antisense or ribozyme, would probably hold 
most promise for therapy. Our preliminary observation suggesting that a block 
greater than 70% in uPAR expression may be incompatible with in vivo growth 
should encourage the use of combined approaches to therapy. For example, 
uPAR expression can be lowered by antisense techniques, while uPA binding to 
the remaining receptors can be competed by the use of antagonists, leading to a 
more comprehensive block of the receptor function. 
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The erbB2 gene encodes a 185-kDa transmembrane glycoprotein that is a 
member of the type I family of receptor tyrosine kinases (RTK) which also 
includes epidermal growth factor (EGF) receptor, ErbB3, and ErbB4. Amplifica
tion and/or overexpression of erbB2 is observed in human tumors arising at 
many sites, including the breast and the ovaries, where it correlates with an 
unfavorable patient prognosis. Its role in cancer development and its accessible 
location on the cell surface make ErbB2 a target for directed therapy. For 
reviews related to the biology of ErbB2 as well as to its mechanism of activation, 
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he reader is referred to two recent publications (HYNES and STERN 1994; DOUGALL 
3t al. 1994). 

ErbB2 offers advantages as a target for tumor cell-directed therapy. The 
jifferential expression of the receptor, high on the surface of tumor cells and low 
n normal epithelial tissues, makes it possible to design toxic molecules which 
)referentially "attack" tumor cells. Uptake of therapeutic molecules bound to the 
3xtracellular domain of the receptor can be facilitated either through normal 
·eceptor turnover or ligand-induced internalization. The extracellular accessibility 
)f the ErbB2 protein and its growth promoting activity and involvement in signal 
:ransduction processes make different strategies for a targeted interference with 
:umor cell growth possible. First, cytotoxic molecules and effector cells can be 
3ngineered to specifically bind to the surface domain of the ErbB2 receptor, 
3nabling them to recognize and selectively kill tumor cells. Second, inhibiting the 
:unction of ErbB2 as a signal-transducing molecule might directly affect the 
Jrowth of tumor cells. ErbB2 antisense oligonudeotides have been shown to 
nhibit the growth of tumor cells with amplified erbB2 gene copies (COLOMER et al. 
1994). Transformation of erbB2 expressing cells can be reverted by dominant 
legative variants of the ErbB2 receptor (MESSERLE et al. 1994). 

This review presents three different therapeutic strategies directed at 
tumors expressing ErbB2. They are based upon the availability of ErbB2-specific 
llonoclonal antibodies (mAb) which have been used in the production of recom
Jinant immunotoxins, in the construction of a novel antibody, CD3 1;;-chain 
:himera, supplying cytotoxic T cells with tumor cell specificity, and in the 
Inhibition of the transforming ability of ErbB2 via "intracelluar immunization". 

2 Recombinant Single-Chain Antibodies Specific for ErbB2 

Monoclonal antibodies directed against the extracellular domain of the ErbB2 
protein have been described by different groups. Some of these antibodies inhibit 
the in vitro or in vivo growth of tumor cells when tested alone (HUDZIAK et al. 1989; 
STANCOVSKI et al. 1991; HARWERTH et al. 1992) or in combination (KASPRZYK et al. 1992; 
HARWERTH et al. 1993). Recent advances in the field of molecular immunology have 
made it possible to utilize antibody-derived binding domains for the target cell
specific deUvery of therapeutic effector functions (WINTER and MiLSTEIN 1991). 
From a panel of mAb which specifically recognize the ErbB2 protein (HARWERTH 
et al. 1992), we have derived recombinant single-chain (sc) Fv molecules. They 
consist of the variable domains of the antibody heavy (VH) and light (VL) chains 
connected via a flexible linker sequence (WELS et al. 1992a). RNA isolated from 
hybridoma cells was used to prime first-strand cDNA synthesis of the L chain and 
H chain transcripts. Subsequently, the cDNA were amplified by polymerase chain 
reaction (PCR) using oligonucleotides designed to match consensus sequences 
deduced from a collection of known immunoglobulin cDNA sequences at the 
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5'- and 3'-ends of the rearranged (VL) and (VH) regions. The amplified cDNA 
sequences were joined into one open reading frame using a linker coding for the 
15 amino acids (Gly, Gly, Gly, Gly, Ser)3 (WELS et al. 1992a). This amino acid linker 
allows the correct folding of the antigen-binding domain in the recombinant 
molecule. The resulting scFv-encoding gene fragments were introduced into a 
vector suitable for the expression of recombinant proteins in Escherichia coli. 
Recombinant antibodies purified from bacterial extracts are able to bind to ErbB2 
with high affinity. This was demonstrated by immunoprecipitation of scFv-ErbB2 
complexes from a mixture of scFv molecules derived from mAb FRP5 and FWP51 
with tumor ceillysates containing the ErbB2 protein (WELS et al. 1992a). In order 
to test the capacity of the scFv domain to direct an effector function specifically 
to ErbB2-expressing tumor cells, the FRP5-derived antibody gene fragment was 
fused to the bacterial alkaline phosphatase gene phoA. The resulting phosphatase 
fusion protein carrying the scFv domain at the N terminus is enzymatically active 
and binds specifically to ErbB2-expressing cells, indicating that this molecule is 
bifunctional (WELS et al. 1992c). Due to its superior activity, the scFv(FRP5) 
molecule was chosen as a binding domain in three different approaches aimed at 
the targeted interference with tumor cell growth via the ErbB2 protein. 

3 A Bifunctional Antibody-Toxin Specific 
for ErbB2-Expressing Tumor Cells 

3.1 Construction and Functional Characterization 

Protein toxins of bacterial and plant origin have been chemically coupled with 
antibodies and other ligands, and the conjugates have been used for targeted 
cancer therapy. The elucidation of the molecular structure and the functional 
domains of bacterial toxins such as diphtheria toxin from Corynebacterium 
diphtheriae and exotoxin A from Pseudomonas aeruginosa has led to novel, 
biotechnologically produced molecules with improved features. Proteins with 
novel target cell specificity are produced by replacing the original cell-binding 
domain of such toxins with peptide hormones, growth factors, cytokines, or 
single-chain antibodies (PASTAN and FITZGERALD 1991). 

Pseudomonas aeruginosa exotoxin A (ETA, PE) requires efficient internaliza
tion and activation along a multistep pathway for cell killing (ZDANOVSKY et al. 1993). 
Growth factor receptors such as ErbB2 present suitable targets for ETA-derived 
fusion toxins. Molecules binding to the extracellular domain of such receptors can 
be internalized via normal receptor turnover. A truncated ETA gene, encoding 
amino acids 252-613 and lacking the original cell-binding domain la, was fused to 
the 3'-end of the scFv(FRP5) gene in a bacterial expression vector, as shown in 
Fig.1A (WELS et al. 1992b). The bacterially expressed 67-kDascFv(FRP5)-ETA 
selectively and efficiently inhibits the in vitro growth of human tumor cell lines 
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...... . .. 
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...... .. .. ..... 
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....... ........ 
IgH scFv antibody fragment ER retention signal 

Fig. 1A-C. Single-chain (sc)Fv constructs. A Plasmid for the expression of the antibody-toxin scFv(FRP5)
exotoxin A (ETA) in Escherichia coli under the control of an inducible tac promoter (tac). cDNA 
sequences encoding the variable domains of the heavy (VH) and light chain IVL) of the antibody are 
connected via a synthetic linker sequence (linker) and fused to a truncated Pseudomonas exotoxin 
A gene encoding the translocation domain (In and the enzymatic domain (/In of the toxin (amino acids 
252-613). ompA, E.coli ompA signal peptide directing expressed protein to the periplasmic space. B 
Retroviral construct for the expression of a scFv CD3 1;;-chain fusion protein in T cells under the control 
of the 5'-long terminal repeat (L TR) promoter of the Moloney murine leukemia virus (MoML V). The scFv 
sequences are connected to the transmembrane (TM) and cytoplasmic portion (CYT) of the CD3 
1;;-chain via a flexible hinge region derived from the CD8 a-chain. IgH. immunoglobulin heavy chain signal 
peptide. C Retroviral construct for the intracellular expression of ErbB2-specific scFv molecules. A 
synthetic sequence encoding the amino acid stretch KDEL is fused to the scFv portion in order to 
achieve the retention of expressed protein in the endoplasmic reticulum (ER) 

Table 1. Cytotoxic activity of single-chain toxins on human tumor cells in vitro 

Cell line Receptor expression' Ic50 of single-chain toxin (ng!ml)' 

EGFR ErbB-2 scFv(FRP5)- scFv(225)- TGFa-ETA" 
ETA" ETA" 

SKBR3 + +++++ 34 >1000 72 
MDA-MB468 ++++ >1000 112 5.2 
A431 +++++ + 33 5.8 7 

EGFR, epidermal growth factor receptor; scFv, single-chain Fv; ETA, exotoxin A; TGF, transforming 
growth factor. 
'Receptor expression was determined by quantitative western blot analysis (WELS et al. 1995a). 
bSpecific for ErbB2. 
'lc5o was determined in a cell viability assay (WELS et a1.1992b, 1995a). 
dSpecific for the EGFR. 



Intervention in Receptor Tyrosine Kinase-Mediated Pathways 117 

expressing ErbB2 and mouse cell lines transfected with human erbB2 cDNA, with 
IC50 values ranging from 2 to 200 ng/ml (WELS et al. 1992b, 1995a). Cells which do 
not express ErbB2 are not affected by the toxin even at high concentrations, 
indicating that scFv(FRP5}-ETA toxicity is mediated via selective binding to ErbB2 
(Table 1). 

3.2 Factors Influencing Toxin Efficacy 

The in vitro sensitivity of a target cell for a toxin directed at ErbB2 or other type I 
RTK family members is influenced by both the amount and the turnover of the 
receptor. Cells expressing high levels of ErbB2 are quite sensitive to scFv(FRP5}
ETA. Cells with low amounts are resistant (WELS et al. 1992b). We have also 
observed an increase in scFv(FRP5}-ETA toxicity in EGF-treated SKBR3 human 
breast carcinoma cells and EGF-treated HC11 mouse mammary epithelial cells 
expressing a transfected human erbB2 cDNA (WELS et al. 1995a). This is likely due 
to the fact that EGF treatment of cells leads to the formation of activated ErbB2 
and EGF receptor heterodimers which show an increased rate of internalization 
(KORNILOVA et al. 1992; DOUGALL et al. 1994). Similarly, HC11 mouse mammary 
epithelial cells transfected with a human erbB2 cDNA carrying an activating point 
mutation in the transmembrane domain of the receptor are more sensitive to 
treatment with scFv(FRP5}-ETA than HC11 cell expressing normal human ErbB2 
protein (WELS et al. 1992b). Activated ErbB2 has a markedly reduced half-life in 
HC11 cells when compared to its normal cellular counterpart, suggesting that the 
rapid internalization of toxin-receptor complexes leads to the increased cytotoxic 
activity of scFv(FRP5}-ET A on such cells. 

Two recombinant toxins specific for the EGF receptor have also proven 
useful in analyzing factors which influence cellular sensitivity to a toxin. The mAb 
225 competes with EGF for binding to the EGF receptor. A gene encoding 
scFv(225}-ETA was constructed as described above, and the recombinant pro
tein was expressed and isolated from bacterial extracts. ScFv(225}-ETA displays 
potent in vitro cell-killing activity on cells which overexpress the EGF receptor 
(Table 1; WELS et al. 1995a). A growth factor toxin, transforming growth factor 
(TGF}-a-ETA, has also been examined for its toxicity on various tumor cell lines. 
SKBR3 cells express high levels of ErbB2 and moderate amounts of EGF 
receptor. The cells are sensitive to low concentrations of the ErbB2-specific toxin 
scFv(FRP5}-ETA and to TGFa-ETA, but resistant to high concentrations of 
scFv(225}-ETA (WELS et al. 1995a). These results can be explained when the 
"crosstalk" between the EGF receptor and ErbB2 is considered. TGFa-ETA 
induces the formation of activated EGF receptor-ErbB2 heterodimers. This leads 
to a stimulation of heterodimeric receptor internalization. ScFv(225}-ET A does 
not induce EGF receptor activation and is therefore restricted to passive internali
zation via normal EGF receptor turnover. This might not allow the accumulation of 
enough intracellular toxin sufficient for cell killing (M. SCHMIDT and W. WELS, 
unpublished results). A431 human squamous carcinoma cells overexpress EGF 
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receptor and, as expected, are sensitive to low concentrations of both EGF 
receptor-directed toxins. Despite the fact that the A431 cells have only 10000-
20000 ErbB2 molecules per cell, they are very sensitive to scFv(FRP5)-ET A. A431 
cells produce TGFa, which is released into the culture supernatant and activates 
EGF receptor in an autocrine fashion (VAN DE VIJVER et al. 1991). It is likely that the 
TGFa-induced activation of ErbB2 through the formation of heterodimers with 
EGF receptor influences ErbB2 receptor turnover in these cells and may account 
for the high sensitivity of A431 cells towards the ErbB2-specific toxin. 

3.3 Inhibition of Tumor Growth In Vivo 

ScFv(FRP5)-ETA effectively inhibited the growth of established, ErbB2-express
ing tumors in in vivo nude mouse tumor models. No nonspecific toxicity 
was observed. The tumors analyzed include SKOV3 human ovarian carcinoma 
xenografts (WELS et al. 1992b), A431 human squamous cell carcinoma xenografts 
(WELS et al. 1995a), NIH 3T3 mouse fibroblasts transformed by an activated 
human erbB2 cDNA (WELS et al. 1995b), and MAXFl162 human breast carcinoma 
xenografts (M. SCHMIDT et aI., unpublished results). Despite a short half-life in the 
circulation of mice of 30 min, daily treatment with low doses of scFv(FRP5)-ET A. 
ranging from 1 to 10 I-lg for a total of 8-1 0 days, led to a marked reduction in tumor 
size (Table 2). Different routes of application of the toxin were compared. 
Systemic treatment with scFv(FRP5)-ETA via intraperitoneal injection, continu
ous infusion from subcutaneously implanted miniosmotic pumps, and injection 
directly into the tumors were all effective. 

In adults, ErbB2 is expressed at low levels in epithelial tissues, including the 
gastrointestinal, respiratory, reproductive, and urinary tract, skin, and breast 
(PRESS et al. 1990). The antibody-toxin scFv(FRP5)-ETA does not recognize the 
rodent ErbB2. The question of systemic toxicity of this molecule on normal 
tissues expressing low ErbB2 levels must be addressed in monkeys expressing 

Table 2. Inhibition of tumor cell growth in vivo by single-chain (sc)Fv(FRP5)-exotoxin A (ETA) 

Tumor ErbB2 expression' Treatment Total dose Tumor size 
(iJg) (%)d 

NIH/3T3 #3.7' ++ 6 iJg/day s.c. days 0-7 p.i 48 20 
6 iJg/day s.c. days 4-11 p.i 48 55 

SKOV3b +++++ 1 iJg/day s.c. days 10-17 p.i 8 36 
6 iJg/day s.c. days 10-17 p.i 48 13 

A431 b + 10 iJg/day i.p. days 6-15 p.i 100 44 
MAXF 1162b ++ 8 iJg i.t. on days 40 23 

25, 27,29, 33, 35 p.i. 

s.c., continuous infusion from subcutaneously implanted miniosmotic pumps; p.i., postimplantation; 
i.p., intraperitoneal injection; i.t.. intratumoral injection. 
'2 x 106 tumor cells were injected subcutaneously on day O. 
bEstablished tumor tissue was transplanted on day O. Treatment was begun when tumor volumes 
reached approximately 100 mm3 . 

'Determined by quantitative western blot experiments. 
dDetermined 10 days after the end of treatment as a percentage in comparison to mock-treated 
animals. 
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a cross-reacting ErbB2 protein or in rats using a rodent specific scFv-ETA fusion 
protein. In vivo experiments using a TGFa toxin (TGFa-PE40 PAl et al. 1991) and 
a heregulin toxin (HRGpI-ETA) directed at the ErbB3/ErbB4 proteins have re
vealed that there is a dose-limiting toxicity due to effects on normal tissues 
expressing the target receptors (PAl et al. 1991; JESCHKE et al. 1995). A reduction 
of the toxin dose applied and/or the restriction to local treatment might allow a 
safe application of such reagents in humans (GOLDBERG et al. 1995). 

4 Engagement of Cytotoxic T Cells 
for Directed Tumor Therapy 

4.1 Cytotoxic Effector Cells in Tumor Therapy 

Antibodies, antibody conjugates, and genetically engineered bifunctional proteins 
with tumor-specific recognition and toxin domains are emerging as valuable new 
tools in cancer therapy. In addition, cell-mediated immunity against cancer cells is a 
promising area for research. Cytotoxic T cells (CTL) are being examined for their 
ability to kill tumor cells. These cells are very effective in their ability to migrate and 
penetrate through microvascular walls. In contrast to biological molecules, CTL are 
designed to extravasate to reach their target cells. At the site of cytolytic action, 
they secrete cytokines and chemoattractants and activate additional non-specific 
effector cells. Cell-mediated immunity through the adoptive transfer of CTL clones 
specific for virally transformed tumor cells was effective in animal models (KAST 
et al. 1989). Activation of tumor-specific T cells is also effective against human 
tumors (CHANG and SHU 1992; ROSENBERG 1991). Different populations of lympho
cytes have been employed. Lymphocytes from tumor patients were isolated and 
cultured in the presence of interleukin (lL)-2. These Iymphokine-activated killer cells 
(LAK) killed freshly isolated tumor cells in culture. LAK cells consist of a heteroge
neous population of nonspecific natural killer cells and T cells. Antitumor responses 
were found in patients treated with LAK cells and I L-2 (ROSENBERG et al. 1985). More 
specific and potent responses were obtained in lymphocytes which were isolated 
directly from tumor tissue. These tumor-infiltrating lymphocytes (TIL) are CD8+T 
cells with an HLA class I restricted killing specificity. TIL isolated from tumor tissue, 
expanded in vitro in the presence of IL-2 and reinfused into the patient, caused 
tumor reduction (ROSENBERG et al. 1988). 

4.2 Identification of Target Structures on the Surface 
of Tumor Cells 

The demonstration of the antitumor effects of CTL is encouraging. Since the T 
cells possess "memory", they might be able to eliminate small numbers of 
dispersed metastatic cells or reoccurring tumor cells and thus provide long-term 
protection. A prerequisite for a T cell response, however, is the activation of the 
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cells by foreign antigens. Interaction of these antigens with T and B cell receptors 
leads to proliferation and clonal expansion. CTL recognize short peptide se
quences presented by HLA class I molecules on the target cell surface. Human 
tumor-associated antigens, however, are rare. The MAGE (melanoma antigen 
system; VAN DER BRUGGEN et al. 1991), the Pmel17 (Cox et al. 1994), and the MART 
(melanoma antigen recognized by T cells; KAWAKAMI et al. 1994) are examples of 
genes encoding cell surface antigens recognized by CTL. It appears that the 
majority of human tumors do not express cell surface antigens which are 
efficiently recognised by CTL and thus escape their elimination. For this reason 
we have resorted to the genetic manipulation of CTL to direct them against 
defined human tumor cells. 

4.3 Structure of the T Cell Receptor 

The possibility of genetically manipulating CTL and exploiting them for directed 
tumor cell therapy stems from recent insights into the structure and function 
of the T cell receptor. The T cell receptor consists of a variable o:/~-heterodimer 
(Ti) which is responsible for the recognition of antigens. Invariant chains are 
associated with theo:/~-heterodimer. The CD3y, CD3<5, CD3£, and thet;-chains are 
integral parts of the T cell receptor. The t;-chains are present as a homodimer 
in the T cell receptor complex. The early responses upon T cell receptor-antigen 
association have been studied in CTL which predominantly express the CD8 
antigen. Tyrosine phosphorylation of several proteins has been observed. 
In addition, a phosphatidylinositol-specific phospholipase (phospholipase C, PLC) 
is activated, cytoplasmic free calcium is elevated, the guanosine triphosphate 
(GTP)-bound form of the p21 ras protein accumulates, and serine/threonine
specific kinases, including the mitogen-activated protein kinase, are induced. In 
the intracellular domains of the y-, &-, and £-components of CD3 complex, as well 
as the t;-component of the T cell receptor, there is a common sequence (antigen 
recognition activation motive, ARAM) which exhibits signaling function. Cross
linking of, for example, the t;-molecule is sufficient to generate proximal and distal 
signal transduction events. Tyrosine phospshorylation of cellular proteins, PLC 
activation, calcium elevation, and IL-2 production as well as cytotoxic responses 
are triggered. This signaling is dependent on the presence of the ARAM, its 
tyrosine phosphorylation, and the recruitment of cytoplasmic proteins (e.g., ZAP 
70) via their SH-2 domains (HOWE and WEISS 1995). 

4.4 Chimeric T Cell Receptor Components 

The t;-chain plays a central role in T cell receptor signaling. The extracellular 
domain of the CD4 molecule and the t;-molecule were linked (ROMEO and 
SEED 1991), leading to a recombinant receptor with four extracellular immuno
globulin-like domains linked to the transmembrane and cytoplasmic domains 
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of the I;;-chain. When a chimeric gene encoding this fusion protein was introduced 
into T cells, it was possible to cross-link the extracellular part of the molecule 
with an antibody against C04 and induce signaling. The C04-1;; fusion receptor 
was able to direct a (MHC)-major histocompatibility complex-independent cyto
toxic effect towards target cells which express the human immunodeficiency 
virus (HIV) glycoprotein (gp)120 molecule. The HIV envelope protein binds the 
C04 molecule with high affinity and is recognized by the C04-1;; fusion protein. 
These experiments suggested that the provision of an extracellular recognition 
domain to the I;;-component of the T cell receptor might be a strategy to direct 
cytotoxic T cells to predefined target cells. 

Single-chain derivatives of mAb are valuable tools which can serve as 
recognition domains in fusion proteins. They can be used as extracellular recog
nition sequences for recombinant T cell receptor components. For the reasons 
discussed above, ErbB2-expressing tumor cells are a suitable model 
for directed therapy. Since overexpression of ErbB2 is observed in a high 
percentage of human adenocarcinomas and low expression is found in normal 
adult tissue, the extracellular domain of the receptor can be considered a tumor
associated antigen. A hybridoma cell line producing mAb FRP5 which recog
nizes the extracellular domain of ErbB2 was used to prepare cONA encoding 
scFv(FRP5). A fusion gene was designed in which the scFv(FRP5) was linked 
to the transmembrane and cytoplasmic domain of the I;;-molecule. Sequences 
encoding an amino terminal hydophobic signal peptide derived from an mAb H 
chain were added to the 5'-end of the construct to direct the fusion protein 
to the plasma membrane. A schematic diagram of the construct is shown in 
Fig. 1 B. 

4.5 Introduction of a Single-Chain Fv-~ Fusion Gene in T Cells 

Retroviral gene transfer was chosen to introduce the fusion receptor gene in T 
cells. The gene shown in Fig. 1 B was cloned into a retroviral vector, and high-titer 
retroviral supernatants were derived from packaging cell lines transfected with 
the construct (MORITZ et al. 1994). An established cytotoxic T cell line (C196 cells) 
was infected with the recombinant retroviruses. G418-resistant, infected T cells, 
were examined for expression and cellular localization of the scFv-1;; fusion 
molecule. A protein comprising both the scFv and the I;;-portion of the molecule 
could be immunoprecipitated with a 1;;- or scFv-specific antiserum. The inclusion of 
this chimeric protein into the cell membrane was shown by flow cytometry. Two 
recombinant proteins were made: in the first, the scFv portion of the molecule 
was fused via a short linker segment to the I;;-molecule; in the second, no linker 
segment was included. Only the molecule containing the linker showed efficient 
recognition of antigen by the scFv portion (MORITZ and GRONER 1995). In trans
duced T cells, the scFv-1;; molecule is present as a disulfide-linked dimeric 
complex containing either an endogenous I;;-chain or a second chimeric scFv-l;;. 
Affinity measurements of the scFv part of the molecule to its cognate antigen 
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revealed only a slight difference between the parental antibody FRP5 (~, 0.8 x 10-9 M) 
and the scFv (FRP5)-~ molecule (kd, 1.5 x 10-9 M). 

4.6 Signaling and Cytolysis Triggered via Recombinant 
Single-Chain Fv-~ Receptors 

The signaling function of the scFv-~ chimera in CTL was investigated. Antigen
specific stimulation of the receptor induced proximal and distal T cell activation 
signals. ErbB2-mediated cross-linking led to an increase of intracellular calcium 
concentrations and to interferon-y production (MORITZ et al. 1994). The scFv-~ 
receptor behaves like an autonomous signal-transducing unit which stimulates 
the same intracellular chain of events as the association of the alp-chain of the T 
cell receptor with MHC class I molecules and antigen. This is consistent with 
experiments in which antibody-mediated cross-linking of chimeric receptors has 
been investigated. Tyrosine phosphorylation of cellular substrates, phosphatidy
linositol turnover, an increase in intracellular calcium concentrations, and the 
induction of cytokine production have been observed (ROMEO and SEED 1991; 
WEGENER et al. 1992). 

Most importantly, CTL which express the scFv-~ molecule recognize ErbB2 
receptors on the surface of target cells and are able to lyse these cells. The 
cytolysis is independent of coreceptor functions and not restricted by the MHC. 
Similar results have been obtained with other recombinant T cell receptor 
components (ESHHAR et al. 1993). Transduced CTL are not only able to specifically 
recognize target cells in vitro, but are also able to exert cytolytic activity in vivo. 
The simultaneous injection of scFv-~-transduced CTL and ErbB2-expressing 
tumor cells resulted in growth inhibition of the tumor cells in nude mice. The in vivo 
and in vitro cytolotic effects were stricly dependent on the specifications of the 
CTL and the target cells: only cytotoxic T cells transduced with the scFv-~ 
construct exerted lytic activity, and only target cells expressing human ErbB2 
were lysed. In contrast to the in vitro experiments, in which 100% of the target 
cells could be lysed, not all tumor cells were eliminated in vivo. The efficiency with 
which distant tumor sites are detected by the cytotoxic lymphocytes might 
require higher T cell numbers for the quantitative elimination of the tumor cells. 

The principle of genetically engineered cytotoxic T cells and their provision 
with grafted recognition specificity has been established. A major task for the 
future wHI be the adaptation of this principle to the situation found in a tumor 
patient. It will be necessary to transduce primary T cells with retroviruses at a high 
efficiency. This might be difficult in patients that have been subjected to chemo
therapy and have low numbers of T cells. Genetically modified CTL can be 
directed towards many different surface targets. Tumor-directed toxins such as 
those described above rely on internalization and intracellular processing to exert 
their cytotoxic effects. It is conceivable that many tumor-associated antigens 
which could serve as targets for directed therapy do not mediate cellular internali
zation. For these targets, a killing mechanism similar to the one offered by the 
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cytotoxic T cells would be advantageous. Since these targets, with the exception 
of viral antigens, do not represent real neoantigens, they are likely to be ex
pressed on the surface of normal cells. To avoid symptoms of autoimmunity, 
extensive systemic toxicity studies will be required before genetically modified 
cytotoxic T cells can be used in human cancer therapy. 

5 Intracellular Expression of ErbB2-Specific 
Single-Chain Antibodies 

The intracellular expression of scFvs presents a novel approach to interfere with 
receptor function (BEERLI et al. 1994a,b; GRAUS-PORTA et al. 1995). We have used 
the approach to show the following: first, the importance of ErbB2 in transmitting 
signals from other members of the type I RTK family; second, the feasibility of 
reversing ErbB2-induced transformation via expression of scFvs. For expression 
in eukaryotic cells, the ErbB2-specific scFv(FRP5) cDNA was provided with an 
N-terminal immunoglobulin H chain-derived signal peptide which directs it to the 
secretory compartment of the cell, the same compartment through which ErbB2 
passes on its way to the plasma membrane. At its C terminus, the scFv was 
provided with a KDEL peptide. This peptide is recognized by an endoplasmic 
reticulum (ER)-resident receptor which has been implicated in the retention of 
soluble proteins in the lumen of the ER (MUNRO and PELHAM 1987). A diagram of the 
scFv used for expression in eukaryotic cells is shown in Fig. 1 C. 

5.1 Activation and Crosstalk of Type I Receptor 
Tyrosine Kinases 

Four members of the type I family of RTK have been identified: ErbB/EGF 
receptor, ErbB-2, ErbB3, and ErbB4. The four proteins are normally coexpressed 
in various combinations in diverse tissues excluding the hematopoietic system. 
Ligands binding to EGF receptor, ErbB3, and ErbB4 have been identified. Several 
growth factors, including EGF, TGFa, and amphiregulin, bind and activate the 
EGF receptor (reviewed in SALOMON et al. 1995). Recently, a number of peptide 
factors which were simultaneously identified by different groups were shown to 
induce tyrosine phosphorylation of ErbB2, and thus they were described as 
putative ligands for this receptor. The names reflect the source of isolation and 
include neu differentiation factor (NDF), heregulin (HRG), glial growth factor 
(GGF), and acetylcholine receptor-inducing activity (ARIA) (PELES and YARDEN 
1993). However, it has recently been shown that ErbB2 does not directly bind 
NDF. Instead, ErbB3 and ErbB4 function as receptors for NDF (CARRAWAY and 
CANTLEY 1994; TZAHAR et al. 1994), and NDF-induced tyrosine phosphorylation of 
ErbB2 occurs only in the presence of either ErbB3 or ErbB4, presumably by 
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heterodimerization and cross-phosphorylation. Similarly, activation of EGF recep
tor by EGF and other agonists stimulates tyrosine phosphorylation of ErbB2 by 
heterodimer formation (DOUGALL et al. 1994). Although ErbB2 alone cannot bind 
any of these ligands, it has been shown to modulate ligand affinities. ErbB2 
confers high-affinity binding sites for EGF by heterodimerizing with EGF receptor 
(DOUGALL et al. 1994), as well as for NDF by heterodimerizing with ErbB3 
(CARRAWAY and CANTLEY 1994). It is likely that ErbB2 also modulates intracellular 
signals elicited by EGF and NDF, since both factors cause its phosphorylation and 
activation. 

In order to investigate the involvement of ErbB2 in EGF and NDF-induced 
signaling, intracellular expression of scFvs has been used to specifically and 
efficiently inactivate ErbB2 in vivo. ScFvs directed against the extracellular domain 
of ErbB2 have been expressed intracellularly in T47D human mammary carcinoma 
cells, which express moderate levels of all the known members of the type I RTK 
family. This leads to the specific retention of ErbB2 in the ER; the other members 
of the type I RTK are still present on the plasma membrane. In order to investigate 
intracellular signaling, two different kinases were examined: the mitogen-activated 
protein kinase (MAPK) and the ribosomal proteins S6 kinase (p70/85s6K). EGF- and 
NDF-induced activation of both kinases and stimulation of growth are impaired in 
cells lacking cell surface ErbB2 (GRAUS-PORTA et al. 1995). These results shown that 
ErbB2 plays a central role in signaling by this family of receptors. 

The strength of the signal leading to activation of both kinases is modulated 
by ErbB2 and directly correlates with the anchorage-independent proliferative 
response. These results may help to expalin why ErbB2 is overexpressed in many 
types of human tumors (HYNES and STERN 1994). Breast cancer cells often express 
ligands which bind the EGF receptor, including TGFa and amphiregulin (SALOMON 
et al. 1995). NDF has also been found in primary breast tumors (BACUS 
et al. 1993). Even when expressed at low levels, as in the T47D cells, ErbB2 has 
the ability to appropriate signals arising from other members of the receptor 
family. Its coexpression with other type I RTK leads to an increase in the 
transformed phenotype of T47D cells. It is possible that the high levels of ErbB2 
expressed in primary tumors cause an enhancement of this phenomenon. It will 
be important to examine primary tumors for ErbB2 levels and for coexpression of 
ligands binding type I RTK. The scFv-mediated inactivation of growth factor 
receptors represents a novel way to study growth factor signaling. The application 
of such an approach is not limited to the study of type I RTK, but holds promise for 
other c0nlplex receptor systems. 

5.2 Inhibition of the Transforming Potential of ErbB2 

In order to test the potential of inhibiting transformed cell growth via intracellular 
expression of scFvs, ErbB2-transformed fibroblasts have been used as a model. 
The scFv{FRP5) was introduced into NIH/3T3 cells expressing an oncogenically 
activated form of the ErbB2 receptor that carries a single amino acid substitution 
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(valine to glutamic acid) in the transmembrane domain. In these cells, the kinase 
3ctivity of ErbB2 is constitutive and ligand independent. The cells show the typical 
phenotype of transformed fibroblasts as judged by morphology, focus formation, 
3bility to undergo anchorage-independent growth, and tumor formation in nude 
mice. Expression of scFv(FRP5} in these cells leads to intracellular retention of 
ErbB2. Immunofluorescence and fluorescence-activated cell sorter (FACS) analy
ses confirmed that the receptor was not present on the plasma membrane. 
Expression of scFv(FRP5} did not affect the ER transit of other growth factor 
receptors, platelet-derived growth factor (PDGF) and fibroblast growth factor 
(FGF}-2 stimulated growth of the cells. However, retention of ErbB2 in the ER 
resulted in a drastic change in morphology of the ErbB2 transformed NIH/3T3 
cells. The rounded shape of the transformed cells reverted to the more flattened 
appearance of normal fibroblasts. In addition, the scFv(FRP5) receptor express
sing cells no longer formed foci. Finally, and most importantly, the anchorage
independent growth of the cells was reduced by 96% compared to the parental 
transformed cells (BEERLI et al. 1994a). The mechanism leading to inhibition of 
transformation is likely due, at least in part, to the lower level of kinase activity 
displayed by the ER-retained ErbB2. In parallel, various intracellular substrates 
displayed lower levels of phosphotyrosine. 

ScFv-mediated immunointerference represents a simple and powerful me
thod to inhibit the in vivo function of receptors. The approach has shown the 
central role which ErbB2 plays in eliciting signals from the type I RTK family. It has 
also provided evidence that preventing the appearance of the ErbB2 protein on 
the plasma membrane of tumor cells may lead to reversion of the malignant 
phenotype. 

6 Conclusions 

The targeting strategies directed at erbB2-overexpressing tumor cells discussed 
in the review are based upon two characteristics of the protein. First, its extracellular 
accessibility provides a target for cytotoxic molecules or cells. The differential 
expression of the receptor, high on the surface of tumor cells and low in normal 
epithelial tissues, makes it possible to design toxic molecules which preferentially 
recognize tumor cells. However, before these molecules can be practically 
applied in the clinic, extensive preclinical toxicity studies are necessary as scFv
ETA or the engineered CTL might have unforeseen side effects in humans. 
Second, ErbB2 is a potent signal-transducing molecule whose activation stimu
lates numerous intracellular pathways which are likely to be important in tumor 
cell growth. We have shown that intracellular expression of scFvs can directly 
affect ErbB2 signaling. The utilization of these techniques will require the targeted 
delivery of the scFv-expressing gene to the tumor cell, an area which is depend
ent on the development of gene transfer vectors suited for systemic application. 
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The progress in such diverse areas of research as molecular oncology, tumor 
immunology, molecular biology, biotechnology, and gene therapy converges in 
the development of new therapeutic modalities. In the near future, it will become 
possible to "individualize" cancer therapy, i.e., to exploit the biochemical charac
teristics of the cancer cells of individual patients and administer drugs which act 
specifically on these cells. This might diminish the current side effects of 
cytotoxic drugs and increase the success rate of the treatment. 
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Adhesion molecules enable lymphocytes to interact with antigen-presenting cells 
or target cells more effectively (SPRINGER 1990; BUTCHER 1986; STOOLMAN 1989). 
Adhesion molecules also allow lymphocytes or monocytes to interact with 
endothelial cells or high endothelial venules (HEV), Adhesion molecules enable 
lymphocytes or monocytes to recirculate and home to specific anatomical sites 
during inflammation. Tumor metastasis is a complex phenomenon involving a 
sequence of events that remain poorly understood (FIDLER 1978; NICOLSON 1988; 
KAHN 1992; STETLER-STEVENSON et al. 1993; TURLEY 1984). Tumor metastatic cascade 
involves tumor cell and host cell interactions and may also involve interactions 
among tumor cells. Tumor cells developed in different microenvironments may 
utilize different mechanisms for invasion and metastasis. This interpretation was 
supported by results obtained from experiments using orthoptopic implantation 
of human carcinoma cells in nude mice (FIDLER and RADINSKY 1990; FIDLER et al. 
1990). Human colon carcinoma cell lines do not metastasize unless they are 
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injected into the cecum or spleen of nude mice (FIDLER 1991). Subcutaneous 
injection of the same tumor cell lines results in a significantly lower frequency of 
metastasis formation. These observations have also been observed with human 
breast, stomach, pancreas, and prostate tumor cell lines (FIDLER and RADINSKY 
1990; FIDLER 1990, 1991). In general, orthotopic transplants of human tumors into 
nude mice favors recapitulation of the metastatic patterns seen in patients with 
the same tumor. Tumor cells may use adhesion molecules for tumor cell-tumor 
cell or tumor cell-host cell interactions. These interactions may be essential for 
tumor growth and metastasis. Furthermore, tumor cells must be able to detach 
from the tumor mass in order to metastasize to other sites. Shedding or 
down regulation of adhesion molecules or expression of proteolytic enzymes by 
tumor cells may be one of the mechanisms that allows tumor cells to free 
themselves and migrate to other sites. Recent studies revealed that one of the 
adhesion molecules, namely CD44, may be important in the metastasis of tumor 
cells (HUGHES et al. 1981; TROWBRIDGE et al. 1982; HAYNES et al. 1989; CARTER and 
WAYNER 1988; LYNCH and CEREDIG 1988; JALKANEN et al. 1987; LESLEyet al. 1993). In 
this review, we summarize some of our recent work on the role of CD44 in tumor 
growth and metastasis. 

2 CD44 Molecules 

CD44 is a surface molecule originally thought to be involved in lymphocyte and 
H EV interaction (HUGHES et al. 1981; TROWBRIDGE et al. 1982; HAYNES et al. 1989; 
CARTER and WAYNER 1988; LYNCH and CEREDIG 1988; JALKANEN et al. 1987; LESLEY 
et al. 1993). Monoclonal antibodies against CD44 recognize an 80- to 90-kDa 
glycoprotein on human lymphoid cells. CD44+ lymphocytes can adhere to the 
characteristic plump or "high" endothelium found lining the postcapillary venules. 
They also adhere to Peyer's patches and gut-associated lymphatic structures. 
CD44 may be associated with site-specific extravasation of lymphocytes into 
tissues. In addition, some anti-CD44 antibodies block T cell erythrocyte rosetting 
and stimulate T cell proliferation with other monoclonal antibodies specific for 
CD2 and CD3 antigens on T cells (HAYNES et al. 1989; HUET et al. 1989; SHIMIZU 
1989; DENNING et al. 1990). Some monoclonal anti-CD44 antibodies have been 
shown to ,be able to inhibit T cell proliferation and cytokine production in vitro 
(ROTHMAN et al. 1991; Guo et al. 1993). Anti-CD44 antibodies also enhance natural 
killer (NK) cell activity (TAN et al. 1993). Cross-linking of CD44 on monocytes 
stimulates the production of interleukin (IU-1 and tumor necrosis factor (TNF) 
(WEBB et al. 1990). Thus, CD44 may serve as a signal-transducing molecule. 
Expression of CD44 is enhanced on murine memory T cells and activated B cells 
(BUDD et al. 1987; CAMP 1991; MURAKAMI et al. 1990). Expression of CD44 is not 
restricted to lymphoid cells; it is also expressed in brain and on granulocytes, 
erythrocytes, fibroblasts, keratinocytes, and red blood cells (HUGHES et al. 1981; 
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TOWBRIDGE et al. 1982; HAYNES et al. 1989; CARTER and WAYNER 1988; LYNCH and 
CEREDIG 1988; JALKANEN et al. 1987; LESLEY et al. 1993). 

The cONA for C044 has been cloned (NOTIENBURG et al. 1989; ZHOU et al. 1989; 
WOLFFE et al. 1990). Murine C044 is located on chromosome 2. Human C044 is 
located on the short arm of chromosome 11 (NOTIENBURG et al. 1989; ZHOU et al. 
1989; WOLFFE et al. 1990). Southern blot analysis of ONA from various sources 
showed complex patterns, suggesting either the presence of multiple exons or a 
multigene family. In earlier studies, two isoforms of C044 were identified based 
on their mRNA sizes and the molecular weights of the proteins (STAMENKOVIC et al. 
1991; BRowN et al. 1991). The first form (CD44H) is expressed in hematopoietic 
cells with a protein product of 80-90 kOa. The second form (C044E) is the 
epithelial protein of 130-160 kOa expressed weakly in formal epithelium, but 
highly expressed in carcinomas (STAMENKOVIC 1989, 1991). In addition to the 
epithelial form of C044, carcinomas also express C044H (STAMENKOVIC 1989, 
1991). Recent data suggest that there are at least nine isoforms of C044 
generated by differential splicing of the mRNA (LESLEY et al. 1993; SCREATON et al. 
1992). The hematopoietic form of C044 in lymphoid cells represent the basic 
standard unit of C044 proteins. This isoform has also been referred to as CD44S 
- the standard CC044 isoform. Other isoforms are created by alternative splicing 
of the mRNA and the addition of new exons into the extracellular domain near the 
transmembrane region of the hematopoietic form of C044. Each exon has the 
potential to encode for a separate domain in the mature C044 protein. At least ten 
distinguishable variable domains have been proposed (ToLG et al. 1993). At the 
present time, 20 different exons have been identified in the human C044 gene 
(SCREATON et al. 1993). Since all carcinomas express multiple C044 isoforms, the 
isoform of C044 which is most important in the growth and metastasis of the 
carcinoma is not known. While many of the carcinomas examined express 
multiple C044 isoforms, the C044H form is always by far the most abundant 
(M.S. Sy, unpublished results). So far we have been unable to identify any tumor 
cell line that express only the variant forms of C044 without the expression of the 
hematopoietic form of C044. 

Most of the studies investigating the role of C044 in tumor biology were 
carried out at the mRNA level either by northern blot analysis or reverse 
transcriptase polymerase chain reaction (RT-PCR). Which of these isoforms 
actually were expressed on the cell surface has never been studied bioche
mically. The extracellular domain of the hematopoietic form of C044 consists of 
268 amino acids rich in potential glycosylation sites (STAMENKOVIS 1989; NOTIENBURG 
1989; ZHOU et al. 1989; WOLFFE 1990). Whether or not glycosylation plays a 
role in the function of C044 is not known. A small part of the C044 is present 
in a proteoglycan form of about 180-200 kOa, which contains about 120 kOa 
of glycosaminoglycans. Proteoglycans are multiple glycosaminoglycan chains 
covalently attached to a core protein and serve as a structural components in 
several types of extracellular matrixes (ROUSLAHTI 1988; HARDINGHAM and HOSANG 
1992). The role of proteoglycan on the function of C044 is not clear. 
Proteoglycans are known to be able to bind growth factors (ANDRES et al. 
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1989; SAKSELA and RIFKIN 1990; KIEFER et al. 1990). Binding of growth factors by 
proteoglycans can concentrate growth factors or protect growth factors from 
degradation. Recent studies suggest that the proteoglycans on CD44 may also 
bind growth factors (TANAKA et al. 1993; BENNETI et al. 1995). Proteoglycans on 
CD44 may be involved in the interaction between CD44 and IV collagen (KNUTSON 
et al. 1995). The ability of proteoglycan modified CD44 to bind growth factors and 
collagen will add additional complexities to the function of the CD44 molecule. 

All CD44 isoforms have a transmembrane domain of 21 amino acids. The 
cytoplasmic domain contains 72 amino acids and is highly conserved among all 
CD44 cloned from different species. The cytoplasmic domain interacts with 
cytoskeletal proteins, actin, and ankyrin (LACY and UNDERHILL 1987; KALOMIRIS and 
BOURGUIGNON 1988a). The cytoplasmic domain of CD44 can be acylated with 
palmitic acid (BOURGUIGNON et al. 1991; Guo et al. 1994a) and phosphorylated by 
protein kinase C (PKC; KALOMIRIS and BOURGUIGNON 1988b). Covalent modification 
of the cytoplasmic domain of CD44 with palmitic acid may playa role in the 
interactions between CD44 and ankyrin (BOURGUIGNON et al. 1991). Modification of 
CD44 with lipid also plays a role in signal transduction in human lymphocytes (Guo 
et al. 1994a). The cytoplasmic domain of CD44 has also been reported to 
bind guanosine triphosphate (GTP) and has GTPase activity (LOKESHWAR and 
BOURGUIGNON 1992). 

Thirty percent of the amino-terminal portion of the extracellular domain of 
CD44 is similar to cartilage-linked proteins and to the linked B element of the 
proteoglycan core protein (CHANDRASEKHAR et al. 1983; MIYAKE et al. 1989; LESLEY 
et al. 1990; DEAK et al. 1986). The sequence homology between CD44 and 
macromolecules of the extracellular matrix suggests a general role for CD44 in 
proteoglycan or collagen-mediated matrix adhesion. This hypothesis was sup
ported by findings that one of the major ligands for CD44 is hyaluronic acid (HA) 
(ARUFFO et al. 1990; MURAKAMI et al. 1991). HA is a polymer consisting of repeating 
disaccharide units of N-acetyl-D-glucosamine and D-glucuronic acid (KNUDSON et al. 
1989; LAURENT and FRASER 1992). However, CD44 also binds to collagen, fibro
nectin, and chondroitin sulfate (CARTER and WAYNER 1988; FAASSEM et al. 1992; 
JALKANEN and JALKANEN 1992). The receptor for HA has been studied over the last 
two decades by developmental biologists and investigators interested in wound 
healing (PEACOCK 1984; UNDERHILL and DORFMAN 1978; POOLE 1986; REID and FLINT 
1974; TOOLE 1990). HA is a major constituent of the extracellular matrix and is 
believed to create a low-resistance matrix, allowing enhanced cell motility. A 
microenviwnment in which cells can migrate is essential for embryonic develop
ment and wound repair and is probably important for lymphocyte homing and 
tumor metastasis. HA receptors are known to be present in a variety of epithelia 
including the skin, cheek, tongue, esophagus, vagina, intestines, oviduct, and 
bladder (PICKER et al. 1989; KENNEL et al. 1993). In our earlier studies, we reported 
that only the lymphoid form of CD44 binds HA. The epithelial form of CD44 does 
not bind HA in vitro (SY et al. 1991). Binding of HA to CD44+ murine T cell 
hybridomas resulted in cellular activation and production of IL-2. Therefore, 
binding of HA to CD44 may also induce signal transduction (Guo et al. 1993). 
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C044 is not the only HA-binding molecule. Some of the molecules known to 
bind HA include hyaluronectin/versican (KRUSIUS et al. 1987), aggrecan (OOEGE et al. 
1987), an HA receptor complex termed RHAMM (HARDWICK et al. 1992) and a TNF
inducible protein known as TSG-6 (LEE et al. 1992). However, we have not been 
able to identify any tumor cell line that can bind HA in vitro but did not express 
C044. Binding of HA to all C044-bearing tumor cells can be blocked with some 
monoclonal anti-C044 antibodies. Therefore, the only receptor on tumor cells that 
is capable of binding soluble HA in solution is C044. 

2.1 Interactions Between CD44 and Hyaluronic Acid In Vitro 

The exact requirements for the interactions between C044 and HA have not been 
well defined and remain controversial. Based on homology to other HA-binding 
proteins, the HA-binding site in C044 has been speculated to be located in a basic 
amino acid motif. However, recent studies suggested that the actual binding sites 
are located just outside of the conserved domain of HA-binding proteins (PEACH 
et al. 1993). Binding of HA to cell surface C044 requires more than simply the 
expression of C044 molecules. Not all C044-bearing tumor cells can bind HA. 
Oespite the expression of high levels of C044, normal murine lymphocytes or 
monocytes did not bind HA in solution. Interestingly, the capacity to bind HA in 
murine lymphocytes or tumor cells can be induced with one particular anti-C044 
monoclonal antibody (LESLEY et al. 1992). Murine tumor cell lines transfected with 
a C044 gene lacking the cytoplasmic domain have reduced binding capacity, 
suggesting a role for the cytoplasmic domain (LESLEY et al. 1992). In human 
lymphocytes, binding to HA via C044 can also be induced with monoclonal anti
C044 (LIAO et al. 1993). More recently, MURAKAMI et al. reported that the induction 
of HA binding in human lymphocytes appears not to require cytoskeleton associa
tion, but does require new protein synthesis (MURAKAMI et al. 1994). Therefore, 
C044 on normal murine and human lymphocytes exists in an inactive form. Since 
activation of lymphocytes with different polyclonal activators such as con
canavalin A (ConA), Phytohemagglutinin (PHA), or phorbol myristate acetate 
(PMA) failed to induce this binding capacity, the physiologic relevance 
of these findings remain to be determined. It was postulated that binding 
of monoclonal anti-C044 antibody may alter the conformation of the C044 
molecules and thus render them able to bind HA (LESLEY et al. 1992; LIAO 
et al. 1993; MURAKAMI et al. 1994). 

Interactions between the cytoplasmic domain of C044 and cytoskeletal 
elements have also been reported to be essential for the binding of HA. The 
cytoplasmic domain of murine C044 interacts with cytoskeletal elements (LACY 
and UNDERHILL 1987; KALOMIRIS and BOURGUIGNON 1988a). Studies with human tumor 
cell lines transfected with C044H forms with truncations of the cytoplasmic 
domain revealed that the cytoplasmic COOH-terminal52 amino acids were critical 
for HA binding to the C044 extracellular domain (liAO et al. 1993). However, a 
soluble chimeric human C044 molecule without the cytoplasmic domain of C044 
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has been reported to be able to bind HA in vitro (PEACH et al. 1993). It was 
postulated that this genetically engineered soluble C044 molecule may be 
"frozen" in an active form, thus enabling the molecule to bind HA in vitro. More 
recent studies revealed that aggregation of C044 on the cell surface is important 
in the binding of HA (PERSCHL 1995). In this study, it was reported that the 
cytoplasmic domain of C044 is not essential for binding. Therefore, whether or 
not the cytoplasmic domain of C044 is essential for the interactions between 
C044 and HA remains unclear. 

Interactions between C044 and HA also depend on the nature of the C044 
isoforms. We have previously reported that only the human C044H, but not the 
C044E form, can bind HA (SY et al. 1991). More recently, LIAO and coworkers 
reported that neither C044H nor C044E-transfected Jurkat T cells constitutively 
bind HA (LIAO et al. 1993). However, treatment of transfected Jurkat T cells with 
PMA induced C044H-bearing but not C044E-bearing Jurkat T cells to bind HA. 
Treatment of C044E-bearing Jurkat T cells with one particular monoclonal anti
body did enable the T cells to bind HA. Therefore, there are intrinsic differences 
between C044H and C044E in their interactions with HA. In contrast to human 
C044, murine tumor cells bearing C044E isoforms have been reported to 
constitutively bind HA (LESLEY et al. 1990). The discrepancies between these 
findings are not clear. It should be noted that most of the binding studies used HA 
in solution or immobilized on tissue culture plates. HA present in extracellular 
matrix is known to interact with other proteins and thus may have a different 
conformation (KNUDSON et al. 1989; LAURENT and FRASER 1992). Therefore, interac
tions between C044 and HA in solution and C044 and HA in extracellular matrix 
may be different. 

We conjugated fluorescein (F) to HA (F-HA) and used F-HA to study binding of 
HA to C044. F was conjugated to HA using a protocol described earlier (Guo et al. 
1994). F-HA can be used as an immunofluorescent reagent. Stained cells were 
analyzed in a fluorescence-activated cell sorter (FACS). The melanoma cell line 
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Fig.1A,B. Binding of fluorescein-hyaluronic acid (HA) (F-HA) to C044+ melanoma cell line. SMMU-1 
(A) or C044+ SMMU-2 (B) were stained with F-HA. For blocking of F-HA, cells were first incubated with 
unconjugated HA or monoclonal anti-C044 antibody (GKW.A3). Thick lines are cells stained with F-HA 
alone. Thin dotted lines are negative controls with an isotype-matched monoclonal antibody 
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SMMU-1 did not express C044 and did not bind F-HA (Fig.1A). Only the C044+ 
melanoma cell line SMMU-2 bound F-HA. Binding of F-HA to tumor cells can be 
completely blocked by two out offour (GKW.A3 and IM.7, but not Bu52 and P3H9) 
of the monoclonal anti-C044 antibodies (Y.J. Guo, unpublished results). There
fore, only certain epitopes on C044 are involved in the binding of HA. Binding of F-HA 
can also be blocked with unconjugated HA, but not with poly-L-Iysine or heparan. 

Recently, we investigated the binding of F-HA to different C044 isoforms 
present on a panel of human tumor cell lines. These tumor cell lines are described 
in Table1. Seven of the human tumor cell lines expressed high levels of C044. 
Two of the tumor cell lines, SMMU-1 and HepG2, did not express C044, as 
demonstrated by immunofluorescent staining with a monoclonal anti-C044 anti
body GKW.A3. MelanomaSMMU-2, cervix carcinoma HeLa, and astrocytomas 
CRT and sn expressed the hematopoietic form of C044. Colon carcinoma cell 
line HT29 expressed C044 bearing domains V and VI (HOFMANN et al. 1991). Lung 
carcinoma Calu 6 was a double expressor and expressed C044 variants carrying 
domains I-V and domains IV and V (HOFMANN et al. 1991). Keratinocyte line HeCat 
expressed domains I-V of C044 (HOFMANN et al. 1991). Human tumor cell lines 
SMMU-2, Hela, CRT, HT29, and Calu 6 bind significant levels of F-HA (Table1). 
Binding of F-HA to these cell lines can be blocked with monoclonal anti-C044 
antibody GKW.A3 and unconjugated HA, indicating the specificities of the bind
ing. Two tumor cell lines, one expressing the hematopoietic form of C044 (Sn) 

and the other expressing domains I-V of C044 (HeCat), did not bind F-HA 
(Table 1). These two cell lines remained unable to bind F-HA even when the 
concentrations of F-HA used for staining were increased 50-fold (Y.J. Guo, results not 
shown). SMMU-1 and HepG2 did not express C044and did not bind F-HA. The levels 
of expression of C044 in sn and HeCat are comparable to other tumor cell lines. 

Since sn expressed the hematopoietic form of C044 but was unable to bind 
F-HA, the correlation between expression of the hematopoietic form of C044 and 
binding of HA is not absolute. This interpretation was further supported by 

Table 1. Expression of CD44 isoforms in human tumor cell lines and their ability 
to bind fluorescein-hyaluronic acid (F-HA) in vitro 

Tumor CD44 isoform expressed Binding to F-HA 

SMMU-2 Standard 85-95 kDa Yes 

HeLa Standard 85-95 kDa Yes 

CRT Standard 85-95 kDa Yes 

sn Standard 85-95 kDa No 

HT-29 Domains IV and V Yes 

Calu 6 Domains I-V Yes 

Domains IV and V 

HeCat Domains I-V No 

SMMU-1 Negative No 

HapG2 Negative No 
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another series of experiments using different human tumor cell lines transfected 
with the same CD44H gene. Human Burkitt's lymphoma Namalwa transfected 
with the hematopoietic form of the human CD44 gene was able to bind F-HA. In 
contrast, human lymphoma cell line Jurkat transfected with the identical CD44 
gene was unable to bind F-HA. Therefore, the ability of the hematopoietic form of 
CD44 to bind F-HA may depend on some other cellular elements in addition to 
CD44. Binding of HA to CD44 may require another cellular protein or post
transitional modification that can only occur in some cell types. These observa
tions are in good agreement with earlier findings in the murine and human 
systems. Transfection of the murine CD44 gene into some cell lines enables the 
transfectant to bind HA in vitro, while transfection of the same gene into other cell 
lines did not promote binding to HA. 

Both tumor cells and normal cells can produce HA in vivo and in vitro (KNUDSON 
et al. 1989; PHILIPSON and SCHWARTZ 1984). Binding of endogenously produced HA to 
CD44 may render the CD44 molecules inaccessible to exogenous F-HA. Treatment 
of tumor cells with hyaluronate lyase should remove surface-bound HA, thus 
enabling cells normally unable to bind HA to become capable of binding HA. We first 
titrated the amount of hyaluronate lyase required to remove surface-bound HA. 
SMMU-2 tumor cells were first incubated with a concentration of HA known to be 
able to block the binding of F-HA. Cells were then washed with phosphate buffer 
saline (pH 7.4) to remove excess HA and incubated with various concentrations of 
hyaluronate lyase. After incubation, cells were then washed again with phosphate
buffered saline (PBS) and stained with F-HA. Tumor cells first incubated with HA 
and then treated with between 10 and 20 U hyaluronate Iyase/ml were able to bind 
significant levels of F-HA. Tumor cells first incubated with HA and then incubated 
with medium alone remained unable to bind F-HA. Treatment of tumor cells with 
hyaluronate lyase did not alter the expression of CD44 molecules, as revealed by 
staining with a monoclonal anti-CD44 antibody. These results indicated that our 
treatment protocol is effective in removing surface-bound HA. 

We next determined whether or not treatment with hyaluronate lyase of 
tumor cells that were unable to bind F-HA could enable them to bind F-HA. sn 
and HeCat cells were treated with 20 U hyaluronate Iyase/ml. After enzymatic 
treatments, tumor cells were washed and stained with F-HA and anti-CD44 
monoclonal antibody. Treatment of HeCat cells with hyaluronate lyase enabled 
the tumor cells to bind significant levels of HA. However, binding of F-HA to HeCat 
remained significantly lower compared to other CD44-bearing tumor cells. In
creasing the concentrations of hyaluronate lyase did not further increase the 
binding of F-HA. Hyaluronate lyase may be unable to remove all surface-bound 
HA on HeCat. Alternatively, some of the CD44 molecules on HeCat may be 
constitutively unable to bind exogenous HA. sn tumor cells remained unable to 
bind F-HA after treatment with hyaluronate lyase. Treatment of CD44+ SMMU-2 
tumor cells with hyaluronate lyase did not enhance the binding of F-HA. CD44-
tumor cell lines remained unable to bind HA after hyaluronate lyase treatment. 
Results from these experiments suggest that, in addition to CD44 isoforms, the 
nature of the cell type is also critical in determining the binding of F-HA. The 



Interactions Between CD44 and Hyaluronic Acid 137 

inability of C044+ tumor cells to bind F-HA may be due to the endogenous 
production of HA by tumor cells or to other yet to be identified mechanisms. 

In addition to HA, C044 is known to bind collagen, chondroitin sulfate, and 
fibronectin (KNUDSON et al. 1989; LAURENT and FRASER 1992). We investigated 
whether binding of F-HA to C044 on tumor cells can be inhibited with these other 
non-HA ligands. In contrast to unconjugated HA, which blocked binding of F-HA to 
SMMU-2 in a dose-dependent manner, none of the other ligands, including 
chondroitin sulfate A-C, type 1 collagen, heparin, and fibronectin, were able to 
block binding of F-HA (Y.J. Guo, results not shown). These results suggested that 
either C044 does not bind to these other ligands in our in vitro binding conditions 
or that these ligands bind to different regions of the C044 molecule distinct from 
the HA-binding site. 

Binding of ligands to receptors may result either in the shielding or internali
zation of the ligand-receptor complexes. We incubated C044+ SMMU-2 tumor 
cells lines with F-HA and cultured the cells at 3JOC for different lengths of time. 
Cells were then fixed and observed under a fluorescent microscope. Binding of 
F-HA to SMMU-2 first resulted in capping within 30 min, and then internalization 
of F-HA. Therefore, binding of HA to C044 on the cell surface may also participate 
in the catabolism of HA in vivo. These findings are similar to earlier reports for 
human breast tumor cell lines (CULTY et al. 1992). Binding and internalization of HA 
may be relevant to tumor growth and metastasis in vivo. Breakdown products of 
HA have been reported to induce angiogenesis (WEST et al. 1985). Tumor cells 
may internalize and break down HA to create angiogenic HA fragments. Angio
genesis is a process that has been postulated to be essential for tumor growth 
and metastasis (FOLKMAN and KLAGSBUM 1987; FOLKMAN 1991). Angiogenesis usu
ally involve sequential events, including endothelial cell activation, basement 
membrane disruption, endothelial cell migration into the interstitia space, endo
thelial cell proliferation proximal to the migrating tip, and lumen formation. The 
concept that tumors are angiogenesis dependent was based on observations that 
the growth rate of tumors is slow and linear before vascularization and rapid and 
nearly exponential after vascularization. Angiogenesis is not only important for 
tumor growth, but onset of angiogenesis also contributes to metastasis. Neo 
vascularization permits the shedding and migration of cells from the primary 
tumors to other sites. 

As stated earlier, HA is a polymer consisting of repeat disaccharide units of 
N-acetyl-D-glucosamine and D-glucuronic acid. We used oligosaccharides of 

Table 2. Inhibition of binding of fluorescein-hyaluronic acid (F-HA) by HA 
fragments 

Disaccaride units Concentration (mg/mi) Inhibition(%) 

4 1 0 
8 1 0 
15-20 1 50 
15-20 0.5 30 
15-20 0.1 20 
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defined disaccharide units to determine the minimum units of HA that can block 
the binding of intact F-HA in solution (Table 2). The human astrocytoma cell line 
CRT was first incubated with different concentrations of unconjugated HA or 
oligosaccharide of HA with defined disaccharide units. Tumor cells were then 
washed twice with PBS and stained with F-HA. Binding of F-HA was completely 
inhibited by unconjugated HA in a dose-dependent manner. Of the oligosac
chari des tested, only oligosaccharides with 15-20 disaccharide units were able to 
block the binding of F-HA in a dose-dependent manner. Oligosaccharides smaller 
than 15-20 units of disaccharide were unable to block the binding of F-HA in the 
concentrations we have tested (up to 1 mg/m\). Blocking with the 15-20 disac
charide units is significantly less effective when compared to intact HA. It requires 
approximately 1 iJg intact HNml to achieve 50% inhibition. In contrast, it requires 
approximately 1 mg/ml oligosaccharides with 15-20 disaccharide units to achieve 
50% inhibition (results not shown). Our results are different from earlier studies 
indicating that the HA receptor present on the surface of fibroblasts was able to 
bind to smaller units of disaccharide (UNDERHILL and DORFMAN 1978; UNDERHILL 
1982). The reasons for these differences are not known. One possibility is that in 
earlier studies radiolabeled oligosaccharides were used in direct binding assays, 
while in our studies oligosaccharides were used as inhibitors of binding of intact 
HA. Alternatively, binding of HA to fibroblasts may be different from binding of HA 
to human tumor cells. 

2.2 Role of CD44 N-Linked Oligosaccharides 
in the Binding of Hyaluronic Acid 

In the extracellular domain of human CD44, there are six potential N-glycosylation 
sites and five O-linked glycosylation sites (NOTIENBURG et al. 1989; ZHOU et al. 1989; 
WOLFFE et al. 1990). There are five potential N-glycosylation sites and ten O-linked 
glycosylation sites in murine CD44. Both complex-type and high mannose-type 
glycosylation are known to be present on CD44 molecules. Proper glycosylation 
is known to be essential for the expression and the function of some, but not all 
cell surface receptors.We investigated whether removal of the N-lined oligosac
chari des on C044 interfered with its ability to bind anti-C044 monoclonal anti
bodies or HA. Murine T cell hybridoma 2C7 was cultured either with various 
concentrations of tunicamycin, an inhibitor of N-linked glycosylation, or with 
control medium for 18 h. Cells were then washed extensively and stained with 
monoclonal anti-C044 antibodies (KM81 or KM201) or with F-HA. Tunicamycin 
did not significantly alter the staining profiles of the two different monoclonal anti
C044 antibodies (KM81, KM201). Therefore, expression of C044 does not 
require N-linked glycosylation. However, treatment with 5 IJg, but not with 1 iJg 
tunicamycin/ml significantly increased the binding of F-HA (Fig. 2). Treatment with 
tunicamycin reduced the molecular, mass of C044 by about 4000-8000 kDa in 
two different experiments as revealed by surface iodination and immunoprecipi
tation with monoclonal anti-C044 antibody. The enhancement ranged from a five-
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Fig.2A,B. The effects of tunicamycin are specific for C044 and hyaluronic acid (HA). Hybridoma 2C7 
cells were treated with tunicamycin for 16 h as described. Cells were harvested and washed 
extensively. To block the binding of fluorescein-HA (F-HA), some of the samples were incubated on ice 
for 30 min with 25 ~I KM81 monoclonal antibody (mAb) containing hybridoma culture supernatant (A) 
or 30 ~I unconjugated HA (1 00 ~g/ml; (B). After incubation, cells were washed twice with phosphate
buffered saline (PBS) to remove unbound mAb or HA. All samples were then stained with 40 ~I F-HA 
(1 0 ~g/ml) as described. After staining, cells were washed, fixed, and analyzed in a FACScan 
(fluorescence-activated cell sorter). Hatched peaks are results with the irrelevant antibody as control 

to ten fold increase in the mean fluorescent intensities in five different experi
ments. Thus, N-linked oligosaccharides appeared to interfere with the binding of 
HA to C044. Binding of F-HA to tunicamycin-treated cells can be completely 
blocked by unconjugated HA and by monoclonal anti-C044 antibody KM81. When 
treated with tunicamycin under identical conditions, C044- tumor cells remained 
unable to bind F-HA. 

Sialic acid is the only sugar residue of glycoproteins that bears a net negative 
charge (LLOYD 1975; SCHAUER 1985). We also investigated whether removal of the 
sialic acid residues on C044 enhanced the binding of HA. The T cell hybridoma 
2C7 was treated in vitro with neuraminidase or PBS. Cells were then washed 
extensively and stained with monoclonal anti-C044 antibodies (KM81 or KM201) 
or with F-HA. Neuraminidase treatment did not alter the staining profiles of 
monoclonal anti-C044 antibodies, but increased the binding of F-HA (Fig. 3). 
Binding of F-HA to neuraminidase-treated cells is specific for HA and can be 
blocked by unconjugated HA, or by monoclonal anti-C044 antibody KM81. In 
addition, treatment with neurominidase of a human tumor cell line stably trans
fected with the C044 gene also enhanced the binding of F-HA. However, when 
treated with neuraminidase, the C044- parental tumor cell line remained unable 
to bind to F-HA. These experiments provide additional support for the hypothesis 
that the presence of carbohydrate moieties may interfere with the binding of 
hyaluronic acid to C044. 

Murine C044 contains both high mannose and complex-type N-linked gly
cans. To further investigate the role of N-linked oligosaccharides on the binding of 
HA to C044, we obtained a murine T cell hybridoma that has an altered N-linked 
glycosylation pathway. This mutant is deficient in dolichol-phosphate-mannose 
(Ool-p-Man) biosynthesis (THOMAS et al. 1991; OEGASPERI et al. 1990). Truncated 
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Fig.3A,B. Treatment with neuraminidase enhanced the binding of fluorescein-hyaluronic acid (F-HA). 
Hybridoma 2C7 cells were treated with neuraminidase or control medium as described. Cells were 
harvested and washed extensively. A Samples containing 1 xl 06 cells were incubated with 25 ~I KM81 
monoclonal antibody (mAb). An irrelevant rat mAb (53.6.72) was used as an isotype control. Cells were 
washed and then incubated for 30 min with 20 ~I fluorescein isothiocyanate (FITC)-conjugated, affinity
purified goat anti-rat immunoglobulin (Ig). After the final incubation, cells were washed, fixed, and 
analyzed. B Other samples from control or treated groups containing 1 xl 06 cells were incubated with 
30 ~I F-HA (1 0 ~g/ml). After staining with F-HA, cells were washed, fixed, and analyzed in a FACScan 
(fluroscence-activated cell sorter). Hatched peaks are resuls with the irrelevant antibody as control 

N-linkedoligosaccharide precursors were synthesized and transferred to nascent 
proteins. They can be processed to become complex, but not high mannose 
glycans. The defects in this hybridoma have been extensively characterized 
(THOMAS et al. 1991; OEGASPERI et al. 1990), We investigated whether this mutant 
could bind more F-HA. 

Both the parental hybridoma (YH16.33) and the mutant (M39/5) expressed 
comparable levels of C044. However, the mutant cell line bound significantly 
more F-HA than the parental cell line. Treatment of tumor cells with PMA is 
known to increase the expression of C044 molecules and the binding of F-HA. 
We treated the parental hybridoma and the mutant with PMA. The difference 
between the ability of the parental hybridoma and the mutant to bind F-HA was 
even greater when cells were first treated with PMA in vitro for 18 h (results not 
shown). These experiments provide strong evidence that C044 on T cell hybrido
mas can bind more F-HA if the synthesis of high mannose is prevented. Mutant 
T cell hybridomas have been stably transfected with the yeast Ool-p-Man syn
thesis gene. N-linked glycosylation was either partially or completely corrected 
in some of these transfectants (OEGASPERI et al. 1990). We compared the binding 
of F-HA to one of the Ool-p-Man synthase transfectants with the original mutant 
and the wild-type parental cell line. All three cell lines express similar levels 
of C044. However, the T cell hybridoma stably transfected with the yeast 001-
p-Man synthesis gene showed reduced ability to bind F-HA. The amounts of F-HA 
bound by the transfectant was similar to the original wild-type parental cell line, 
but was significantly lower than the mutant cells. Binding of HA to these tumor 
cells is specific for C044-HA because binding can be completely inhi
bited by unconjugated HA or monoclonal anti-C044 antibody KM81. These 
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experiments provided conclusive evidence that N-linked glycans on CD44 affect 
the binding of HA. 

The in vivo significance of our finding is currently not known. The amount of 
sialic acid present on a protein is developmentally regulated. For example, the 
amount of sialic acid present on the neural cell adhesion molecule (NCAM) found 
in embryonic brain tissue of the chicken is significantly higher than sialic acid on 
the NCAM in adult brain tissue (ROTHBARD et al. 1982). T lymphocyte differentiation 
is accompanied by an increase in sialic acid content of Thy-1 antigen (HOESSLI 
1980). Both CD44 and HA are present in many cell types and in different tissues, 
as well as in the circulation. Modification of the number or structure of N-linked 
glycans or terminal sialic acid present on CD44 molecules may provide a means 
to avoid excessive interactions between CD44 and HA. However, in selective 
microenvironments or during certain stages of cellular activation, the N-linked 
glycans or terminal sialic acid on CD44 may be modified. CD44 on activated 
macrophages is known to be glycosylated differently than CD44 on nonactivated 
macrophages (CAMP et al. 1992). Activation of human neutrophils is known to 
cause the mobilization of sialidase from intracellular stores to the cell surface. 
Mobilization of sialidase to the cell surface also resulted in an increase in the 
adhesion responses of the cells (CROSS et al. 1991). Therefore, during cell-cell 
interactions, cell surface sialidase may be able to modify the terminal sialic acid on 
cell surface glycoproteins, resulting in the generation of a receptor with a higher 
affinity for its ligand. Sialic acid also plays an important role in tumor growth and 
metastasis (FOGEL et al. 1983; DENNIS et al. 1982). Surface sialic acid reduces the 
attachment of metastatic tumor cells to collagen and fibronectin (FOGEL et al. 
1983; DENNIS et al. 1982). Differences in the amount of sialic acid on CD44 may 
affect the growth and metastatic potential of CD44-bearing tumor cells. 

3 Relationship Between CD44 
and Tumor Growth and Metastasis 

To metastasize, malignant cells must be able to detach from the tumor mass, 
adhere to and penetrate endothelium of other organs, and establish a new tumor 
colony (FIDLER 1978; NICOLSON 1988; KAHN 1992; STETLER-STEVENSON et al. 1993; 
TURLEY 1984). Binding of tumor cells to endothelium is probably a prerequisite for 
metastatic colony formation. However, the invasive potential of tumor cells 
appears to correlate better with their ability to adhere to subendothelial basement 
membrane and matrix proteins than with their ability to adhere endothelium 
(FIDLER 1978; NICOLSON 1988; KAHN 1992; STETLER-STEVENSON et al. 1993; TURLEY 
1984). HA is present in large quantities in the basement membrane. Elevated 
expression of CD44 on tumor cells may enhance the binding of tumor cells to the 
HA present on subendothelial basement membrane, resulting in enhanced tumor 
locomotion and invasiveness. Binding of HA to CD44+ tumors may also result in 
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signal transduction and the production of growth factors by tumor cells. These 
factors may be critical for tumor growth or metastasis. More recently, interactions 
between C044 and hyaluronate has been directly implicated in the regulation of 
tumor development (BARTOLAZZI et al. 1994). 

C044 and HA may also interact with growth factors produced either by tumor 
cells or host cells. These growth factors may play important roles in the growth 
and metastasis of tumor cells. One of these growth factors is transforming 
growth factor (TGF)-p. Rous sarcoma virus (RSV) rapidly transforms many cell 
types in culture, but its ability to induce tumors in vivo is highly dependent on the 
tissue environment (MACLEOD et al. 1985). In normal young chicken hatchlings, 
sarcoma will only form at the site of RSV injection. However, wounding leads to 
tumor formation with 100% frequency in tissues that would otherwise remain 
tumor free. Subcutaneous injection of TGF-p could substitute for wounding in 
tumor induction in the chicken (SIEWEKE et al. 1990). Wound-related RSV tumor
genesis and the action of TGF-p may be related to C044 and HA. RSV infection 
increases the expression of HA receptor; HA is important in wound healing; 
TGF-p stimulates the production of HA and TGF-p binds proteoglycans (WOODLAND 
and JONES 1988; RUOSLAHTI and YAMAGUSHI 1991). Interaction between C044 and HA 
may affect the production of TGF-p or the expression of the receptor for TGF-p. 

3.1 Upregulation of CD44 Expression 
During Tumor Growth and Metastasis 

Prior to the cloning of the C044 gene, many different lines of indirect evidence 
have already suggested a role for HA receptor and HA acid in tumor growth and 
metastasis. Transformation of fibroblasts with SV40 or RSV increased the expres
sion of receptors for HA (UNDERHILL, B 1982). Carcinomas are frequently character
ized by local accumulation of HA in vivo (KNUDSON et al. 1989; TAKEUCHI et al. 1981; 
HORAI et al. 1981). The ability of rabbit carcinoma to invade surrounding tissue 
correlates with its ability to induce formation of HA (TOOLE et al. 1979). Highly 
invasive human bladder carcinoma cell lines express high levels of HA receptors. 
Noninvasive bladder carcinoma cell lines express low levels of HA receptors 
(NEMEC et al. 1987). C044 is expressed in the tumorigenic but not in the less 
tumorigenic variants of the murine thymoma SL 12 (MACLEOD et al. 1985). 
More recent results suggest that high expression of the hematopoietic form 
of C044· is associated with aggressive behavior, dissemination, and poor 
prognosis of human non-Hodgkin's lymphomas. Unlike the expression of 
C044, expression of two other adhesion molecules, lymphocyte function
associated antigen (LFA)-l and intercellular adhesion molecule (ICAM)-l did 
not correlate with prognosis (HORST et al. 1990). In a panel of human breast 
cancer cell lines, in vitro invasiveness was positively correlated with C044 
expression and the ability of the tumor cell to bind and degrade HA (CULTY 
et a1.1992). Both anti-C044 antibodies and inhibition of C044 expression 
by antisense oligonucleotides inhibited the invasion of glioma in vitro 
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(MERZAK et al. 1994). Human mesothelioma but not normal mesothelial cells 
express C044 and bind HA (ASPLUND and HELDIN 1994). 

Preferential expression of a C044 isoform associated with tumor metastasis 
was first reported in the rat (GUNTHERT et al. 1991). Later, a similar 230-kOa C044 
isoform was also found to be overexpressed in colorectal carcinomas and 
adenomatous polyps (HEIDER et al. 1993). Analysis of C044 splice variants in tumor 
tissues from patients with colon, gastric, and breast cancer by polymerase chain 
reaction (PCR) revealed that there was gross overproduction of the alternatively 
spliced large molecular variants in all tumor tissues examined (TANAKE et al. 1993; 
MATSUMURA and TARIN 1993; WIELENGA et al. 1993). Only the mRNA encoding forthe 
standard 94-kOa proteins were detected in the control samples. However, using 
monoclonal antibodies specific for various human c044 isoforms instead of PCR, 
different C044 isoforms were also found to be expressed in many normal tissues, 
including those from which the tumors arose (Fox et al. 1993, 1994). The reasons 
for these discrepancies are not known. Increased expression of V3, V6, and V1 0 
exons have also been speculated to be involved in the blockage of myelopoiesis 
in acute myeloblastic leukemia (LEGRAS et al. 1995). More recently, increased and 
disorganized expression of C044 variant exons was shown to occur in exfoliated 
tumor cells sedimented from the urine of bladder cancer patients. Interestingly, 
there appeared to be abnormalities in the splicing of the C044 gene products in 
these bladder tumors, resulting in the accumulation of immature mRNA tran
scripts containing introns from this gene, as well as many abnormal variants 
(MATSUMURA et al. 1995). These observations also raised another important 
question as to whether or not some of these spliced variant isoforms were ever 
translated to produce functional proteins. The ability of tumor cells to preferen
tially express certain C044 isoforms is reminiscent of an earlier report on 
abnormal alternative splicing of pre-mRNA in malignant human tumors (OYAMA 
et al. 1989). Alternative splicing of fibronectin pre-mRNA at the EIII-A region has 
been shown to be regulated in a tissue- and developmental stage-specific manner 
(SCHWARZBAUER et al. 1987). OYAMA and coworkers investigated the splicing pattern 
at the EIII-A region in malignant and nonmalignant human liver tissues and found 
that the relative population of the fibronection mRNA containing the EIII-A 
sequence is markedly increased in malignant liver tumors (OYAMA et al. 1989). 
These results suggest that the putative molecular machinery governing alterna
tive RNA splicing of cellular proteins may be deregulated in malignant human 
tumors. In addition to tumor cells, C044 variants are also present in activated 
normal human lymphocytes (KOOPMAN et al. 1993). Murine C044 variant tran
scripts are present in many different normal tissues including colon, small 
intestine, stomach, kidney, and lung (SCREATON et al. 1993). 

C044 is important in the migration of melanoma cells in vivo (THOMAS et al. 
1992). Metastatic melanomas express higher levels of C044 (HART et al. 1991; 
BIRCH et al. 1991). We establish two melanoma cell lines from one patient with 
melanoma (Guo et al. 1994b). One of the tumor cell lines (SMMU-1) 
was established from the primary tumor. The other line (SMMU-2) was estab
lished from a metastatic lymph node. Both SMMU-1 and SMMU-2 grew in the 
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subcutaneous tissue of athymic, nude mice, but the growth rate of SMMU-2 was 
higher. When injected subcutaneously, SMMU-2 but not SMMU-1 cells sponta
neously formed metastatic tumors in approximately half of the injected animals. 
Only the metastasizing melanoma cell line SMMU-2 expressed the hematopoie
tic form of C044 and bound fluorescent conjugated HA (F-HA) in vitro. Moreover, 
in vivo growth and metastasis of C044+ SMMU-2 tumor cells was inhibited with 
monoclonal anti-C044 antibody. These experiments suggest that expression of 
C044 is not essential for tumor growth, since both C044+ SMMU-2 and C044-
SMU-1 tumor cells were able to form tumors in nude mice. However, interactions 
between C044 on tumor cells and its ligands in vivo may promote growth and 
metastasis. 

More direct evidence that C044 is important in tumor growth and metastasis 
came from gene transfection experiments. A rat carcinoma cell line which did not 
metastasize acquired metastatic properties, when transfected with a C044 gene 
encoding for a high molecular weight 230-kOa C044 isoform (ASPLUND and HELDIN 
1994). Expression of domain 6 (V6) of the C044 variant protein appeared to be 
important in the metastasis of the rat tumor cell line. However, this rat tumor cell 
line expresses the standard C044 isoform in addition to the C044 V6 variant. We 
reported earlier that introduction of the human hematopoietic form of the C044 
gene into a C044- tumor cell line, Namalwa, resulted in enhancement of tumor 
growth and metastasis in vivo (SY et al. 1991). Moreover, the in vivo growth and 
metastasis of C044+ Namalwa can be blocked with soluble C044 molecules (Sy 
et al. 1992). Therefore, interactions between C044 and its ligands in vivo are 
important in the growth and metastasis of human melanomas. Not all human 
tumor cells express C044 variants. A significant number of human lung carcino
mas, melanomas, astrocytomas, and ovarian carcinomas express only the hema
topoietic form of C044. Since different C044 isoforms may have different 
ligands, different C044 isoforms may play different roles in tumor growth and 
metastasis. The role of different C044 variant proteins may depend on species, 
the nature of the tumor cells, and/or the host microenvironments. 

3.2 Downregulation of CD44 Expression 
in Some Human Tumors 

Some human tumor cell lines do not express C044 proteins at all. Human 
neuroblastomas do not express C044 protein (SHTIVELMAN and BISHOP 1991). 
SHTIVELMAN and BISHOP reported that several upstream cis-acting elements contrib
ute to the down-regulation of C044 in neuroblastoma cells, the most prominent 
being a 120-bp ONA fragment located 450 bp upstream of the RNA initiation site 
(SHTIVELMAN and BISHOP 1991). Using antibodies against a synthetic peptide con
taining a sequence encoded by the V6 domain of C044, SALMI et al. reported that 
human squamous cell carcinomas specifically downregulated the expression of 
the C044 V6 variant protein during their malignant transformation (SALMI et al. 
1993). Moreover, down regulation of the V6 variant protein correlates with good 
prognosis in patients with squamous cell carcinomas. FUJITA et al. examined 
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expression of C044 in normal and carcerous tissues of the endometrium as well 
as in cell lines established from patients with endometrial cancers. Variant forms 
of C044 were expressed in 81 % of normal endometria, where as only 17% of 
endometrial carcinomas showed expression of the variants. Furthermore, Iymph
vascular space involvement of cancer cells was observed to be statistically 
significant in the C044- group as opposed to the C044+ group (FUJITA et al. 1994). 
Therefore, human endometrial carcinomas downregulate their C044 molecules. 
Reduced C044 expression might be related to the metastasis of endometrial 
cancer cells through lymph-vascular space. Epithelial cancer of the ovary spreads 
by implantation of tumor cells onto the mesothelial lining of the peritoneal cavity. 
Binding of ovarian cancer cells to peritoneal mesothelium is partially mediated by 
the adhesion molecule C044 (CANNISTRA et al. 1993). Whereas nearly 94% of 
human ovarian tumors derived either from primary sites or peritoneal implants 
express C044, more than 75% of the free-floating tumor cells from ascites do not 
express C044. Shedding or downregulation of C044 on tumor cells may allow 
release of tumor cells from the mesothelial lining into the peritoneal space. 
Alternatively, reexpression of C044 may allow tumor cells in the peritoneal space 
to adhere to the mesothelial lining. C044 expression was also found to negatively 
correlate with N-myc amplification in neuroblastomas and small cell lung carcino
mas (GROSS et al. 1994; PENNO et al. 1994). 

The speculation that during metastatic cascade some tumor cells may down
regulate their C044 molecules was further supported by recent findings in our 
studies on the expression of C044 in human prostate carcinomas. The immuno
histochemical investigation of 74 prostate cancers from 50 patients revealed that 
there is an inverse correlation (p < 0.05) between histological differentiation and 
the expression of C044 (NAGABHUSHAN et al. 1995). As a second measure of the 
aggressiveness of a tumor, we also examined local lymph node metastases and 
found that they were much less likely (p < 0.0006) to express high levels of C044 
than primary prostate cancers. Immunohistochemically, the expression of C044 
is sometimes exclusively membranous and sometimes both membranous and 
cytoplasmic. 

The observed decreased expression of C044 in the least-differentiated 
primary cancers (Gleason grades 8 and 9) and in lymph node metastases as 
compared with primary prostatic carcinomas is of particular interest. To our 
knowledge, this is the first cancer in which aggressive characteristics have been 
associated with decreased expression of C044. The immunohistochemical ap
proach made it possible to investigate the neoplastic cells specifically. This is 
particularly important, since the microvasculature in the metastatic tumors often 
showed intense expression of C044. If we had used the PCR to study extracts of 
tissue, the observed differences might have been less dramatic or totally ob
scured, since the extracts would contain material from neoplastic cells as well as 
from the microvasculature. Tumor cells must be able to detach from the primary 
tumor mass in order to metastasize to other sites, Shedding or down-regulation 
of adhesion molecules by tumor cells may be one of the mechanisms that allow 
tumor cells to free themselves and migrate to other sites. 
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4 Soluble CD44 as a Marker 
for Tumor Growth and Metastasis 

Low levels of soluble C044 can be detected in the circulation of normal individuals 
and in the joints of patient with rheumatoid arthritis (HERLYN et al. 1987; LUCAS 
et al. 1989). BAZIL and HOREJSI reported that monoclonal anti-C044 antibody can 
induce shedding of the C044 molecules from normal human leukocytes (BAZIL and 
HOREJSI 1992). Tumor cells have been reported to shed many of their cell surface 
molecules (HERLYN et al. 1987). Shedding of cell surface molecules by tumor cells 
may have physiologic significance in tumor growth and metastasis. Shedding or 
downregulation of adhesion molecules on the tumor cells may enable tumor cells 
to migrate or detach from the primary tumor. Shedding of ICAM-1 may be 
important in the growth and metastasis of human melanomas. HANNING et al. 
(1991) reported an increase of serum ICAM-1 levels in 100% of patients with 
stage I melanoma. ALTO MONTE et al. (1993) reported an increase serum ICAM-1 
levels in more than 85% of patients with stage I and stage II melanomas. 
However, recent studies by KAGESHITA et al. (1993) revealed that the levels of 
serum ICAM-1 were increased only in patients with stage III melanoma with 
detectable metastatic lesions and in patients with stage IV melanoma. The 
reasons for these differences are not known. If not due to technical reasons, the 
conflicting results may reflect the different characteristics of the patient popula
tion analyzed. TSUJISAKI et al. (1993) reported that high levels of ICAM-1 antigens 
could be detected in the serum of patients with liver metastasis. However, 
increases in serum soluble ICAM-1 levels are not restricted to patients with 
malignant diseases. Soluble ICAM-1 levels are also increased in patients with 
diabetes mellitus, impaired renal function, chronic ambulatory peritoneal dialysis, 
rheumatoid arthritis, sepsis, and hypertension. 

We devised an enzyme-linked immunosorbent assay (ELISA) with two 
different monoclonal anti-human C044 antibodies to detect soluble C044 in the 
serum of cancer patients (Guo et al. 1994c). The concentrations of soluble C044 
were elevated in 16 out of 17 patients with metastatic gastric cancer. Significantly 
elevated soluble C044 concentrations were detected in five of the eight patients 
without metastatic tumors. We determined the concentration of soluble C044 in 
15 patients with chronic inflammatory rheumatic diseases. The concentrations of 
soluble C044 in these patients were comparable to those found in normal 
controls (2.2±1.6 nM). These results provide the first evidence that the serum 
C044 antigen level may be a useful marker to monitor tumor burden in cancer 
patients. The concentrations of soluble C044 were also significantly elevated in 
14 of the 15 patients with metastatic colon cancer. Therefore, the serum C044 
antigen may be a useful marker to monitor the growth and metastasis of at least 
two different tumors. Enhanced levels of soluble C044 have also been reported 
in the circulation of tumor-bearing mice (KATOH et al. 1994). We also determined 
the concentration of C044 in the ascitic fluids of five patients with metastatic 
colon cancer and ascites. Soluble C044 concentration in the ascitic fluids from 
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these patients exceeded 100 nM. The mean concentration of soluble C044 in 
ascites from ten patients with cirrhosis was 2.2±1.5nM. 

We also investigated whether the levels of soluble C044 in the circulation of 
cancer patients correlate with tumor burden. Tumors from 19 patients with 
metastatic colon cancer were surgically removed. Three weeks after surgery, the 
levels of soluble C044 were determined. Removal of the tumors resulted in 
significant decreases in soluble C044 concentration in the sera of patients with 
high concentrations of soluble C044 prior to surgery. These observations provide 
additional evidence that serum levels of C044 are an indicator of tumor burden in 
these patients. Western blotting with two different anti-C044 antibodies identi
fied one prominent band with a molecular mass of between 130 and 190 kOa in 
the immunoaffinity-purified materials from the sea of colon cancer patients. Two 
less prominent bands with molecular masses of about 72 kOa and 80 kOa were 
also identified. These proteins were absent from western blots of proteins from 
normal donors probed with the anti-C044 antibody. More recently, using a rabbit 
polyclonal antibody specific for a synthetic peptide derived from the V6 domain of 
human C044, we found that one of the larger soluble C044 molecules present in 
the sera of colon cancer patients does indeed bear the V6 domain. 

Low levels of soluble C044 are present in the serum of normal individuals. 
The concentration of soluble C044 in the serum is significantly elevated in 
patients with advanced gastric and colon cancers and in some patients with other 
tumors. Therefore, the concentration of soluble C044 in the circulation may be an 
indicator of tumor growth for many different kinds of tumors. Serum C044 levels 
correlated with tumor metastasis and tumor burden. Surgical resection of tumors 
resulted in decreases of serum C044 levels. By western blot analysis, anti-C044 
antibody reacted with a major protein with molecular mass of between 130 and 
190 kOa. In addition, two proteins with a molecular mass of 72 kOa and 80 kOa 
were also identified. Therefore, different C044 isoforms or proteolytic products 
of larger molecular weight C044 may be present in the sera of cancer patients. 

Soluble C044 present in the circulation of patients most likely came from 
tumor cells rather than normal cells. Complete surgical resection of tumor masses 
from these patients resulted in a significant reduction in their serum C044 
concentration. Elevated serum C044 levels in these patients may be due to active 
shedding of C044 molecules by the tumor cells. Alternatively, dying tumor cells 
may release C044. C044 on tumor cells may be released into the circulation by 
proteolytic mechanisms. Multiple dibasic peptide (Arg-Arg) sites for potential 
proteolysis exist in the extracellular domain of human C044 molecules. Since 
different C044 isoforms bear distant dibasic peptide sites, different isoforms of 
C044 may be differentially susceptible to proteolysis. Their existence is specula
tive at this point. Alternatively, it has been reported that in the V1 domain of 
human C044 there is a stop codon after the 17th amino acid residue (SCREATON 
et al. 1993). This stop codon has been detected in over 90 haplotypes. The inclusion 
of V1 in human C044 transcripts could yield one of the smaller soluble isoforms. 

More recently, CLASSEN and coworkers examined sera from 63 patients with 
primary and metastasized breast cancer using C044 domain-specific monoclonal 
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antibodies (CLASSEN et al. 1995). All patients with metastatic tumor have elevated 
soluble C044 bearing V6 domains. Furthermore, concentrations of V6 could be 
correlated with responsiveness to hormone or chemotherapy; the majority of the 
patients with V6 overexpression failed to respond to chemotherapy or endocrine 
therapy. This confirmed and extended our earlier findings that monitoring the 
levels of soluble C044 in cancer patients may be a valuable indicator of metastasis 
and tumor burden as well as prognostic marker for responsiveness to chemo
therapy. 

Use of monoclonal antibodies specific for different C044 isoforms may 
significantly improve the sensitivity of our ELISA. The reasons that we were not 
able to identify patients with stage I or some of the stage II gastric or colon 
carcinomas with a higher frequency may be related to the monoclonal antibodies 
we used for our soluble C044 ELISA. The two anti-C044 antibodies react with the 
84-KOa C044 isoform and cannot distinguish different C044 isoforms. The 
presence of soluble 82-KOa C044 in normal serum may interfere with our ability 
to detect small increases in the levels of other tumor-associated C044 isoforms. 
This approach may eventually allow us to detect a small increase in various C044 
isoform concentration in patients with early stages of malignant diseases. 
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Adhesion molecules are intimately involved in mediation of proper cell-cell 
contacts and communications in a wide variety of biological functions. During 
malignant trasformation, cells often lose precisely regulated contacts to the 
mircoenvironment. This may result in an increase of the amount of soluble 
adhesion molecules in blood circulation. In this review, we will present data on 
soluble forms of one adhesion molecule, CD44, and discuss the possibilities of 
using CD44 analyses in clinical practice. 

2 Multifunctional Nature of CD44 

The history of CD44 started in 1980, when it was first reported as a brain
granulocyte-T lymphocyte antigen (DALcHAu et al. 1980). During the following 

'National Public Health Institute, and MediCity Research Laboratory, Turku University, Tykist6katu 6, 
20520 T urku, Finland 

2Department of Oncology and Radiotheraphy, Turku University. Kiinamyllynhatu 4-8,20520 Turku, Finland 
3Department of Oncology and Radiotheraphy, Helsinki University, Haartmaninkatu 4, 00290 Helsinki, 
Finland 



156 R. Ristamaki et al. 

years, several laboratories described expression of an 80- to 90-kOa molecule on 
various cell types and its diverse functional and structural properties. This 
molecule was also a B cell antigen and a maturation marker for T cells; it 
participated in cell motility, adherence of cells to extracellular matrix molecules 
(fibronectin, collagen). and lymphocyte binding to the vascular endothelium 
(HAYNES et al. 1983; JACOBSON et al. 1984; LETARTE 1985; JALKANEN et al. 1986; CARTER 
and WAYNER 1988; PALS et al. 1989a; reviewed in HAYNES et al. 1989). Cross
precipitation studies using different antibodies and cloning and sequencing of the 
cONA encoding C044 showed that all these characteristics mentioned above 
were associated with C044 (OMARY et al. 1988; PICKER et al. 1989; GOLDSTEIN et al. 
1989; STAMENKOVIC et al. 1989). The enormous complexity of the C044 molecule 
was fully appreciated after genomic cloning of the molecule, which revealed ten 
alternative ley spliced variant exons within the region coding the membrane
proximal portion of the extracellular domain (SCREATON et al. 1992). In addition, the 
C044 molecule is a target for extensive post-translational modifications such as 
N- and O-glycosylation and addition of glycosaminoglycan side chains (JALKANEN 
et al. 1988; BROWN et al. 1991; JACKSON et al. 1995). 

After cloning and sequencing the gene encoding C044, new functional 
properties have been described for this molecule. It is a hyaluronan receptor 
that also serves as a signaling molecule through which lymphocyte function
associated antigen-1 (LFA-1) can be triggered to an active conformation and 
cytokine release from macrophages can be induced (MIYAKE et al. 1990; ARUFFO 
et al. 1990; KOOPMAN et al. 1993; WEBB et al. 1990). Such cytokines include tumor 
necrosis factor(TNF)-a, interleukin(Il}-l, and macrophage colony-stimulating 
factor(M-CSF). Furthermore, particular C044 molecules containing the V3 exon 
have glycosaminoglycan side chains that are able to bind growth factors 
(BENNETI et al. 1995). 

Participation of C044 in malignant transformation and formation of meta
stases has been described both in animal models and in the clinical setting (PALS 
et al. 1989b; JALKNEN et al. 1991; GUNTHERT et al. 1991; Sy et al. 1991; HEIDER et al. 
1993). For example, patients suffering from C044- non-Hodgkin's lymphoma 
have a better prognosis than those with C044+ lymphoma, although the negative 
ones are more often morphologically highly aggressive (JALKANEN et al. 1991). 
Moreover, in many tumor types of epithelial origin, expression of certain variant 
forms of C044 has been connected to metastatic spread of these malignancies 
(WIELENGA et al. 1993; LI et al. 1993; KAUFMANN et al. 1995). In contrast, in special 
cell types, expression of C044 diminishes during malignant transformation and 
certain highly metastatic cell lines contain very low levels of C044 (SALMI et al. 1993; 
JACKSON et al. 1994). The function of C044 may be dependent on the cell type, and 
elucidation of the role of C044 in clinical behavior of different types of human 
cancer warrants further study. 
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3 Structural Characteristics of Soluble CD44 

OALCHAU et al. suggested the presence of C044 in the serum as early as 1980. 
This was later confirmed by others (TELEN et al. 1983; LucAs et al. 1989; PICKER 
et al. 1989). TELEN and her coworkers found the serum form to be of the same 
size (80 kOa) as the form detected on the surface of erythrocytes (TELEN et al. 
1983; LucAs et al. 1989). In addition to the major species of 60-80 kOa, larger 
forms of 100-150 kOa have also been detected (BAZIL and HORJESI1992). Peptide 
maps have indicated that the 60- to 80-kOa and the 100- t0150-kOa forms 
represent different molecular species of C044. It is quite likely that the larger 
forms originate from the variant isoform(s), but it is also possible that the 
standard form decorated with chondroitin sulphate side chains is included in the 
larger forms (BAZIL and HORJESI 1992; RISTAMAKI et al. 1994). Quite variable 
concentrations up to 5 ~g/ml have been reported for circulating C044 in normal 
individuals, but based on more recent publications the normal serum levels 
seem to vary between 10 and 200 ng/ml (LucAs et al. 1989; Guo et al. 1994; 
RISTAMAKI et al. 1994). Interestingly, C044 expression is regulated by Lutheran 
inhibitory In(Lu) gene in such a way that individuals with the dominant form of 
Lu((a-b-) have lower levels of serum and surface C044 on erythrocytes and 
leukocytes than others (TELEN et al. 1983). In the mouse, the concentration of 
soluble C044 varies depending on the strain of the mouse and consists of a 
major 85- to 95-kOa species and of two minor, but larger components of 140 and 
180 kOa in size (KATOH et al. 1994). Although the migration of the soluble 85- to 
95-kOa form in the gel systems used is indistinguishable from the migration of 
the tissue-derived 85- to 95-kOa form, careful studies using antibodies against 
the cytoplasmic region of the molecule have shown the soluble form to lack the 
cytoplasmic tail. In addition, the difference in size found after deglycosylation of 
the serum and tissue forms of C044 supports this assumption (KATOH et al. 
1994). Circulating C044 is monomeric, and it does not seem to be firmly 
associated with other proteins, and most notably not with the high molecular 
weight form of hyaluronan (KATOH et al. 1994). Certain mediators such as tumor 
necrosis factor-a, calcium ionophore A23187, and the chemoattractant peptide 
formyl-Met-Leu-Phe are able to decrease surface expression of C044, but only 
that of neutrophils (CAMPANERO et al. 1991; BAZIL and HORJESI 1992), whereas 
treatment of neutrophils and lymphocytes with antibodies against C044 has 
been shown to result in diminished expression of C044 on both of these cell 
types (BAZIL and HORJESI 1992). Shedding rather than internalization seems to be 
the fate of C044 after triggering the molecule, because subsequent to in vitro 
and in vivo modulation increased amounts of C044 can be found in culture 
supernatants and in the serum, respectively (BAZIL and HORJESI 1992; CAMP et al. 
1993). Although in in vitro conditions both lymphocytes and granulocytes shed 
C044, the shed form originating from the granulocytes seems to represent only 
a minor component of the soluble C044 isolated from the serum (BAZIL and 
HORJESI 1992). 
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Shedding of C044 is most likely a consequence of endogenous protease 
activity, because in experimental settings protease inhibitors such as aprotinin 
and phenylmethylsulfonyl fluoride have been able to decrease the amount of 
C044 shed from the cell surface (CAMPANERO et al. 1991). Metalloproteases and 
serine proteases are good candidates to be responsible for the cleavage of C044, 
because their inhibitors, 1.1 O-phenanthroline and Na-p-tosyl-L-Iysine chloromethyl 
ketone, respectively, markedly inhibit the cleavage (BAzIL and STROMINGER 1994). 
However, the natural proteases responsible for the shedding remain to be 
characterized. The mechanism by which enzymatic cleavage is regulated is not 
known either. Modulation of the surface expression of C044 with antibodies 
suggests that interaction between C044 and its natural ligands may trigger the 
same phenomenon in the body. Binding to the natural ligand may change the 
conformation of C044, exposing the cleavage site for one or more enzymes. 
Induced shedding by certain mediators suggests that signals transduced from 
intracellular compartments are also capable of activating the cascade, leading to 
shedding of C044. Theoretically, the proteolytic enzymes can either be stored on 
the cell surface, perhaps anchored to other molecules such as glycosaminogly
cans (known to be docking sites for certain enzymes and growth factors; O'AGOSTINO 
et al. 1989; RAPRAEGER et al. 1991), to be ready to attack the conformationally 
altered target or they can be generated from the proenzymes after stimulation. 

4 Soluble CD44 in Human Cancer 

4.1 Lymphomas 

In general, there are as yet only a few reports on serum C044 in human cancer. 
However, the results obtained with clinical series suggest that the level of 
circulating C044 is markedly influenced by tumor growth (RISTAMAKI et al. 1994). 
Patients suffering from lymphomas have significantly elevated levels of serum 
C044 (median,51 0 ng/ml) at the time of the diagnosis as compared with the levels 
detected in healthy individuals (median, 15 ng/ml; Fig. 1). However, the concen
tration of circulating C044 seems to reflect response to treatment; if a complete 
remission is obtained by chemotherapy, the C044 serum level returns to the 
same range as is found in normal subjects (Fig. 2), whereas patients with 
progressive disease continue to have high levels of soluble C044 in their sera. 
Elevation of serum C044 in patients with lymphoma mainly occurs in the 70- to 
80-kOa species of C044. This was confirmed by gel analyses and also by 
measuring the level of the forms containing the variant exon V6 in dot blot 
analyses. Circulating C044v6 levels were found to be only slightly higher in 
lymphoma patients than in the normal controls. Animal studies utilizing a mouse 
model have also shown that tumor growth increases the level of circulating C044. 
These studies were also able to confirm that, in addition to normal lymphocytes, 
lymphoma cells can shed their surface C044 in culture conditions (KATOH et al. 
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Fig. 1. Distribution of serum CD44 levels in lymphoma patients taken before treatment. in complete 
remission (CR) and progressive disease (PO), patients with Epstein-Bar virus infection (EBV. and 
healthy controls (cantr). Lines represent the minimum and maximum levels, boxes contain values 
between the 25th and 75th percentiles, and bars indicate the medians 

1994). Our recent experiments indicate that also in a clinical setting both normal 
and malignant lymphocytes can serve as a source of circulating C044 (R. RlsTAMAKI 
et aI., submitted). 

4.2 Cancers of Epithelial Origin 

Regarding cancers of epithelial origin, the measurements of serum C044 have so 
far concentrat,ed on gastric and colon cancers (Guo et al. 1994). Patients with 
advanced gastric or colon cancer have approximately ten times higher serum levels 
of C044 than normal controls. Patients with metastatic cancer tend to have higher 
levels than those who suffer from local tumor. In contrast to patients suffering from 
lymphoma, the prominent form of soluble C044 in these patients is 130-190 kOa. 
In addition, minor components consisting of proteins with molecular masses of 80 
and 72 kOa can be detected. This clearly illustrates the structural differences of 
circulating C044 in different malignancies and supports the idea that in epithelial 
cancers the variant isoforms of C044 predominate over the standard hematopoietic 
form. Moreover, it is highly likely that the elevated levels of serum C044 of higher 
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Fig. 2. Variations in the levels of serum CD44 of eight lymphoma patients achieving complete 
remission at the beginning, middle, and end of treatment 

molecular weight originate from the tumor. A marked decrease in the serum 
concentrations of CD44 is achieved after surgical removal of the tumor. 

5 Functional Significance of Soluble CD44 

Circulating CD44 is functionally active. This has been shown unambiguously by 
analyzing its binding to hyaluronan and fibronectin (KATOH et al. 1994; R. RISTAMAKI 
et aI., submitted). An elevated level of serum CD44 might be one of the body's 
defense Il'!echanisms to fight against cancer spread, because soluble CD44 may 
block the binding sites on the endothelial cell surfaces and the extracellular matrix 
and thus inhibit cancer cell attachment to these structures. 

Transfection of the human gene encoding CD44 into lymphoma cells and 
subsequent transplantation of the transfected cells into severe combined im
munodeficient (SCID) mice have provided strong evidence suggesting that solu
ble CD44 originates from lymphoma cells (R. RISTAMAKI et al., submitted). In 
addition to cell adhesion and migration, CD44 may have a role in the control of cell 
proliferation. CD44 molecules are able to bind cytokines and growth factors 
(TANAKA et al. 1993; BENNETI et al. 1995). When present on the cell surface, CD44 
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• growth factor 
V growth factor receptor 

~CD44 

-endothelial adhesion 
-cell migration 
-slow proliferation 
-dissemination of cancer 

1 SHEDDING OF CD44 ............. a",.lty 

-little or no endothelial adhesion 
-little or no cell migration 
-rapid cell proliferation 
-limited dissemination of cancer 

might bind growth factors and reduce their binding to their cognate receptors, 
which would result in slow or absent cell proliferation. When C044 molecules are 
shed, growth factors could bind to their receptors on the cell surface in greater 
numbers, which, in turn, could provide a sufficient signal for cell proliferation 
(Fig. 3). This type of regulatory function has been suggested for another cell 
surface proteoglycan, syndecan (MALI et al. 1994). 



162 R. Ristamiiki et al. 

There is some evidence to support this hypothesis. First, non-Hodgkin's 
lymphomas that stain negatively for C044 have been found to often have a high 
grade of malignancy and to have larger S-phase fractions as measured by ONA 
flow cytometry than lymphomas that express C044 (JALKANEN et al. 1991). On 
the other hand, the level of soluble C044 has been found to be greater in high
grade, malignant non-Hodgkin's lymphomas as compared with lymphomas with 
a low grade of malignancy (R. RISTAMAKI et aI., submitted). Second, poorly 
differentiated squamous cell carcinomas proliferate more rapidly than well
differentiated ones, and expression of C044 has been found to diminish in 
human squamous cell carcinoma in parallel with the degree of malignant 
transformation (SALMI et al. 1993). Third, in reactive lymphatic tissue, the 
germinal centers, which are the sites for rapid cell proliferation, stain negatively 
for C044 (JALKANEN et al. 1986). 

If we visualize C044 simply as a molecule that anchors the cells to the 
extracellular matrix molecules, then it is essential for the cell to get rid of C044 at 
least temporarily to be able to enter the metastatic pathways (the blood and the 
lymphatics). On the other hand, if binding to its ligand downregulates C044 from 
the cell surface, active migration in the tissue needs rapid turnover of C044, and 
the end result is seen as an elevated level of circulating C044. 

If we consider C044 as a signaling molecule, shedding of C044 from the cell 
surface may decrease the possibility to trigger LFA-1 via C044, which may 
facilitate the tumor cells to escape from immunosurveillance. Triggering of C044 
by its ligand has also been shown to release certain cytokines from macrophages 
(WEBB et al. 1990). In this context, an increased amount of soluble C044 may be 
effective in blocking cytokine secretion, leading to a decrease in the levels of 
tumor necrosis factor-a and interleukin-1. Lack of these factors may be beneficial 
for the tumor cells in certain circumstances. Oue to the obvious multifunctional 
nature of C044 but still incomplete knowledge of the precise functions of its 
various isoforms, the exact mechanisms of action and in vivo consequences of 
elevated levels of circulating C044 remain purely speculative at present. 

6 Soluble CD44 and Clinical Practice 

It may be a challenging task to assess the clinical response of cancer to treat
ment. Currently, response evaluation may require extensive and expensive 
examinations, such as computed tomography scans and bone marrow biopsies, 
and it may be difficult to discriminate small cancer deposits from nonmalignant 
residual tumors without explorative surgery. Therefore, inexpensive and less 
cumbersome methods to analyze response to therapy would be welcome in 
clinical practice. 

At present, thymidine kinase, lactate dehydrogenase, and ~2-microglobulin 
measurements are used in the follow-up of patients with lymphoma. However, 
the serum level of C044 seems to better reflect the response to chemotherapy 
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than the other laboratory investigations currently in use in patients with lym
phoma. At the time of diagnosis, thymidine kinase and lactate dehydrogenase 
may have better prognostic significance regarding the overall outcome of the 
patient with lymphoma than soluble C044 (R. RISTAMAKI et aI., submitted), but 
serum thymidine kinase and lactate dehydrogenase levels may be influenced by 
cancer chemotherapy so extensively that they may be inferior to C044 in the 
follow-up of treatment response in patients with lymphoma (RISTAMAKI et al. 1994). 
The levels of serum C044 have not been systematically measured in different 
diseases, and, therefore, it is currently not known whether other diseases 
besides cancer can generate high levels of circulating C044 and whether these 
conditions will interfere with the usefulness of serum C044 levels in the follow
up of cancer patients. However, some information can be gathered from the few 
patients used as controls in recent studies. These were patients with banal viral 
infections of the upper respiratory tract, mononucleosis, or chronic rheumatic 
diseases (RISTAMAKI et al. 1994; Guo et al. 1994). None of these patients, not even 
those with fairly aggressive Iymphoproliferative disease, have had elevated levels 
of circulating C044. However, certain patients with severe and active rheumatoid 
arthritis may have increased levels of serum C044 (RISTAMAKI et al. 1994). Cancer 
patients with such a disease are most likely easily distinguished, and their 
increased levels of soluble C044 should be judged with caution. Thus, at present 
monitoring of the C044 level, at least in lymphomas and in gastric and colon 
cancer, appears to be valuable in patient care. Elevation of different forms of 
C044 in these hematopoietic or epithelial malignancies suggest that certain C044 
isoform-specific antibodies could be used in the follow-up of epithelial cancers in 
the future. Whether the measurements of C044 levels are also beneficial in 
patients with C044- cancers (approximately 10% of patients with non-Hodgkin's 
lymphoma) and in the rare patients with the dominant form of Lu (a-b-) remains to 
be determined. 

Levels of soluble adhesion molecules are now being measured in various 
diseases (GEARING and NEWMAN 1993; BAZIL 1995), and concentrations of certain 
circulating adhesion molecules have been found to be elevated in various cancers 
(TsUJISAKI et al. 1991; BANKS et al. 1993; CHRISTIANSEN et al. 1994). For example, 
melanoma patients show elevated levels (two- to threefold increase) of intercel
lular adhesion molecule (ICAM)-l, and this also has prognostic significance 
(HARNING et al. 1991). Moreover, the level of soluble L-selectin is increased in 
patients with acute leukemia, and the level reflects the clinical response to 
leukemia treatment (SPERTINI et al. 1994). How levels of soluble C044 relate to 
levels of other adhesion molecules in the serum and which of the adhesion 
molecules is the best diagnostic/prognostic marker in a certain type of cancer are 
still open questions. Availability of commercial kits will certainly make it easier to 
evaluate the true value of monitoring the serum concentrations of soluble 
adhesion molecules in the clinical setting. 
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7 Conclusions 

In lymphoma, serum C044 may mostly originate from the lymphoma cells. It 
remains functionally active and is able to bind to hyaluronan and fibronectin. In 
healthy individuals, both the standard and the variant forms of C044 are detect
able in the serum, but only in small quantities. In patients with lymphoma, the 
prominent species of soluble C044 is the 70- to 80-kOa form, whereas in patients 
with gastric or colon cancer larger forms of 130-190kOa predominate. 

The function and clinical significance of soluble C044 are still mostly unset
tled. According to a small pilot study, soluble C044 is elevated in patients with 
lymphoma at the time of the diagnosis and in recurrent disease, but patients who 
acheive a complete response have similar serum levels of soluble C044 as 
healthy controls. In lymphoma, the serum level of C044 appears to decrease in 
parallel with the clinical treatment response, and, therefore, measurement of the 
serum C044 level may be a new and effective method to monitor treatment of 
lymphoma. 

In gastric and colon cancers, the serum levels have been found to decrease 
after surgical removal of the tumor. Hence, measurement of serum C044 may be 
a method to monitor cancer treatment in human adenocarcinoma, too, but no 
information is currently available regarding other adenocarcinomas, such as 
cancers of the breast or the prostate. Similarly, the serum level and species of 
soluble C044 is unknown in squamous cell carcinomas and in melanoma and 
sarcoma. High serum levels of C044 appear to be associated with high-grade 
lymphoma and poor prognosis, but in general, the prognostic value of serum 
C044 is mostly unsettled. 
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Cancer therapy is entering a critical period. Conventional approaches for cancer 
treatment, such as chemotherapy, radiotherapy, or surgery, have obtained results 
only in Iymphoproliferative neoplasms and in a small percentage of solid tumors. 
The cause of this limited success can be ascribed to several factors, including the 
poor penetration of drug into tumor masses, biological heterogeneity of cancer 
cells in primary neoplasms and secondary foci, development of drug resistance, 
and the ability of malignant cells to invade and metastasize early in the tumori
genic process, often long before the primary tumor is detectable. 

On the other hand, cancer research during the past 10 years has gained new 
insights into the genetic and biochemical mechanisms that are altered in malig
nant cells. To date, more than 100 proto-oncogenes have been identified and 
most encode components of the complex signal transduction pathways that in 

Signal Transduction and Prevention Unit, Laboratory of Pathology, National Cancer Institute, 10 
Center Drive, MSC1500, Bethesda, MD 20892-1500, USA 
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normal cells coordinate and regulate the effects of extracellular factors (e.g., 
hormones, growth factors, and adhesion molecules) on cell proliferation, differ
entiation, and cell death. In malignant cells containing the activated form of proto
oncogenes, some of these signaling pathways may become constitutively altered, 
causing the cells to acquire an invasive phenotype. 

The components of the signaling cascade from the cell membrane to the 
nucleus represent new targets for anticancer drug design. Some of these drugs 
have already entered clinical trials, while others have shown promising preclinical 
results. This review introduces some of the key elements involved in signal 
transduction, focusing on transmembrane signal transduction that initiates the 
cascade of second messengers leading to modulation of gene expression. A 
relationship between oncogenes and signal transduction elements will be dem
onstrated, and in the last section novel antisignaling agents that are under 
development for cancer treatment will be discussed. 

2 Transmembrane Signal Transduction 

The cellular response to growth factor stimulation is dependent on a bidirectional 
communication between cell external environment and internal cytoplasmic 
compartments. Most of the molecules that initiate intracellular signaling bind 
specific cell surface receptors. This ligand-receptor interaction causes the pro
duction of a cascade of signal transduction pathways that ultimately elicit the 
modulation of gene expression and cellular activity. There are three general 
classes of transmembrane signal pathways through cell surface receptors: ion 
channel activity, guanine nucleotide-binding (G) proteins, and protein phosphory
lation/dephosphorylation events. 

2.1 Ion Channels 

Membrane channels and transporters playa pivotal role in cellular development 
and homeostasis by altering intracellular ion concentrations that act as downstream 
effectors in signal transduction cascade. The importance of Ca2+ in the signal 
transductiqn cascade cannot be understated. Activation of ion channels, phospho
rylation and/or dephosphorylation of second messengers, and activation of G 
proteins as well as biological properties such as cell adhesion and cytoskeletal 
organization are commonly regulated by Ca2+ homeostasis (CLAPHAM 1995). 

Four major types of mechanisms for mobilization of cytosolic Ca2+ have been 
identified: release from intracellular stores, receptor-operated calcium channels 
(ROCC)' Ca2+ reuptake via depletion-operated (refilling) or capacitance channels 
(DOCC), and second messenger-operated calcium channels (SMOCC), as shown 
in Fig. 1 (FELDER et al. 1994). ROCC constitute a diverse family of voltage-



Fig. 1. Mechanism of transmembrane Ca'+ signal transduction. When a ligand binds to its receptor, it 
may activate phospholipase C (PLq through either a G protein-dependent (PLC-~) or independent, 
tyrosine kinase-activated pathway (PLC-y). This leads to the hydrolysis of phosphatidylinositol 4,5-
bisphosphate (PIP,) to generate inositol-1,4,5,-trisphosphate UP,) and 1,2-diacylglycerol (OAG). IP3 can 
cause the mobilization of intracellular Ca'+ from internal stores, which secondarily stimulates release of 
Ca'+ influx factor (CIF). CIF, stimulates opening of the depletion-operated or refilling Ca2+ channels. 
Alternatively, increased Ca2+ influx may result from calcium influx through receptor-operated channels 
opened after ligand-receptor binding and independent of regulatory proteins. lonophores are a laboratory 
method of opening Ca2+ channels which have counterparts in nature in the form of organic toxins. Lastly, 
in electrically active cells, voltage-operated Ca2+ channels (VOCC) may be opened and facilitate Ca2+ 
influx. These channels may be inhibited by the "classical" Ca2+ channel inhibitors diltiazem, verapamil, and 
nifedipine. (Original illustration by E.C. KOHN and J. SPOONSTER, artistic enhancement by K. SOMMERVILLE) 
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insensitive channels which directly induce an increase in Ca2+ influx without the 
requirement for involvement of second messengers. Inhibition of receptor func
tion results in inhibition of RaCC function (FELDER et al. 1992). By contrast, the 
sequence of events by which intracellular Ca2+ pools are depleted and then refilled 
through activation of DaCC is more complicated. DaCC activation requires 
intracellular release of stored Ca2+, in response to the generation of inositol-1 A. 
5-trisphosphate (I P) from hydrolysis of phosphatidylinositol 4,5-bisphosphate 
(PIP2) by phospholipase C (PLC) isozymes ~ ory, and its binding to its receptor on 
the endoplasmic reticulum (FELDER et al. 1994). A putative soluble cytoplasmic 
factor, Ca2+ influx factor, has been suggested as the internal messenger that goes 
to the plasma membrane after secretion to stimulate opening of DaCC 
(RANDRIAMAMPITA and TSIEN 1993). The ability of this factor to open DaCC has been 
shown to be sensitive to phosphatase inhibition. 

Another important ion channel that regulates cellular function is the Na+/W 
anti porter, an electroneutral plasma membrane-bound transporter. This channel 
not only regulates intracellular pH (pHi) homeostasis, but also Na+ transport, cell 
volume, and cell division (LAGARDE and POUYSSEGUR 1986). Polypeptide growth 
factors, lectins, hormones, and tumor-promoting agents such as phorbol esters 
can directly activate this antiporter through a number of divergent signal trans
duction pathways (SARDETet al. 1990). Some growth factor receptors with intrinsic 
tyrosine kinase activity have been shown to activate the Na+/W antiporter directly 
or via their downstream substrates. The PLC pathway products 1,2-diacylglycerol 
(DAG), which stimulates protein kinase C (PKC) activity, and IP3 , which mediates 
increase in intracellular Ca2+, both also can control antiporter activity. By contrast, 
antiporter activation appears to be independent of intracellular cyclic adenosine 
monophosphate (cAMP) and not mediated by G proteins (GANZ et al. 1990). 
Importantly, the antiporter signal transduction pathway is receptor selective, cell 
type specific, and cell cycle specific. For example, pHi is increased, not only by 
receptor-mediated regulation of the Na+/W anti porter, but also by increasing the 
number of cell-cell contacts and cell- substrate interactions (GALKINA et al. 1992). 

Besides plasma membrane-bound channels and transporters, ion-selective 
channels are also present in nuclear membrances (MAZZANTI et al. 1990). Although 
they are speculated to balance the charge carried by macromolecules through the 
nuclear membrane, these channels may regulate cell proliferation, thereby becom
ing an important signal transduction step in the regulation of gene expression. 

2.2 Guanine Nucleotide-Binding Proteins 

Like Ca2+, heterotrimeric G proteins are ubiquitous and have broad diversity in 
function (NEER 1995; SIMON et al. 1991). Localized to the cytoplasmic surface of the 
plasma membrane, G proteins share a common structural polypeptide motif and 
function in the signal transduction cascade as "on-off" switches coupling signals 
from cell surface receptors to membrane-bound intracellular effectors 
such as adenylyl cyclase, phospholipase A2 (PLA2), PLC-~, phosphodiesterases, 
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and selected ion channels. Receptor binding initiates a complex series of events 
beginning with the release of guanosine diphosphate (GOP), which is tightly 
bound to the G protein a-subunit in its inactive ("off") state. GOP is then replaced 
by guanosine triphosphate (GTP). The GTP-bound a-subunit, now activated, 
dissociates from its associated ~y-protein subunits. Either or both of these 
components, a and ~y, can interact with coupled effector functions, activating 
production of second messengers. The protein is recycled to the "off" state by the 
GTP hydrolysis activity of the a-subunit, inactivating the a-subunit and permitting 
reassembly with the ~y-subunit. It has been shown that the ~y-subunit can 
independently regulate PLC-~, PLA2, phosphoinositol 3'-kinase (PI 3'-kinase) and 
interact with ras to activate mitogen-activated protein (MAP) kinase (MAPK). 
Thus, while the G protein-mediated signal transduction pathway is complex, it 
allows multiple signals to converge on a single effector or multiple effectors to be 
activated by one transmembrane signal, adding redundancy, crosstalk, and 
amplification between signaling cascades. 

2.3 Tyrosine Kinases 

Tyrosine kinases, which phosphorylate specific tyrosine residues, are subdivided 
into two categories based upon the presence or absence of transmembrane 
regions which confer intracellular kinase activity. Receptor protein tyrosine kinases 
(RTK)' including the receptors for colony-stimulating factor (CSF-1), fibroblast 
growth factors (FGF), epidermal growth factor (EGF), hepatocyte growth factor 
(HGF), platelet-derived growth factor (POGF), and insulin-like growth factors (IGF), 
contain this domain and possess intrinsic tyrosine kinase activity activated by 
ligand binding. Protein tyrosine kinases (PTK) are cellular proteins with tyrosine 
kinase activity that do not have transmembrane domains. Many PTK are signaling 
molecules themselves and many, such as src, are proto-oncogene products. 
Tyrosine phosphorylation of target proteins at the cell membrane or in the 
cytoplasm can initiate several signaling pathways. Phosphorylation substrates 
include the signaling molecules PI3'-kinase, PLC-y, GTPase-activating protein, and 
others (SCHLESSINGER and ULLRICH 1992). After activation by phosphorylation, these 
proteins may in turn activate downstream pathways, so that an initial stimulus 
may trigger a variety of responses and be propagated. For example, EGF binding 
to EGF receptor (EGFR) stimulates tyrosine phosphorylation of PLC-y. This causes 
augmentation ,of the PLC-y hydrolytic activity, producing IP3 and OAG from PIP2 . 

Both compounds produced are second messengers that activate two subse
quent signaling pathways. IP3 stimulates the release of Ca2+ from intracellular 
stores and OAG binds to and activates PKC, a serine threonine kinase. The 
substrate, PIP2, can also be a substrate for PI 3'-kinase, which is also phosphory
lated in response to activation of the EGFR RTK. 

RTK are coupled in different ways to the second category of kinases, the PTK. 
The POGF receptor (POGFR) as well as other RTK can directly phosphorylate PTK, 
such as members of the src family including src, fyn, and yes. Alternatively, 
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autophosphorylation of RTK such as the EGFR can provide a phosphotyrosine for 
linkage to downstream pathways through binding of their phosphotyrosine to 
adaptor proteins such as Grb2. Grb2 is the doorway to the ras/raf/MAPK cascade 
of PTK and serine/threonine kinases (WILLIAMS and ROBERTS 1994). This cascade of 
kinases may branch at several points, resulting in the amplification and diversifica
tion of signal transmission. Several of the components of the kinase pathways are 
proto-oncogenes products, demonstrating how the aberrant activation of these 
signaling pathways may have the potential to cause malignant transformation and 
metastatic dissemination. 

3 Oncogenes and Signal Transduction 

The development and progression of a tumor is a complex process that requires 
multiple and sequential genetic changes (FIDLER and HART 1992; NOWELL 1976). The 
activation of several oncogenes, as well as the loss of tumor suppressor genes, 
is necessary to endow cells with the properties of transformation, invasiveness, 
and metastatic ability (BISHOP 1991; FEARON and VOGELSTEIN 1990). The identification 
and characterization of those genes involved in the malignant phenotype has led 
cancer biologists to consider cancer not simply as a consequence of unbridled cell 
proliferation, but as a disease of deranged signal transduction (COLE and KOHN 
1994; GIBBS et al. 1994; KOHN and LlonA 1995). There are now a large number of 
well-defined oncogenes. Through the diversity of their actions, oncoproteins 
produce effects by activating different portions of the signaling cascade from the 
membrane to the nucleus. Their sites of action fall in four possible categories. 

The first is where the oncogene products themselves act as growth or 
invasion-inducing factors. Examples of this category are c-sis, which encodes the 
B chain of PDGF (WATERFIELD et al. 1983) and the int2/hst gene product, which is 
a member of the FGF family (DELLI-Bovi et al. 1987). PDGF may also stimulate 
migration of a large number of cell types, incfuding endothelial cells. Activation of 
these oncogenes can result in the inappropriate production of the encoded 
growth factor or a mutated growth factor. Activation may in turn cause the 
establishment of an autocrine loop function, leading to uncontrolled cell growth or 
motile function. 

The second site of oncogene action in the signaling cascade is represented 
by oncoproteins which encode for the growth factor transmembrane receptors 
for growth factors. The oncogene erbB 1 was the first oncogene belonging to this 
cfass to be identified (DOWNWARD et al. 1984). It is highly homologous to the EGF 
receptor tyrosine kinase. Another oncogene, neu, also known as erbB2, has a 
close similarity to the EGF receptor and encodes for a 185-kDa protein with tyrosine 
kinase activity (BARGMANN et al. 1986). High levels of expression of both c-erbB1 or 
c-erbB2 can lead to transformation of NIH 3T3 cells (VELU et al. 1987). The 
overexpression of c-erbB2 has been shown to represent a putative prognostic 
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factor for breast and ovarian carcinomas (DOUGALL et al. 1994; PATERSON et al. 1991). 
The oncogene met is another member of the RTK growth factor receptor family. 
The ligand for met is HGF, also known as scatter factor (SF) (SODARO et al. 1991; 
NALDINI et al. 1991). It has been shown that overexpression of met in NIH-3T3 cells 
induces a tumorigenic and metastatic phenotype after inoculation into nude mice 
(IYER et al. 1990). Recent data have demonstrated that autocrine activation of met 
in NIH-3T3 cells enhances cellular motility, collagenase production, invasiveness 
in vitro, and metastasis formation in vivo (RONG et al. 1994). Other oncoproteins 
which resemble growth factor receptor-signaling molecules include fms, which 
encodes monocyte colony-stimulating factor (M-CSF/CSF-1) receptor (SHERR et al. 
1985). kit, which is related to the PDGFR (LEV et al. 1994), and ros, which is related 
to the insulin receptor (ZONG and WANG 1994). The proto-oncogene RTK form 
an important target for therapeutic development. Several new compounds have 
been designed to target the tyrosine kinase activity of selected growth factor 
receptors. 

The third class of oncogenes encode cytoplasmic proteins that act as 
transducers of the signaling message from the membrane to the nucleus. These 
include ras, a family of small molecular weight G proteins found in colorectal 
adenomas and carcinomas, lung adenocarcinomas, pancreatic cancer, and other 
cancers (Bos 1990). Cytoplasmic tyrosine kinases such as src, fyn, Ick, and yes 
can directly interact with the RTK through a specialized region called 
src homology-2 domains (SH2). which recognize phosphotyrosine residues in the 
context of a short sequence of amino acids (KOCH et al. 1991). Binding through 
SH2 domains allows for one type of signal propogation. These PTK have a variety 
of downstream targets, thus providing a biochemical basis for the pleiotropic 
nature of signal transduction. It is also clear that variations in the second 
messenger response occur depending on the particular ligand-receptor complex 
and the specific cell type. Other cytoplasmic proto-oncogenes such as mas, raf, 
and rei encode kinases which phosphorylate proteins on serine and threonine 
residues (MACARA 1989). rafis a kinase that can integrate signals received from the 
RTK or ras pathways. It can be activated by PDGF, EGF, or FGF receptors 
and therefore converts a signal from the RTK to a cytoplasmic serine/threonine 
kinase activity through subsequent activation of the MAPK cascade (LEEVERS and 
MARSHALL 1992). MAPK has been shown to take the message into the nucleus by 
phosphorylating transcription factors encoded by other proto-oncogenes, the 
fourth category (CHEN et al. 1992; DAVIS 1993). The phosphorylation of nuclear 
transcription factors such as c-jun and c-fos regulates their function and subse
quent expression. Activation of c-jun and c-myc-regulated transcription events 
can result in upregulation of the metastatic pathways, for example by inducing 
transcription of matrix metalloproteinses (HENNIGAN et al. 1994; MATRISIAN 1992; 
SATO et al. 1994). 

The identification and study of the function of proto-oncogenes has shed light 
on the signaling scheme presenting messages from the cell surface to 
the nucleus. It is now clear that proto-oncogene products represent some of 
the critical components involved in the conversion of extracellular signals in 
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intracellular events leading to cell division or invasion. Perturbation of signal 
transduction pathways by alteration of the activity or amount of the oncogenic 
proteins can result in cellular transformation and development of invasive 
behavior. Therapeutic modulation of the signaling pathways affected by on
cogene expression may represent a new and alternative approach for cancer 
treatment. 

4 Signal Transduction Therapy 

The view of cancer as a disease of cell proliferation has been the ideological 
support for current antineoplastic therapies. Most of the present agents that are 
used in chemotherapy target DNA synthesis, DNA repair, and transcriptional 
events. Although these compounds have been successful in the cure of many 
hematopoietic malignancies, limitations have been observed in the treatment of 
solid tumors. As a consequence of their action at the DNA level, classical 
chemotherapeutic drugs may be extremely cytotoxic, and their continuous use 
during chemotherapy can result in unpleasant or toxic side effects (BAILAR and 
SMITH 1986). This demonstrates the need for a new generation of compounds that 
may be more specifically targeted against the malignant cell, especially for solid 
tumors. 

With the advent of molecular biology and the identification and characteriza
tion of oncogene products, it has become clear that cancer is a disease of aberrant 
signal transduction (CANTLEY et al. 1991; GIBBS 1991; KOHN and LlonA 1995). The 
experimental evidence that many of the oncogenes encode proteins involved in 
transducing signals from the cell surface to the nucleus has lead researchers to 
focus on the inhibition of transmembrane and intracellular signaling pathways as 
a novel approach to cancer treatment (COLE and KOHN 1994; KOHN and LlonA 1995; 
POWIS 1994). The consideration of targeting this ubiquitous signaling has gener
ated numerous questions: 

- What are the most opportune signaling pathways to be considered for interven
tion? 

- Can selectivity for specific signal pathways be attained in tumor cells and not in 
normal cells? 

- Will this therapeutic approach be less toxic than conventional chemotherapy? 
- Will signal transduction therapy be cytotoxic or cytostatic in patients? 
- What benefits may be obtained by combining signal transduction therapy with 

conventional therapy? 

The proliferation of normal cells is regulated by the cooperation of different 
growth factors and cytokines that bind specific receptors on the cell surface 
(DEUEL 1987). The interaction between growth factors and their receptors 
may activate multiple subsequent signaling pathways, as described previously, 
leading to the progression of cells through the cell cycle or into cell cycle arrest. 
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Signaling events in the cytoplasm or at the nucleus such as post-translational 
modification, altered gene expression, and alternative splicing increase the 
interconnections between the signaling pathways and provide cells with many 
regulatory checkpoints. 

This degeneracy of signal transduction mechanisms has probably developed 
during evolution to give normal cells the ability to maintain homeostatic balance in 
response to chemical or genetic challenges (Fig. 2). The cell can compensate for 
challenges of lost or increased signaling events by modulating parallel pathways. 
In contrast, cancer cells accumulate molecular events such as deletion, mutation, 
and translocations during tumor progression and develop rigidity in their signaling 
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Fig. 2A-D. Altered signal transduction pathways in cancer cells represent new targets for therapeutic 
intervention. Interruption of the oncogene-activated pathway with signal transduction therapy should 
selectively block tre invasive phenotype of malignant cells. In contrast, due to the redundancy of their 
signaling mechanisms, normal cells would not be effected by drug treatment and should therefore 
show a normal phenotype and gene expression. A Degenerate signaling pathways allow normal cells 
to maintain checks and balances in their signaling, resulting in a normal phenotype. RTK, receptor 
tyrosine kinase. B Accumulated molecular events such as oncogene overexpression, mutation, and 
deletion cause a rigidity in the signaling of the malignant cell. Autocrine loops through tyrosine kinase 
growth factor receptors represent one manifestation of this occurrence. C Intervention with signal 
transduction inhibition therapy (ST Tx) should not cripple normal cells due to the redundancy in signaling 
opportunities and should result in a normal molecular and cellular phenotype. D Signal transduction 
therapy (ST Tx) of rigidly signaling cells should reduce the activity of the predominant pathway, thereby 
modulating the aberrantly expressed signal and resulting in cytostasis and inhibition of the invasive 
phenotype 
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mechanisms. This can be manifested as overexpression of a specific pathway 
with the development of an autocrine loop or as development of constitutive 
activation of a signaling molecule that maintains an "on" message as is seen with 
mutated ras. This rigidity may then prevent a normal signaling balance from 
occurring. Exposure to an agent that targets the overactive signal pathway may 
allow the cell to reinitiate checks and tend towards a balanced state. 

The interruption of a signal transduction pathway in nonmalignant cells in 
response to the exposure of a signal drug can be absorbed and overcome by the 
existence and action of redundant cellular signaling pathways; c-src knockout 
mice provide an example of this. Although c-src plays an important role in the 
propagation of growth factor-initiated signals (KYPTA et al. 1990), c-src knockout 
mice showed normal development, with the only observed physiologic defect 
being osteoporosis (SORIANO et al. 1991). In this case, other srcfamily kinases may 
have compensated for the absence of the specific c-srcfunction. Tumor cells, on 
the other hand, without the checks and balance found in normal cells, are more 
susceptible to loss or overexpression of signal transduction pathways, suggest
ing the potential utility of this therapeutic concept. 

Because this new class of antitumor drugs does not target DNA directly, but 
selectively inhibits altered signaling pathways, thus restoring the previous cellular 
balance, they would be expected to produce a cytostatic rather than a cytotoxic 
action. Consequently, the schedule of administration of these agents should be 
adjusted to maintain continuous therapeutic pressure. A clinical end point for this 
cytostatic therapeutic intervention would then be anticipated to be disease 
stabilization. This type of approach may be used optimally in adjuvant treatment or 
chemoprevention. Over time, it is possible that the loss of cancer cells by 
apoptosis, chemotherapy, or immunological mechanisms may overbalance the 
arrested growth, causing a net regression of tumor mass. An ideal signaling 
inhibitor for chronic treatment of cancer must be a small compound that easily 
reaches its membrane or intracellular targets, is selective in action and site, is well 
tolerated, and has sufficient bioavailability to be administered readily. The follow
ing sections describe examples of signal transduction pathways available for 
targeting and antisignaling drugs that have preclinical promise or are already in 
clinical trial (Table 1). 

4.1 Receptor Tyrosine Kinases 

RTK playa regulatory role in signal transduction pathways initiated by the binding 
of a growth factor to its cell surface receptor (SCHLESSINGER and ULLRICH 1992). The 
demonstration that several oncogene products were growth factor receptors 
with tyrosine kinase activity (BISHOP 1991) led to the search for RTK inhibitors as 
therapeutic agents. The most difficult aspect in the identification of useful 
inhibitors of tyrosine kinases is the selectivity required to block a specific RTK 
overexpressed or overactive in a particular tumor. While the kinase domains may 
be highly homologous, they have been demonstrated to be also highly selective. 
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Table 1. Drugs under development that modulate intracellular signaling pathways 

Drug 

Tyrphostins 

Staurosporine, 
sphingosine analogues 

L-739749 
Limonene 
Edelfosine 
Wortmannin 
CAl 

Mechanism of action 

Inhibit growth factor-stimulated 
tyrosine phosphorylation 

Inhibits PKC activity 

Inhibits farnesylation of ras 
Inhibits isoprenylation of ras 
Inhibits PLC, PI 3'-kinase activity 
Inhibits PI 3'-kinase 
Inhibits select non-voltage-gated 

calcium influx 

Clinical status 

Preclinical development 

In clinical trial 

Preclinical development 
In clinical trial 
In clinical trial 
Preclinical development 
In clinical trial 

PKC, protein kinase C; PLC, phospholipase C; CAl, carboxyamido-triazole; PI 3'-kinase, phosphoinositol 
3'-kinase. 

Most of the early RTK inhibitors were developed to compete for the receptor 
adenosine triphosphate (ATP}-binding site, a region that is conserved between 
tyrosine kinases. For example, the isoflavonoids that act at this site have a broad 
and nonselective inhibitory activity. Genistein, an isoflavonoid used as an inhibitor 
of tyrosine kinases, also has been shown to block the activity of DNA topoiso
merase II (AKIYAMA et al. 1987; MARKovlTs et al. 1989). Erbstatin, with some 
specificity for the EGFR tyrosine kinase, has been shown also to inhibit serine/ 
threonine kinases (UMEZAWA et al. 1986). 

An interesting series of synthetic compounds, the tyrphostins, has been 
derived from erbstatin. Some of them have demonstrated selectivity and are 
entering clinical trial (LEvITzKI1994). These synthetic compounds were designed to 
compete with the RTK substrate and not with the ATP-binding site, yielding a high 
selectivity in their RTK-inhibitory activity. Different tyrphostins, synthesized with 
substitutions in their primary structure, can discriminate between the EGF and 
insulin receptors or between PDGFR and EGFR (OSHEROW and LEVITZKI 1994; YAISH 
et al. 1988). Some tyrphostins can distinguish between EGFR and the closely 
related product of the neu oncogene; this is extremely important, considering that 
a high percentage of tumors overexpress neu oncogene and a large number of 
normal cells have EGFR activity (GAZIT et al. 1991; LEVITZKI 1994). Other tyrphostins 
have been directed to the tyrosine kinase activity of the PDGFR. They are 
effective in vitro against human glioblastoma cell lines overexpressing PDGFR 
and have shown efficacy in the inhibition of growth of human glioma xenografts 
in nude mice (KOVALENKO et al. 1994). 

A new ihhibitor of EGFR tyrosine kinase which has been recently synthesized 
shows further potential for RTK inhibition. This drug, 4,5-dianilinophthalimide 
(DHAP-1), differs slightly from staurosporine, a nonselective inhibitor of (PKC) 
(BUCHDUNGER et al. 1994). Selective activity has been shown against EGFR com
pared to PKC, src, abl, and protein kinase A (PKA), with a ten- to 1000-fold 
difference in potency (BUCHDUNGER et al. 1994). Daily oral administration of DHAP-
1 has been shown to inhibit EGFR-driven tumor growth in xenograft mouse 
models of A431 epidermoid and SK-OV tumors human ovarian carcinoma cell 
lines, respectively. No effects on proliferation of PDGF-driven tumors was 
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observed (BUCHDUNGER et al. 1994). This compound did not cause major toxicity in 
the treated animals. 

4.2 Protein Kinase C 

PKC consists of a multigene family of serine/threonine kinases that playa central 
role in many signal transduction pathways, leading to proliferation and invasion 
(NISHIZUKA 1992). PKC is activated in response to the binding of many growth 
factors to their receptors, with resultant production of the second messenger 
DAG. The activation of most PKC results in the translocation of the enzyme from 
the cytoplasm to the cell membrane. Other PKC isoforms are localized to the 
nucleus, where they may be involved in the phosphorylation of transcription 
factors leading to mitogenesis (BOYLE et al. 1991). Several lines of evidence have 
linked PKC activity to the invasive phenotype of cancer cells. Tumor cells with 
increased PKC activity have an augmented ability to invade and metastasize 
(lSAKOV et al. 1991; SCHWARTZ et al. 1990), and inhibition of PKC has resulted in 
decreased metastatic potential. Alterations in the expression of specific PKC 
isoforms has been found in several transformed cell lines (GOODNIGHT et al. 1992; 
MiSCHAK et al. 1991). Increased RNA expression of PKC-~1 has been demon
strated in gastric carcinoma cell lines (SCHWARTZ et al. 1993). At present, there is 
indication that PKC-~1 may be an important factor in early stages of tumor 
development, whereas PKC-s and -8 are involved at later stages when the 
metastatic colonies are already formed (ALBINO et al. 1995). These findings 
suggest that PKC may be a potential target for therapeutic intervention. 

Several inhibitors directed against the catalytic or regulatory domains of PKC 
have been developed and some are now in clinical trial (NIXON et al. 1992). 
Staurosporine, an antibiotic isolated from Streptomyces species, has strong and 
general protein kinase inhibitory activity, but has been studied primarily for its 
effects against PKC. Acting at the catalytic site of PKC, staurosporine inhibited 
invasion and metastases of human bladder carcinoma cells in in vitro models 
(SCHWARTZ et al. 1993). UCN-01, a derivative of staurosporine with more selectivity 
for PKC than other kinases, has shown antitumor effect in vivo' against three 
human xenografts models of epidermoid carcinoma (A431)' fibrosarcoma 
(HT1 080), and acute myeloid leukemia (AKINAGA et al. 1991). Cationic lipids such as 
sphingosine and its derivatives are directed against the regulatory domain of PKC 
and can inhibit PKC activity. SPC1 00221, a sphingosine analogue, is highly 
specific for PKC and inhibits the invasion of human gastric cells without being 
cytotoxic to the cells (ALBINO et al. 1995). 

Ether lipid analogues such as edelfosine, although developed as inhibitors of 
PLC and PI 3'-kinase (see below), also inhibit PKC (POWIS 1994), suggesting that 
their activity as anticancer drugs may be due to inhibition of multiple signaling 
pathways. Tamoxifen a nonsteroidal antiestrogen compound used for the treat
ment and chemoprevention of breast cancer, has been shown to modulate 
multiple signaling pathways. Used at conventional doses, tamoxifen increases 
the production of transforming growth factor (TGF)-~, decreases the production 
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of TGF-a, and reduces cell-matrix adhesion (MILLON et al. 1989), whereas high 
doses of tamoxifen inhibit PKC activity (O'BRIAN et al. 1988). The identification of 
compounds with high selectivity towards the different isoforms of PKC will help 
to dissect the signal transduction pathways in which this enzyme is involved in 
normal and tumor cell biology. 

4.3 Ras 

The ras proteins belong to the small molecular weight G protein family. They have 
been shown to playa key role in the regulation of cell proliferation and metastasis 
(BARBACID 1987). Oncogenic ras mutations are found in more than 30% of human 
tumors (Bos 1990). The predominant ras mutations detected in tumors yield 
protein that is unable to hydrolyze bound GTP to GOP. As a consequence, these 
mutant ras forms are locked into an active GTP-bound configuration, resulting in 
a constitutive stimulus to the downstream effector pathways. The ras-signaling 
pathway can be activated at several levels, including incoming signals from RTK 
and seven transmembrane heterotrimeric G protein-linked receptors (MCCORMICK 
1993). Blockade of the signaling pathways which drive ras may therefore repre
sent an opportune intervention point to target a wide variety of tumors. 

After being synthesized in the cytoplasmic compartment, ras requires exten
sive post-translational modification for its localization to the inner face of the 
plasma membrane (GIBBs 1991). These modifications, such as farnesylation of 
the carboxy-terminal end of the protein, have been shown to be necessary for the 
transforming activity of the mutated ras (HANCOCK et al. 1989; SCHAFER and RINE 
1992). Farnesyltransferase inhibitors have been developed which suppress the 
anchorage-independent growth of ras-transformed cells (GIBBS et al. 1994). Re
cently, KOHL et al. have demonstrated that a novel inhibitor of farnesyltransferase, 
L-739 749, inhibited the growth of ras-dependent tumors in nude mice (KOHL et al. 
1994). The animals treated with L-739 749 did not show evidence of gross 
toxicity. Lovastatin is a competitive inhibitor of hydroxymethylglutaryl-coenzyme 
A (CoA) reductase, an enzyme involved in isoprenoid metabolism (ALBERTS et al. 
1980). Administration of lovastatin has been shown to inhibit tumor formation by 
Ha-ras-transformed cells in nude mice (SEBTI et al. 1991). High doses of lovastatin 
have been tested in phase I and II clinical trials (A. THIBAULT et aI., 1996 in press). 
The monoterpene limonene, which inhibits isoprenylation of p21 ras, was found 
to cause complete regression of chemically induced rat mammary carcinomas 
(HAAG et al. 1992). Limonene is in phase I clinical trials in the United Kingdom in 
patients with advanced breast and gastrointestinal cancer. 

4.4 Phosphatidylinositol 3'-Kinase 

PI3'-Kinase is an enzyme that catalyzes the phosphorylation of PI at the 0-3 
position of the myoinositol ring (FRY 1994). PI3'-kinase consists of an heterodimer 
with 11 O-kOa and 85-kOa subunits. The p85 subunit has regulatory activity and 
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links PI 3'-kinase to specific cellular targets through its SH2 and SH3 binding 
domains (MARGOLIS 1992). The 11 O-kDa subunit has catalytic activity and has been 
found to be homologous to a yeast protein involved in vacuolar protein sorting 
(SCHU et al. 1993). PI 3'-kinase has been found to be downstream in the signal 
transduction pathways of a variety of growth factors, including PDGF and EGF 
(FRY 1994). 

Many studies have linked PI 3'-kinase to cell proliferation and tumorigenesis. 
Mutated tyrosine kinases that lack mitogenic or cell-transforming ability fail to 
associate with PI3'-kinase (COUGHLIN et al. 1989; KAPLAN et al. 1987). Cellular levels 
of polyphosphoinositides are higher in transformed cells and in cells stimulated by 
growth factors than in their nonmal counterparts or in resting cells, respectively. 
In one study, the oncogenic form of neu was found permanently coupled to PI 3'
kinase, while a kinase-defective neu or a form with a carboxyl-terminal truncation 
did not associate constitutively with PI 3'-kinase (PELES et al. 1992). 

The link between PI 3'-kinase and cellular transformation has led investiga
tors to develop specific inhibitors of PI 3'-kinase activity. The tyrosine kinase 
inhibitors quercetin and genistein have been found to inhibit PI 3'-kinase weakly, 
probably due to their nonspecific inhibition of the ATP-binding site of the enzyme 
(MAnER et al. 1992). Other antisignaling compounds that have been tested, such 
as lovastatin, benzoylstaurosporine, or suramin, also have shown a nonspecific 
inhibitory activity against PI 3'-kinase. Recently, a class of ether lipid analogues 
has been found selectively to inhibit growth factor-stimulated polyphosphoino
sitide formation in normal cells and to result in inhibition of proliferation of cancer 
cells in culture and tumor formation in animals (BERGGREN et al. 1993; SEEWALD et al. 
1990). Edelfosine is the prototype agent which is being proposed for preclinical 
development. Other specific and potent inhibitors of PI 3'-kinase activity include 
the D3-deoxy-substituted myoinositol analogues. These compounds inhibit the 
proliferation of v-sis transformed NIH-3T3 cells by competing with normally 
occurring myoinositol for incorporation in the phosphoinositides of the cellular 
membrane. Wortmanin is a secondary metabolite found in a variety of fungal 
species that has been shown to selectively and potently inhibit PI 3'-kinase. This 
compound was shown to specifically inhibit the PI 3'-kinase activity of Swiss 3T3 
cells with an IC50 of 1.9 nM, while leaving other signaling enzymes unaffected 
(POWIS et al. 1994). 

4.5 Phospholipase C 

PLC isozymes play an important role in the mitogenic responses of cells to 
different growth factors, including PDGF, bombesin, and EGF. PLC catalyzes the 
hydrolysis of polyphosphatidylinositols, resulting in the production of two second 
messenger molecules, DAG and inositol polyphosphates. The PLC isoenzymes 
~ and y appear to be activated by different receptors through distinct mecha
nisms, as described above. The utility of PLC as a target has been suggested by 
several observations. Increased levels of inositol polyphosphates and DAG have 
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been found in transformed cell lines (RILEMMA 1989; SMITH et al. 1990), NIH-3T3 
cells are transformed by the addition of PLC y- and ~-activating receptors such as 
EGFR and neurotransmitter receptor subtypes, respectively. Microinjection of 
antibodies against PLC-y into NIH-3T3 cells blocked ras-stimulated and serum
stimulated proliferation (SMITH et al. 1990). Interestingly, antibodies to PLC-~ did 
not have the same effect, demonstrating selectivity between PLC isoenzymes. 
Higher immunoreactivity for PLC-y has been detected in colorectal carcinomas or 
breast carcinomas when compared to normal tissues. 

Several compounds have been described that inhibit PLC activity, and some 
have entered clinical trial. Alkyl-Iysophospholipids, represented by Et-18-0CH3, 
have been shown to specifically inhibit PLC isozymes with an IC50 of 0.1-0AlJM 
(ARTEAGA et al. 1991; NOH et al. 1993; POWIS et al. 1992). This class of compounds 
was anti metastatic in numerous murine and rat tumors and models (BERDEL 1991). 
Et-18-0CH3 has been used as an antineoplastic agent in phase I and II clinical 
trials in Europe (ANDREESON 1988; KHANAVKAR et al., 1989). Derivatives of alkyl
Iysophospholipids have been synthesized. Hexadecylphosphocholine, also known 
as miltefosine, is a competitive inhibitor of PLC and PKC (UBERALL et al. 1991; 
HILGARD et al. 1993) that has been shown to inhibit the motility and invasiveness 
of M04 cells in vitro (SCHALLIER et al. 1991). Clinical trials with miltefosine have 
started, but gastrointestinal toxicity has been limiting (HILGARD et al. 1993). 
Although specificity of the various inhibitors on the different PLC isoenzymes has 
not been studied in detail, they have provided useful indications into the role of 
PLC in the malignant phenotype. 

4.6 Ca2+ Signal Transduction and Carboxyamido-triazole 

Ionized Ca2+ is the most common cellular signal transduction element. Originally, 
cells probably developed Ca 2+ binding strategies to regulate and maintain cyto
solic levels and later for more complete signal transduction roles (CLAPHAM 1995). 
A multitude of Ca2+ binding proteins, channels, and pumps have evolved to buffer 
and transport intracellular Ca2+ and to trigger signal transduction cascades. 
Intracellular Ca2+ may be mobilized from within the cell from endoplasmatic 
reticulum stores released in response to inositol trisphosphates, or it may enter 
the cell through voltage-gated or non-voltage-gated Ca 2+ channels (KOHN et al. 
1992; IRVINE 1992; FELDER et al. 1991). Ca 2+ homeostasis is tightly regulated, with 
normal intracellular Ca2+ concentrations in the 10-100 nM range in comparison to 
the millimolar Ca 2+ concentrations found in the extracellular environment. This 
1000- to 10 OOO-foid concentration difference results in a Ca 2+ concentration 
gradient that must be maintained carefully for cell survival. 

Ca2+ is recognized as an important regulator of many normal and malignant 
cellular functions including cell proliferation, differentiation, adhesion, motility, 
and secretion (KOHN and LlonA 1990; KOHN et al. 1992; SAVARESE et al. 1992; TAYLOR 
and SIMPSON 1992). Intracellular Ca2+ is an important regulator of subsets of 
the three main transmembrane signal transduction categories: ion influxes, 
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phosphorylation events, and G protein-mediated second messenger production. 
A review of signal transduction effector molecules involved in the processes of 
invasion and metastasis implicates Ca2+ as a key regulator in the biochemical 
steps of tumorigenicity and metastasis. Manipulation of intracellular Ca2+ influxes 
can alter cancer cell gene expression (KOHN et al. 1994b), inhibit cell cycle 
progression and proliferation (SHORT et al. 1993; TAYLOR and SIMPSON 1992), 
interfere in adhesion and motility (KOHN et al. 1995; KOHN and LlonA 1990; KOHN 
et al. 1992; LESTER and MCCARTHY 1992; SAVARESE et al. 1992), and produce 
programmed cell death (FURUYA et al. 1994). High levels of intracellular Ca 2+ may 
yield increased activation of Ca 2+ second messenger systems, resulting in the 
uncontrolled growth of malignant cells. Interruption of Ca2+-dependent signaling 
pathways represents a novel target for the treatment and prevention of cancer 
development and dissemination (COLE and KOHN 1994; FELDER et al. 1993). 

In view of a central role played by Ca2+ in the regulation of the biochemical 
steps of mitogenesis and metastases, strategies have focused on intervention at 
the level of Ca2+ signaling through inhibition of Ca2+ influx, blockade of Ca2+ efflux, 
and/or prevention of Ca2+ uptake/export by inhibition of Ca2+ release from internal 
stores (COLE and KOHN 1994; FELDER et al. 1991; REEVE 1991). It might therefore be 
possible to inhibit tumorigenicity and metastasis with an agent which could alter 
cellular Ca2+ homeostasis. Most epithelial cells, parental cells of carcinomas, are 
electrically neutral and lack voltage-gated Ca2+ channels as their primary method 
of Ca2+ entry. This defines non-voltage-gated Ca2+ influx as the primary regulator 
of Ca2+-dependent cellular signaling pathways (KOHN and LlonA 1995). A two
pronged screen using inhibition of Ca2+-sensitive tumor cell motility and inhibition 
of Ca2+ influx resulted in the identification of a novel non-voltage-gated Ca2+ influx 
inhibitor, carboxyamido-triazole (CAl; KOHN and LlonA 1990). The in vitro and 
in vivo experimental results with CAl suggested that intervention at the level of 
Ca2+ influx signaling may be a viable therapeutic option (FELDER et al. 1991; 
GUSOVSKY et al. 1993; KOHN et al. 1995; KOHN et al. 1994a; KOHN et al. 1994b; KOHN 
and LlonA 1990; KOHN et al. 1992). 

The well-characterized signal transduction pathways of the muscarinic acetyl
choline receptor system presented a direct model from which to study the 
biochemical effects of CAl. The m5 muscarinic acetycholine receptor is coupled to 
phosphoinositide metabolism through both PLC-~ and PLC-y, PLA2-mediated re
lease of arachidonic acid, adenylate cyclase-mediated production of cAMP, and the 
opening of receptor-operated calcium channels (FELDER et al. 1991; GUSOVSKY et al. 
1993; KOHN .et al. 1994a). Early studies using this Chinese hamster ovary (CHO}m5 
model demonstrated that CAl inhibited agonist-induced non-voltage-gated Ca2+ 
influx in the concentration range of 1-1 OIlM (FELDER et al. 1991; GUSOVSKY et al. 1993). 
Downstream signaling pathways involving PLA2, Ca2+-sensitive PLC-y, and PTK 
activity have been shown to be sensitive to CAI-Ca2+ influx inhibition (FELDER et al. 
1991; GUSOVSKY et al. 1993; KOHN et al. 1994a). Biological studies demonstrated 
that CAl exposure inhibited human melanoma cell migration in response to 
Ca2+-sensitive chemoattractants (KOHN and LlonA 1990; KOHN et al. 1992; LEHEL 
et al. 1994; SAVARESE et al. 1992). Similarly, adhesion of tumor cells to tissue 
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culture plastic and collagen type IV have also been shown to be CAl sensitive 
(KOHN and lionA. 1990). Exposure of tumor cells to CAl resulted in the inhibition 
of the production of gelatinase A at the level of gene expression (KOHN et al. 
1994b). 

Angiogenesis is a normal process in development and wound healing as well 
as a pathological condition required for the transformation from carcinoma in situ 
to invasive carcinoma (LlonA et al. 1991). The process of angiogenesis mirrors the 
steps of metastasis and can be considered a form of regulated invasion, requiring 
protease secretion to facilitate basement membrane remodeling, cell prolifera
tion, and migration (FURCHT 1986; LlonA et al. 1991). CAl inhibited the proliferation, 
adhesion, motility to extracellular matrix components, and proteolytic activity of 
human umbilical vein endothelial cells in vitro. This inhibitory activity was con
firmed in vivo with the chicken chorioallantoic membrane assay (KOHN et al. 1995). 
All effects, in vitro and in vivo, occured in the same concentration range as the 
inhibition of malignant invasion and the inhibition of Ca2+ influx requiring signaling 
pathways (KOHN et al. 1995; KOHN et al. 1994a). 

Preclinical studies of CAl in mice demostrated oral bioavailability and the 
ability to attain targeted signal-inhibitory plasma concentrations of 1-10 11M 
without marked toxicity. Experimental metastasis assays using ras-trans
fected rat embryo fibroblasts and human colon cancer cell lines treats with 
CAl demonstrated a marked inhibitory effect to CAl on the formation of pulmo
nary metastases (KOHN et al. 1992). In vivo, oral administration of CAl resulted 
in growth arrest and decreased incidence of primary tumors and spontan
eous metastases in human melanoma and human ovarian cancer xenografts 
in nude mice (KOHN et al. 1992). CAl plasma levels in the treated mice were at 
or above the concentrations demonstrated to be effective in the inhibition 
of proliferation and signal transduction in vitro (KOHN and LlonA 1990). No overt 
toxicity was observed at a gross or histologic level in these in vivo efficacy 
experiments. 

4.7 Carboxyamido-triazole Clinical Trials 

The in vivo efficacy and minimal toxicity observed in the animal toxicity studies in 
daily and weekly schedules led to the development of phase I clinical protocols. A 
sensitive, accurate, and reproducible high-performance liquid chromatography 
(HPLC) aSSqy was developed for pharmacokinetic and metabolite analysis of 
blood and urine from patients participating in the phase I clinical trial (HOLMES et al. 
1993). CAl has been administered orally in several formulations, including PEG-
400 liquid, gelatin capsules, and micronized powder-containing capsules. Plasma 
CAl levels of 1-10 IJM in the range which inhibits signaling and invasion in vitro, 
have been demonstrated in all patients and was attained with an acceptable 
pattern of toxicity. Disease stabilization has been observed in several heavily 
pretreated patients lasting up to 7 months (KOHN et al. 1996). Phase II and III 
studies and chemoprevention strategies for oral CAl are under development. 
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5 Conclusions 

The increased knowledge of the regulation of cell growth and the genetic and 
biochemical changes responsible for neoplastic development have opened new 
fields of investigations for cancer drug discovery. The traditional cytotoxic ap
proach for tumor treatment may be supplanted by new therapeutic targets such 
as signaling pathways that result from and regulate altered gene expression. 
Although signal transduction therapy is still under early development, some 
antisignaling compounds have already entered clinical trials. It is important to 
emphasize that these new agents are cytostatic in their mode of action and show 
little toxicity compared to the conventional chemotherapeutic drugs. This re
quires a new mode of thinking about cancer biology and treatment. First, different 
biological assays for identification of antisignaling compounds need to be devel
oped; secondly, disease stabilization and extended survival should be considered 
as a new clinical end point for cancer patient treatment. New paradigms for 
clinical investigation of these promising compounds are needed. 
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Many aspects of tumor growth and metastasis are dependent on tumor cell-host 
cell interactions. The capacity of tumor cells to elicit or suppress various host 
tissue responses seems as important for development of solid tumors as for 
tumor cell proliferation in different organ microenvironments. The process of 
tumor angiogenesis, the consequences of which extend far beyond nutrient 
supply, can serve as an illustrative and important example (RAK et al. 1993). The 
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importance of tumor-host interactions and of signals from the microenviron
ment for development of cancer metastases was pointed out as early as 1980 
(SCHIRRMACHER 1980)' but has only recently attracted much attention and been 
studied at the molecular level (SCHIRRMACHER 1994; NICOLSON 1988,1991; FIDLER 
1990; KERBEL 1990; GULLINO 1991; HEPPNER 1989). The way in which tumor cells 
react to signals from the microenvironment is determined by their reception via 
specific receptors, by the way these signals are transduced, and by the way these 
transduced signals are translated in the cellular response. Cellular calcium homeo
stasis is the result and the regulator of many signal transduction pathways and 
plays a central role of regulation of cell proliferation, invasion, and metastatic 
potential (LlonA et al. 1991). While the interaction of tumor cells with host 
endothelial cells and extracellular matrix (INGBER 1991; INGBER and FOLKMAN 1989; 
JAIN 1990) is being discussed by experts contributing to this series of articles, the 
interaction with cells of the immune system, in particular with antigen-specific 
immune mechanisms, will be the focus of this review. It is necessary at this stage 
to mention the existence of natural tumor resistance mechanisms (VAAGE 1985; 
JANEWAY 1989; SCHIRRMACHER 1985), which can be exerted by non-antigen-specific 
cells such as natural killer (NK) cells, (KAMINSKI and AUERBACH 1988) macrophages, 
granulocytes, or even endothelial cells. Cytokines can influence natural resistance 
mechanisms as well as specific antitumor immune responses and have to be 
included when it comes to strategies of using components of the immune system 
such as antigens, antibodies, or immune cells for intervening with the process 
of metastases. This article attempts to review the rationale, the experimental 
approaches, and different strategies of immunotherapy of metastases. Some 
aspects will be exemplified by recent findings from our own group. 

2 Defining Therapeutic Targets and Aims 

Approaches for metastasis treatment can have different therapeutic targets, 
aims, and strategies (SCHIRRMACHER 1985). All the metastasis-related molecules 
disussed in the previous volume of Current Topics in Microbiology and Immunol
ogy could be potential therapeutic targets for intervention with metastases. Two 
examples in this volume are the targeting to the CD44 variant form and to the EGF 
or erbB2 receptors. Therapeutic targets can of course also be tumor-associated 
genes (oncogenes, suppressor genes) and tumor antigens. Tumor-associated 
antigens can be targeted by either antibodies or T cell receptors, depending on 
whether humoral or cell-mediated immune responses and active, passive, or 
adoptive immunotherapies are being aimed for. All active immunization proce
dures involve the use of tumor-associated antigens or whole tumor cells as tumor 
vaccines or of anti-idiotypic antibodies as internal images of tumor antigens. To 
increase the immunogenicity of such tumor vaccines, various approaches are 
possible, including virus infection, gene transfer, and attachment of additional 
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molecules such as adhesion molecules, costimulatory molecules, antibodies or 
bispecifics. Tumor cell-targeted gene transfer aims at introducing in tumor cells 
molecules of importance for antigen presentation. The aims of active immuniza
tion strategies with such modified tumor vaccines are to induce antitu
mor immune responses, activate already primed memory cells, and overcome 
host-tumor tolerance (SCHON RICH et al. 1991; FERBER et al. 1994). Other strategies 
of immunotherapy of metastases aim at eliminating host factors which are 
essential for aggressive tumor growth, such as angiogenesis factors, chemo
kines, and growth factors (PEKAREK et al. 1995). In advanced disease stages, 
important additional strategies would be to counteract immunosuppression (TURK 
and PARKER 1982; YE and MOKYR 1984) and possibly immune escape mechanisms 
(SCHREIBER 1993) by the tumor cells. It thus has to be defined whether the therapy 
aims at micrometastases, in which case a monotherapy may be sufficient, or 
whether it aims at macro metastases, in which case combination therapies should 
be considered in order to have a realistic chance of success. 

In late disease stages in which the host is already severely affected by its 
tumor, active specific immunotherapy procedures (ASI) with cancer vaccines 
(SCHIRRMACHER 1993) may be useless unless they are combined with antisup
pressive (TURK and PARKER 1982; YE and MOKYR 1984) and/or substitutive (TALLBERG 
et al. 1985) treatment. As we recently discovered in an animal model, even in such 
late stages, potent cellular therapies can still be useful and effective (SCHIRRMACHER 
et al. 1995). Transferred immune cells could improve therapeutic effectiveness by 
changing the milieu around primary tumors and around organ metastases. In 
addition, immune cell transfer could cause activation of additional tumor 
resistance mechanisms from the host such as production of nitric oxide (NO) 
by liver endothelial cells (ROCHA et al. 1995a) and Kupffer cells (UMANSKY 
et al. 1995). 

Therapy aims and evaluation have to be discussed both for preclinical models 
and for clinical trials and have to include methods for therapy evaluation. Because 
clinical immunotherapy trials are difficult and expensive and the end points 
sometimes difficult, new methodologies are important for therapy evaluation. 
Without surrogate end points and some good ideas about how to refine these 
trials by careful choice of target populations, it will be very hard to develop such 
therapies. It would be important for progress, especially in adjuvant therapy of 
cancer, to have markers that may give an early end point of therapy evaluation. 
This may not be the final answer, which is recurrence-free survival (RFS) and 
overall survival, but could help monitoring therapies more quickly. New ways of 
immune monitoring of tumor vaccination effects have recently been reported 
(BERD et al. 1995; KOTERA et al. 1994; MUKHERJI et al. 1995). 
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3 Development of Preclinical Models 

3.1 Visualization and Quantitation of Metastases 

3.1.1 Micrometastases 

The processes of tumor metastasis formation and its interplay with the host 
immune system have been extensively studied in the murine lymphoma system 
Eb/ESb/ESb-MP (SCHIRRMACHER et al. 1981, 1982, 1992; ALTEVOGT et al. 1984; 
SCHIRRMACHER and BARZ 1986; VON HOEGEN et al. 1987). The spontaneous highly 
metastatic lymphoma variant ESb is able to kill syngeneic animals in less than 12 
days following s.c. inoculation of 105 cells, whereby the metastatic spread 
involves several visceral organs, in particular the liver. 

Detection of micrometastases and also of low levels of dormant tumor cells 
(SCHIRRMACHER et al. 1981) has only recently been possible in this model by 
genetically tagging the tumor line with the bacterial/ac-Z gene. This foreign gene 
codes for p-D-galactosidase (p-gal), whose enzymatic activity can be detected by 
staining with the chromogenic substrate X-gal. This results in a precipitate of an 
indigo blue reaction product which allows single ESb lac-Z tumor cells to be 
detected in infiltrated target organs such as lymph nodes, bone marrow, or liver 
(KRUGER et al. 1994a). Despite expression of the lac-Z gene, the tumor cells were 
still tumorigenic, highly metastatic, unchanged in phenotype, and therefore 
comparable to the parental ESb cells. After spontaneous metastasis, whole organ 
staining revealed metastatic foci at the surface of the liver, while x-gal staining of 
frozen tissue sections revealed micrometastases in the form of clusters and 
diffusely disseminated single cells (KRUGER et al. 1994b). 

It was also possible to reisolate cells from metastases and to quantify all cells 
per organ that have metastasized into it via loading with the substrate fluorescein 
p-D-galactopyranoside (FDG), which allowed tumor cell fluorescence staining and 
quantitative FACScan fluorescence-activated cell sorter analysis. In a typical 
experiment, 12 days after intradermal tumor cell inoculation, 55% of the reiso
lated cells from the liver and 13% of the cells from the spleen were tumor cells 
(SCHIRRMACHER et al. 1995). 

3.1.2 Macrometastases 

With nuclear magnetic resonance (NMR) imaging, it was recently possible to 
detect the formation of focal metastases in the liver and kidneys noninvasively 
and without contrast agents. The NMR studies were performed at high magnetic 
field strength (7.0 Tessler) using a Bruker AM-300 spectrometer and a super
conducting magnet with a 15-cm-diameter vertical bore. During the measure
ments, mice were anesthesized with chloral hydrate for 1-2 h in the case of 
31 P-NM R spectroscopy of primary tumors or with isofluorane inhalation narcosis 
for 2-3 h in the case of imaging and kept at a temperature of about 32°C. 
Metastases with a diameter greater than 0.3 mm could usually be detected by day 
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21-23 after ESb-MP inoculation. This noninvasive imaging procedure in live 
tumor-bearing mice enabled us to follow the growth of metastases in internal 
organs in individual animals. It also allowed us to follow the effect of immuno
therapy (SCHIRRMACHER et al. 1995). 

3.2 Models for Studying Tumor-Host Interactions 

A new parameter for evaluating immune responses to metastases is the pheno
type of metastasized organs. We recently reported that the pattern of liver 
metastases was dependent on and strongly influenced by the host immune 
status (KRUGER et al. 1994b). While in immunocompromised mice primary tumor 
growth and metastases of ESb /ac-Z lymphoma cells were progressive and 
metastases appeared as diffuse or focal, in immunocomponent syngeneic ani
mals metastatic spread was to a large extent delayed and when it eventually 
appeared, a distinct mosaic-like metastasis pattern developed in involved livers. It 
turned out that the shift from a diffuse or focal pattern to a distinct mosaic-like 
pattern was a reliable indicator of an ongoing host immune response. Using 
whole organ staining, it was possible to distinguish these two phenotypes and 
thus to use the metastatic phenotype as a new parameter for evaluating whether 
or not animals experienced an antitumor immune response. 

Most of the studies published so far about interactions of tumor and host cells 
were done in vitro, testing the ability of tumor cells to modify their properties 
(adhesion, invasiveness, cytokine production) when they interacted with different 
cell subpopulation. However, validation of such in vitro findings with the in vivo 
situation is often difficult. Organotropism and targeting of tumor cells to selective 
sites in metastasized organs are determined by seed and soil characteristics, as 
predicted by Stephen Paget as early as 1889 (PAGET 1889). The nature of these seed 
and soil characteristics can be analyzed directly using newly designed methods of 
ex vivo isolation and immunostaining of tumor and host cells from involved organs. 
We adapted a method allowing the separation of /ac-Z tumor cells from sinusoidal 
cells from the liver with a high viability (more than 93%) and reproducibility 
(SCHIRRMACHER et al. 1995; KRUGER et al. 1994a, b). This method, which can be used 
for other target organs, allows the direct characterization of the cells without further 
in vitro culture. In one such study we investigated the expression of major 
histocompatibility complex (MHC) class II and B7 molecules, in metastasized tumor 
cells and also of adhesion molecules during tumor growth and growth retardation 
or second expansion. It was possible to demonstrate dynamic expression changes 
in vivo of adhesion and costimulatory molecules and to demonstrate that these 
changes were associated with load and pattern of lymphoma liver metastases. The 
application of such ex vivo analysis also allowed us to demonstrate the participation 
of liver endothelial cells and Kupffer cells (UMANSKY et aI., submitted) in T cell de pen
dent host resistance to lymphoma metastases by production of nitric oxide in vivo. 
The activity of these host cells could also be influenced by active immunization 
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with tumor vaccines or by adoptive immunotherapy (ADI) following transfer of 
immune T lymphocytes (UMANSKY et al. 1995; RocHA et al. 1995b). 

3.3 Models for Therapy Evaluation 

To evaluate the importance of different effector mechanisms in vivo, several 
classical methods have been developed: in the Winn assay, tumor cells are mixed 
with effector cells in vitro and the mixture is then injected s.c. into an animal to 
determine whether local tumor growth is prevented (SCHIRRMACHER and GRIESBACH 
1994; SCHIRRMACHER and ZANGEMEISTER-WITIKE 1994). Another way to find out about 
the relative importance of certain lymphocyte subsets or cytokines is by in vivo 
depletion or elimination by treatment with antibodies specific for different lym
phocyte subpopulations (SCHIRRMACHER and ZANGEMEISTER-WITIKE 1994) or cyto
kines (SCHIRRMACHER 1995). A third approach involves the adoptive transfer of 
effector cells, cytokines, or antibodies into normal or immune-incompetent 
animals challenged with tumor cells. Another more indirect way of determining 
the importance of immune effector mechanisms in vivo is to analyze tu
mor variants which have developed respective immune escape mechanisms 
(SCHIRRMACHER et al. 1982; BOSSLET and SCHIRRMACHER 1982). The phenotypic 
changes observed in these variants may indicate which effectors were responsi
ble for immunoselection in vivo. In this way a variety of tumor immune "escape 
mechanisms were discovered: (a) failure of the tumor to express a suitable target 
for immune recognition, e.g., lack of antigenic epitope (ALTEVOGT et al. 1984; 
BOSSLET and SCHIRRMACHER 1981), down regulation of MHC molecules (SEUNG et al. 
1993), deficient antigen processing, antigenic modulation or antigenic masking; 
(b) failure to induce an effective immune response e.g., in addition to the above, 
lack of costimulatory signal (BASKAR et al. 1995)' production of inhibitory sub
stances by the tumor (ToRRE-AMloNE et al. 1990)' shedding of antigen and mem
brane vesicles (SCHIRRMACHER and BARZ 1986), tolerance induction and sneak
ing through (SCHREIBER 1993), and alterations in signal-transducing molecules 
(M!ZOGUCHI et al. 1992; FINKE et al. 1993; NAKAGOMI et al. 1993) and transcription 
factors (GOSH et al. 1994) in tumor-infiltrating lymphocytes. 

As a new method for therapy evaluation in individual live animals, we applied 
high-field NMR spectroscopy of phosphor metabolites of the primary tumor as a 
noninvasive method (SCHIRRMACHER et al. 1995). The [31 Pl phosphor spectra were 
acquired in 40 min from anesthesized animals. A detailed analysis of the spectra 
revealed that tumor growth was associated with an increase of the total amount 
of phosphate metabolites and an increase in phosphor monoesthers (PME) and 
inorganic phosphate in both relative and absolute amounts. The average tissue pH 
determined from the chemical shift of inorganic phosphate showed a decrease 
with time (SCHIRRMACHER et al. 1995). 

The application of this technique to analyze the effects of transferred immune 
T cells (i.e. adoptive cellulare immunotherapy or ADI) demonstrated that successful 
therapy (complete remission) was accompanied by a dramatic decrease in PME, 
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a decrease in total phosphate metabolites (necrosis and cell death), an increase in 
the relative amount of phosphocreatine, and a return to neutral tissue pH. 
Changes associated with effective ADI therapy (increase in tissue pH, decrease in 
PME) were detectable within 5 days. 

Therapy evaluation at the level of visceral metastases was also possible using 
proton-magnetic resonance imaging CH-MRI). Images obtained from the same 
mouse from virtually the same liver section on day 27, 1 day before completed 
ADI treatment, showed several light-grey foci of 0.3-2 mm diameter which were 
completely eradicated after therapy, a finding which was confirmed in images of 
seven contiguous liver slices (FICHTNER et aI., in preparation). 

The antimetastatic effect of adoptive cellular immunotherapy (AD\) was also 
documented at the single cell level using the /ac-Z-transduced ESb lymphoma line. 
In untreated control animals injected intradermally with ESb /ac-Z cells, the 
metastasized tumor cells were detected 4 weeks later, predominantly in the 
periportal areas of liver lobuli. In contrast, liver sections from animals which had 
been AD I-treated on day 16 did not contain any detectable x-gal-stainable tumor 
cells, and no damage could be detected later on in the normal liver tissue 
(SCHIRRMACHER et al. 1995). 

These findings were further corroborated and quantified following a pre
established method of in situ liver perfusion in order to reisolate tumor cells and 
live liver sinosuidal cells (Kupffer cells and endothelial cells) from tumor-bearing 
controls or AD I-treated mice. For FACScan detection of /ac-Z-positive cells, the 
reisolated cells were loaded with FDG, which is converted by I3-galactosidase into a 
fluorescent dye. Approximately 50% of the liver cells were quantified in contour blots 
as /ac-Z tumor cells, whereas after ADI treatment this distinct cell population was 
undetectable, while all other subpopulations of the normal liver could still be seen 
(SCHIRRMACHER et al. 1995). The ADI therapy effect was further evaluated quantitatively 
by testing the total tumor load from animals bearing intradermal ESb /ac-Z tumors (day 
28, 13-mm diameter) and macroscopic liver metastases. Disregarding the dead cells 
after reisolation and FDG loading, the minimal estimate of live cells was 6.6 xl 07 /ac
Z tumor cells per liver and 2.5 xl07 /ac-Z tumor cells per primary tumor. When day 
28 in situ perfused liver cells from AD I-treated animals were subjected to cytospin 
centrifugation on microscope slides, fixed, and stained with x-gal, no tumor cells 
could be detected in 106 cells, indicating complete tumor cell eradication after a 
single treatment with 2 xl 07 immune cells (SCHIRRMACHER et al. 1995). 

4 Antibody-Based Therapies 

4.1 Monoclonal Antibodies 

Monoclonal antibodies (mAb) have been very useful as diagnostic tools to identify 
tumor cells which have disseminated early from primary carcinomas to the bone 
marrow and also to obtain information about the phenotype and prognostic 
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significance of these cells (LINDEMANN et al. 1992). They have also enabled 
identification of molecular changes occurring in primary tumor cells at the time 
they develop their metastatic potential. Data indicate that changes in adhesive 
properties of solid tumor cells, such as downregulation of desmosome proteins 
and neoexpression of molecules such as intercellular adhesion molecule 
(ICAM)-1 or others are important determinants of the metastatic capability of 
individual malignant cells. Cell adhesion molecules are developmentally and 
environmentally regulated molecules, and it seems likely that their expression 
pattern during tumor progression reflects a disturbance at the level of the 
molecular elements normally responsible for controlling their expression. Such 
expression changes may make new cell interactions possible, particularly in the 
vascular and lymphatic system. 

Because of their isolated location and low frequency in early stages of 
carcinoma progression, tumor cells in the bone marrow of cancer patients have 
been regarded as ideal targets for immunotherapeutic approaches. A first clinical 
randomized trial with the mAb 17-1 A has confirmed this insofar as treatment was 
effective in significantly reducing the 6-year mortality rate of patients with 
colorectal cancer (RIETHMULLER et al. 1994). 

mAb might function as adhesion molecule blockers, but there is also the 
possibility of blocking with small molecules such as peptides (RENSCHLER et al. 
1995) or carbohydrates. Obviously, a great problem with antibodies is whether 
they can be used repeatedly without creating immune responses. 

Since mAb can also react with cell surface receptors, they can interfere 
with signaling and cause cell cycle arrest and even apoptosis. Therapeutic mAb 
could thus be selected on their agonistic activity. A combination of signaling 
mAb could thus be developed for tumor cell cycle arrest and apoptosis (VITETIA 

1995). 

4.2 Combined Use of Monoclonal Antibodies and Cytokines 

mAb effectiveness is closely tied to the level of antigen expression and to 
heterogeneity in expression of the target antigen. Antigenic heterogeneity is a 
property shared by two human tumor antigens, tumor-associated glycoprotein 
(TAG)-72 and carcinoembryonic antigen (CEA). Treatment by interferon (IFN)-a or 
y was shown to cause increased tumor antigen expression from the tumor site, 
while the surrounding normal tissue remained negative. This allowed better 
tumor targeting, for instance by radiolabled mAb. A phase II trial with patients 
diagnosed with metastatic breast cancer revealed that a combination of 1311-CC49 
with IFN-a increased TAG-72 tumor antigen expression and enhanced 1311-CC49 
tumor localization. Of nine patients enroled, two partial and one mixed response 
were documented. 
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4.3 Monoclonal Antibodies and Prodrug Activation 

New approaches to tumor targeting use antibody to deliver nontoxic molecules to 
the tumor and then target the toxic molecules separately. The general technology 
(pretargeting) involves using the antibody, e.g., to target streptavidin to the tumor 
and then selectively clearing it from the blood stream. This permits the antibody 
to switch "antigens on the cell surface", substituting streptavidin for the tumor 
antigen. Biotin, a small nontoxic vitamin, binds streptavidin in four sites with an 
affinity 1-10 million times stronger than the antibody for its antigen. This strong 
affinity results in nearly instantaneous uptake of biotinylated molecules to the 
avidinylated tumor or their rapid exit from the body. This pretargeting technique 
allows replacement of antibody targeting with small (drug-sized) molecule target
ing (ABRAMS 1995). 

Pretargeting can be a general technology platform for the selective delivery of 
molecules such as drugs, prodrugs, toxins, cytokines, genes, and superantigens 
to tumor cells. Toxic agents for direct tumor cell killing fall into three groups: 
protein toxins, low molecular drugs, and radioisotopes (ALVAREZ-DIEZ et al. 1995). 
Protein toxins are extremely potent, but tend to penetrate normal cells and are 
immunogenic. Low molecular weight drugs of similar potency have recently been 
discovered which may overcome these problems. Radioisotopes result in much 
greater killing, including possible antigen-negative bystander tumor cells, than 
protein toxins or drugs. Irradiation of the bone marrow by the circulating conjugate 
may, however, result in dose-limiting toxicity (ALVAREZ-DIEZ et al. 1995). 

In antibody-dependent enzyme-mediated prodrug therapy (ADEP1). a non
toxic prodrug is converted into a cytotoxic drug by an enzyme linked to an mAb, 
which targets the conjugate to the tumor. For instance, a F(ab)'2 fragment of an 
anti-CEA antibody conjugated to the bacterial enzyme carboxy-peptidase was 
used to selectively convert a methyloxyethyl-chloroethyl-mustard benzoyl-glu
tamate prod rug to its corresponding benzoic acid mustard drug. In a colorectal 
carcinoma nude mouse xenograft model, this ADEPT schedule resulted in com
plete tumor regressions in about 50% of the tumors and in tumor growth de
lays of more than 30 days (SPRINGER 1995). A promising selective genetic stra
tegy against cancer is viral/y directed enzyme prodrug therapy (VDEPn. This 
approach makes use of viral vector to carry a prod rug-activating enzyme gene into 
both tumor and normal cells. With the linking of the enzyme gene downstream of 
tumor-specific transcription units, tumor-specific prodrug activation is achieved. 

Sequences within the first 500 base pairs of the 5 -flanking region of the erbB2 
oncogene drive specific transcription in many breast, pancreatic, and gastric 
tumors. A strategy for genetic therapy using VDEPT against cancers of the breast 
and pancreas is being developed by producing a chimeric minigene consisting of 
the erbB2 promoter linked to either cytosine deaminase (converting the prodrug 
5-fluorocytosine into cytotoxic 5-fluoruracil) or herpes simplex virus thymidine 
kinase (conferring sensitivity to ganciclovir) (ALI and LEMOINE 1995). 

In fusion protein-mediated prodrug activation (FMPA), the prod rug can be 
activated by a recombinant fusion protein consisting, for instance, of humanized 
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CEA-specific binding region linked to human ~-glucuronidase. This can be tar
geted to CEA expressing human colon xenografts in nude mice. Upon injection of 
a glucuronyl-doxorubicine prodrug, strong tumor growth-inhibitory effects were 
seen under conditions in which xenografts were completely resistant with the 
maximum tolerated dose (MTD) of doxorubicin. Such superior therapeutic effects 
were caused by five to ten times higher and two to five times lower drug 
concentrations in tumor and normal tissue, respectively, compared to standard 
treatment (BOSSLET et al. 1995). 

4.4 Antibody Engineering and Bispecifics 

The ability to manipulate immunoglobulin genes may enable mAb to be produced 
with properties better suited for immunodiagnosis and immunotherapy. Re
search has shown that several constructed immunoglobulin (Ig) forms have 
improved serum half-life characteristics as well as increased tumor penetration. 
Examples are single-chain Fv-binding regions (scFv) and domain-deleted antibodies. 

Antibody engineering also allows for Ig class switching, humanization of 
animal-derived mAb, and construction of entirely new molecules such as bispeci
fics and janusins (GonER et al. 1995). Cure of human xenografted B cell tumors 
has recently been reported by treatment with human T lymphocytes and the 
bispecific mAb CD30-CD3 and CD30-CD28 (RENNER et al. 1994). 

5 Tumor Vaccine Based Therapies 

ASI procedures involve the use of tumor vaccines in an attempt to boost the 
function of the immune system in patients with cancer. Some tumors in experi
mental animals and probably also in the humans have tumor-specific antigens 
against which immune responses can be induced that can cause tumor injection 
(i.e., tumor rejection antigens). Antigens encoded by viral genes or mutated 
cellular oncogenes are of particular interest in view of both their specificity and 
association with a neoplastic phenotype. If antigens that are encoded by mutated 
suppressor genes can be found, they may likewise qualify as good targets. 
Essentially all neoplasms express normal differentiation antigens of various 
degrees of tumor selectivity. Some of these may induce immune responses 
which may be more damaging to tumor cells because they express more antigen 
than normal cells do. Even those neoplasms that express rejection antigens 
generally grow in immunocompetent hosts. Failure of tumors to provide proper 
costimulation of the immune response appears to be at least partially responsible. 

A review of the relationship between the degree of immunosuppression and 
malignancy in patients on immunosuppressive drugs or immunosuppressed by 
human immunodeficiency virus (HIV) infection, postoperative blood transfusions, 



Immunotherapy of Metastases 199 

or pregnancy provides the most convincing evidence of the importance of intact 
T cell immunity in resistance to cancer. In addition, correlation of decreased MHC 
antigen expression with increased malignancy and diminished tumor-infiltrating 
lymphocyte generation provides the most convincing evidence that one factor 
necessary to ensure survival of most spontaneous tumors is mutation, which 
enables tumor cells to escape rejection by cytotoxic T lymphocytes (CTL) (OLIVER 
1995). Other factors that may limit effective tumor immunity may have to do with 
T cell tolerance, clonal deletion, anergy, ignorance, and tumor-induced immuno
suppression. Most modalities of conventional cancer therapy such as surgery, 
radiotherapy, and chemotherapy have suppressive effects on immune respon
ses. Since defects of MHC antigen expression are less pronounced in early 
cancer and since the tumor burden is still relatively low, many ASI immunotherapy 
studies use active vaccination as adjuvant treatment in combination with surgery 
in high-risk groups of cancer patients. 

5.1 Viral Vaccines 

Viruses that cause cancer are subject to the same rules of immunology as those 
that cause acute infectious disease. Hence, present viral vaccines and those to be 
developed in the future will be expected to prevent the infections that lead to an 
increasing number and variety of cancers in humans and animals. Examples of 
vaccines which are effective against animal cancers caused by viruses are SV-40 
(irradiated tumor preparations), Marek's disease virus (infected avian embryonic 
cells or cell-free dried virus), feline leukemia, and simian immunodeficiency 
disease virus. Examples of licensed and experimental vaccines against estab
lished or putative cancer-associated viruses in humans include hepatitis B 
(plasma-derived and recombinant, licensed)' adenovirus (live and killed, licensed), 
retrovirus HIV-1 and HIV-2 acquired immunodeficiency syndrome (AIDS), human 
T Iymphotropic virus (HTLV-1 and HTLV-2 leukemia), Epstein-Barr virus, papilloma 
virus, and hepatitis C. 

Although viruses may cause no more than 10%-15% of neoplasms in 
humans, their role as primary factors and cofactors in cancer is being increasingly 
recognized and their importance emphasized. The importance of and potential for 
vaccines against cancer is illustrated by the remarkable sucess of a vaccine against 
hepatitis B, the world's first vaccine against cancer in man (HILLEMAN 1993). 

5.2 Virus-Infected Tumor Cell Vaccines 

One way of increasing tumor immunogenicity is to infect cells with viruses, such 
as influenza, vaccina, or Newcastle disease virus (NOV). Tumor antigen-specific 
lymphocytes that would recognize tumor antigens on such virus-infected tumor 
cells or in viral oncolysates might become activated and recruit cells that are 
involved in the defense against viruses. This is an approach that we in Heidelberg 
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have developed over the last 10 years using NOV. This virus is well suited for 
application in cancer patients because it has few side effects, causes no neuro
tropic symptoms, and has in itself a number of antineoplastic as well as immune
stimulating properties (SCHIRRMACHER et al. 1993). 

5.3 Cytokine Gene-Transfected Tumor Cell Vaccines 
and Other Methods of Immunogene Therapy 

Increased knowledge in basic immunology has led to a variety of innovative and 
imaginative approaches for tumor-specific immunotherapy. One of these ap
proaches is based on the premise that tumor cells do not normally stimulate an 
effective tumor-specific immune response, because they do not efficiently 
present tumor antigens to the relevant lymphocytes. To overcome such inad
equate antigen presentation, it has been hypothesized that tumor cells can be 
genetically engineered to present tumor peptides directly to T lymphocytes in a 
way similar to antigen-presenting cells (APC) (OSTRAND-RoSENBERG 1994). In sup
port of this it was shown that interleukin (IU-2 transfection into tumor cells leads 
to local production of cytokine which bypasses T-helper function in the generation 
of an antitumor response (FEARON et al. 1990). Many cytokine genes have now 
been introduced in tumor cells, including IL-1", IL-2, IL-4, IL-5, IL-6, IL-7, IL-12, 
granulocyte-macrophage colony-stimulating factor (GM-CSF), IFN-a, IFN-y, and 
tumor necrosis factor (TNF) (COLOMBO and FORNI 1994). These cytokine expression 
strategies are based on the hypothesis that the tumor cells themselves de facto 
present endogenously synthesized tumor peptides in the context of their MHC 
class I molecules and would therefore be capable of stimulating T cell responses 
if helper cytokines are provided. However, the target cells for the cytokine
transfected tumor cells are diverse, ranging from CD8 CTL to B lymphocytes, NK 
cells, eosinophils, and others. Vaccination with tumor cells that have been 
transduced with several of these cytokine genes does not result in systemic 
immunity, indicating that in some cases effective antigen presentation to T cells 
does not occur. If systemic antitumor immunity is induced, however, it is at least 
partially mediated by CD8 T cells. 

A major direction of current gene therapy of cancer is directed towards 
generation of cancer vaccines. It involves the use of established cell lines, derived 
from either cancerous or normal cells, into which genes of interest are trans
ferred. This can be achieved by direct DNA transfer or by virus injection using, for 
instance, retroviral or adenoviral gene expression vectors. The gene-transfected 
cell lines are then inactivated, most frequently by y irradiation, and injected either 
alone or together with autologous patient-derived cancer cells as vaccines back 
into the patients in order to achieve active specific immunization and immuno
therapy (ASI) effect (HELLSTROM and HELLSTROM 1993). 

Whole cell vaccines can be distinguished from vaccines consisting of soluble 
tumor-associated antigens. Among the whole cell vaccines we can further 
distinguish between autologous and allogeneic vaccines and between unmodi
fied, virus-infected, or genetically engineered vaccines. Clinical studies are also 
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being carried out with tumor cell lysate vaccines, shed antigen vaccines, gang
lioside vaccines, and anti-idiotype vaccines. Many of these include approaches for 
potentiating vaccine immunogenicity by using novel adjuvants or delivery sys
tems. Interesting new techniques include the use of tumor-derived peptide
loaded heat-shock proteins (SHRIVASTAVA and UDONO 1994) or the DNA gun (KELLER 
et al. 1995), which allows particle-mediated gene transfer (PMGT) into tumors. 

There is optimism that procedures will be developed that will make it possible 
to induce long-lasting immune responses to tumor antigens with the primary goal 
of destroying small foci of tumor cells that remain after other types of therapy. 

5.4 Preclinical Studies 

Major contributions to the understanding of the principles of tumor vaccination 
and ASI were made in the L 10 guinea pig hepatocarcinoma (HANNA et al. 1982) and 
in the ESb mouse lymphoma (HEICAPPEL et al. 1986; SCHIRRMACHER et al. 1986; 
SCHIRRMACHER and VON HOEGEN 1993; SCHIRRMACHER 1992). A number of similarities 
existed between the optimum protocols developed in these two metastasizing 
tumors and the therapeutic results obtained. Whereas in the L 10 tumor postop
erative immunotherapy with irradiated autologous tumor cells admixed with 
Bacillus Ca/mette-Guerin (BCG) protected against lymph node and lung meta
stases, in the ESb tumor postoperative treatment with irradiated NOV-infected 
autologous tumor cells protected against hematogenous metastases. Important 
variables for optimum therapeutic effects were the time of operation of the 
primary tumor, the residual disseminated tumor burden, and the dose of virus 
added to a standard dose of 107 irradiated tumor cells (HEICAPPEL et al. 1986). The 
site of vaccination also appeared to be important: in the L 10 guinea pig model, 
three vaccinations injected intradermally protected against lymphatic spread, 
whereas in the ESb mose model, intraperitoneal administration of the vaccine had 
the strongest protective effect against visceral metastases. In both models, 
postoperative vaccination with inactivated viable tumor cells without viral or 
bacterial adjuvants had no therapeutic effect. 

The efficiency of the anti metastatic effect of vaccination was dependent on 
the size of the metastases, their vascularization, and the total tumor burden. In 
both tumor models it was shown that vaccination leads to a local inflammatory 
reaction which extends to the draining lymph nodes and eventually leads to a 
systemic immunity and inflammatory reaction at sites of metastases. In the 
guinea pig,_ the interconnections between local vaccine reactions and systemic 
immunity were evaluated by means of removal of the local reaction sites of the 
skin or of the draining lymph nodes at different times and testing the effects on 
postoperative survival. The stronger the local reaction, the better the extent of 
systemic immunity induced. The combination of autologous tumor cells and BCG 
in the vaccine had a synergistic effect both on the intensity of the local reaction 
and on the protective immunity. In both models it was documented that the 
viability of the inactivated tumor cells was of decisive importance (HANNA et al. 
1982; SCHIRRMACHER and VON HOEGEN 1993) and that the cells had to be frozen under 
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controlled conditions, otherwise their immunogenicity was greatly decreased. In 
the ESb tumor system, we found that simple shock freezing/thawing of the tumor 
cells completely destroyed their immunogenicity with regard to stimulating 
tumor-specific CTL in mixed lymphocyte-tumor cell (MLTC) cultures. This defect 
could not be restored by the addition of cytokines, such as IL-1, IL-2, IFN-y 
(SCHIRRMACHER and VON HOEGEN 1993). The stronger immunogenicity of intact tumor 
cells compared with membrane preparations could be due to accessory adhesive 
and/or signaling molecules. 

When we compared the two vaccines in the L 10 model, L 1 O/BCG and L 10-
NDV vaccine were found to have similar efficacy. A combination of the two types 
of vaccines did not lead to better protective immune effects. BCG induces long
lasting ulcers in animals and patients, whereas NDV does not. Another advantage 
of NDV may be its more precise localization at the tumor cell surface where 
immune cell-tumor cell interactions take place. When we analyzed the immune 
responses of animals inoculated in the pinna with either live ESb or live ESb-NDV 
cells, we found three levels at which NDV exerted an amplifying effect on the 
immune response: (1) an increased CD4+ T cell-mediated helper rBsponse, (2) an 
increased frequency of tumor-specific CTL precursors, and (3) an increased 
stimulatory capacity of NDV-modified ESb cells for activating tumor-specific CTL 
precursors (CTLP) to mature CTL in vitro (VON HOEGEN et al. 1987, 1988, 1990). 

Most experiments were performed with the NDV strain Ulster, which is a 
nonlytic avirulent strain. This negative stranded RNA virus possesses an external 
envelope with spike glycoproteins of two types: HN, a glycoprotein with hemag
glutinating and neuraminidase activity which binds to ubiquitous sialic acid 
containing gangliosides on cell surfaces and also increases adhesive function 
(JURIANz et al. 1995) and CTL activity (ERTEL et al. 1993). and F, a glycoprotein with 
membrane-fusing ability. In comparison with influenza virus, NDV is more re
stricted in its host range and much less hazardous for humans (AHLERT and 
SCHIRRMACHER 1990). 

5.5 Strategies for Further Improvement 
of Autologous Tumor Vaccines 

A therapeutic application of NDV-modified tumor vaccines was effective in the 
ESb model, but only against micrometastases and only in half of the treated mice 
(HEICAPPEL et al. 1986). Therefore, we are trying to improve on it. Treatment of ESb 
tumors with IFN-a was ineffective, but in combination with immune CD8 T cells 
IFN-a treatment was highly effective (KAIDO et al. 1994). This finding is in line with 
the observation that IFN-a has a costimulatory effect on CTL activation (VON 
HOEGEN et al. 1990). In the B 16 melanoma model, the therapeutic application of 
NDV-modified tumor vaccines was more effective than the application of MHC 
class I-transfected tumor cells, but was ineffective against macrometastases 
(PLAKSIN et al. 1994). 
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We recently constructed a single-chain antibody for coupling ligands to tumor 
cells infected with Virus. A single-chain antibody (scFv) specific for the hemag
glutinin-neuraminidase (HN) of NOV is used to anchor costimulatory molecules for 
T cell activation to NOV-infected autologous tumor cells in a vaccine for ASI. The 
anti-HN reagent contains a sulfhydryl group near its C terminus for coupling 
costimulatory proteins followed by five histidines for purification by metal chelate 
chromatography (IMAC). The single-chain antibody binds specifically to NOV 
particles with an affinity comparable to that of the parent antibody. The purified 
scFv and an scFv conjugate were able to bind to cells infected with NOV, as 
shown by FACS analyses (GonER et al. 1995). 

One example of a costimulatory molecule that may attach to ATV-NOV via 
bispecifics is B-7, an immunoglobulin-like cell surface molecule of APC which 
interacts with C028 receptors on T cells and thereby supplies costimulatory 
signals for T cell activation. It was found that for a helper T cell to produce 
sufficient IL-2 to allow autocrine-driven clonal expansion, so-called "costimulatory" 
or "accessory" signals are required in addition to T cell receptor ligation by antigen
MHC molecules (Ag-MHC). Activation of the T cell receptor in the presence of 
costimulatory signals result in T cell clonal expansion and in the induction of 
effector functions such as the production of Iymphokines. By contrast, the 
interaction of T cells with Ag-MHC in the absence of costimulatory ligand is not a 
neutral event, but can lead to induced unresponsiveness or even to death by 
apoptosis. 

Since the majority of human cancers are carcinomas derived from epithelial 
tissues, they are likely not to express B7, since these costimulatory ligands are 
characteristic only of APC such as activated lymphocytes, macrophages, and 
dentritic cells. With the help of genetic engineering, it is hoped and expected that 
carcinoma cell lines will be able to be converted into professional APC by transfer
ring genes or molecules such as B7 for costimulation. Recent discoveries indicate 
that C028 and B7 are each members of larger gene families and suggest that the 
regulation of costimulation is more complex than previously imagined (JUNE et al. 
1994). Gene therapy will therefore not be simple, and it is likely that more than one 
gene is required to turn a cancer cell into an APC: cytokine genes, B7, and cell 
adhesion molecules (CAM) are just a few of these. 

Now that human tumor-associated and peptide epitopes have been identi
fied, new strategies are being developed to use host APC such as dendritic cells 
or EBV-transformed autologous B cells or macrophages (MUKHERJI et al. 1995) for 
their presentation during vaccination. 

Reagents which have been used in cancer patients for many years for active 
immunization include intact irradiated autologous tumor cells (HOOVER et al. 1993; 
BERD et al. 1990), allogeneic fresh or cultured tumor cells of the same histological 
type or allogeneic tumor cell homogenates (MITCHELL et al. 1990)' tumor oncoly
sates (CASSEL et al. 1983), and soluble tumor antigens (HOLLINSHEAD et al. 1987). 

A variety of methods and procedures to modify cancer vaccines (SCHIRRMACHER 
1993) have been developed to increase their immunogenicity: chemical and 
enzymatic modification, xenogenization with virsuses, modification by mutagens, 
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transfection of genes coding for MHC class I antigens, upregulation of the 
expression of MHC antigens, integrins and tumor-associated antigens (TM) by 
in vitro exposure to IFN-y and/or TNF-a, use of the vaccine together with low 
doses of IL-1 or IFN-y, and use of molecularly engineered tumor cells carrying 
genes for Iymphokines. Potentiation of immune stimulation can also be expected 
with unmodified or modified tumor cells combined with various natural and 
synthetic immunoadjuvants. In many of these studies with improved modified 
cancer vaccines, a beneficial effect was reported for a proportion of patients, and 
the treatment was well tolerated. Various groups reported positive results with 
active immunization as a postsurgical adjuvant treatment (HOOVER et al. 1993; BERD 
et al. 1990; CASSEL et al. 1983; WUNDERLICH et al. 1985) or in patients with 
progressive advanced disease (MITCHELL et al. 1990; HAYASHI et al. 1992). 

Because of its low neurotropism, the use of NOVas an antineoplastic agent 
was proposed in 1965 by CASSEL et al. (1983), who have performed more than 
5000 vaccinations in melanoma patients with NOV melanoma oncolysates. This 
ASI protocol was well tolerated, and significant improvements of more than 50% 
in 5-year survival rates in comparison to historical controls without ASI were 
reported (CASSEL et al. 1983) and reproduced in a second unpublished study 
(CASSEL, personal communication). The authors also observed enhanced inflam
matory cell responses in cerebral metastases during concurrent therapy will viral 
oncolysates (CASSEL et al. 1986). With its potency to induce IFN-a and~, TNF-a, 
adrenocorticotropic hormone (ACTH), TIMP (tissue inhibitor of metalloprotein
ases), and heat-shock proteins, NOV attached to tumor cell surfaces could be 
considered as a potent biological response modifier in a tumor vaccine. 

At the site of vaccination (usually the skin), NOV-induced IFN-a and -~ may be 
important initial mediators of lymphocyte migration. In the presence of immune T 
cells, IFN-y might account for most of the lymphocyte recruitment related to 
delayed-type hypersensitivity (OTH). NOV-induced, locally produced cytokines 
may also facilitate delivery of a costimulatory signal in conjunction with the 
antigen receptor-mediated signal according to the two-signal pathway of T cell 
activation (SCHWARTZ 1990). In support of this assumption, we demonstrated that 
the NOV-mediated potentiation of tumor-specific CTL activity could be inhibited 
by anti-IFN antibodies. NOV also increases via its hemagglutinin-neuraminidase 
glycoprotein adhesive host-tumor cell interactions and thereby might increase 
the binding affinity and/or avidity of interacting antitumor immune lymphocytes 
(ERTEL et al. 1993). Antigen-specific effector cells activated through vaccination 
may recirculate and, upon recognition of antigen at the site of metastases, induce 
antitumor immune responses. 

Secretion of I FN-yseems to be important at this step, since the effectiveness 
of tumor-infiltrating lymphocytes when adoptively transferred to mice bearing 
micrometastasis correlated better with their ability to secrete I FN-ythan with their 
cytotoxicity in vitro. 

On the basis of the ASI concept developed in the ESb tumor model, we have 
established a corresponding vaccination protocol for cancer patients. The vaccine 
consists of freshly isolated autologous intact tumor cells inactivated by irradiation 
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and modified by coincubation with a small, predetermined amount of NOV 
(Ulster). In various types of cancer patients, new protocols for postoverative ASI 
treatment were worked out in either "adjuvant" (SCHIRRMACHER et al. 1989) or 
"advanced disease" (POMER et al. 1995) situations. Optimum procedures were first 
developed for the isolation and inactivation of live tumor cells from freshly 
operated specimens of primary tumor or metastases. This was done for malig
nant melanoma, hypernephroma, breast carcinoma, ovarian carcinoma, and colon 
cancer. For preparation of a vaccine, irradiated cells stored in liquid nitrogen were 
thawed and coincubated at 37°C for 1 h with live or inactivated NOV. The Virus
modified cells were characterized with immunological, biochemical, and electron
microscopical methods. Sterility and other quality controls were included (LIEBRICH 
et al. 1991). Results from phase I and II studies have been reported (LEHNER et al. 
1991; SCHLAG et al. 1992). The first evaluation of clinical response to adjuvant ASI 
treatment with autologous tumor cell vaccines modified by NOV infection (ATV
NOV) was done in colorectal cancer patients following resection of liver meta
stases (SCHLAG et al. 1992). 

We also treated patients with advanced renal cell carcinoma after nephre
ctomy with ATV-NOV vaccine, but used it in combination with subcutaneous rl-2 
and IFN-u2b . We now report on 4-year survival data of clinical responders (com
plete and partial remissions CR+PR), nonresponders, and those patients who 
experienced stable disease (SO) under therapy (POMER et al. 1995). More than 
50% of all treated patients profited from this combination therapy by improve
ments in survival. 

Several American groups are performing ASI studies in advanced malignant 
melanoma patients. Morton and colleagues (HAYASHI et al. 1992) used a combina
tion of low-dose cyclophosphamide treatment plus irradiated, well-defined intact 
melanoma cells from cell lines. MiTCHELL et al. (1990) administered an allogeneic 
melanoma cell lysate called Theraccine combined with the adjuvant Oetox (Ribi, 
Immunchem Research Hamilton MT) and BERD et al. (1990) use a combination of 
low-dose cyclophosphamide treatment and irradiated autologous trinitrophenol 
(TNP)-modified melanoma cells. All three groups report about 15%-29% re
sponse rates in their treated patients. 

Table 1 summarizes the rationale for using ATV-NOV in cancer patients. 
Variables of importance for any kind of cancer vaccine, such as specificity, 
immunogenicity, valency, tolerability, effectiveness, and practicability, are consid
ered. We have already mentioned that in our hands viable tumor cells are superior to 
cell membranes with respect to activating tumor-specific CTLP. This is corrobora
ted with a defined immunoglobulin idiotype, which served as tumor antigen. Immuniza
tion with idiotype-positive viable tumor cells induced protective immunity, where
as immunization with equivalent amounts of idiotype presented in soluble form 
gave no protection, but rather caused tumor enhancement (GOSH et al. 1990). 

We would like to draw attention to possible limitations of cancer vaccines and 
their use in ASI studies. Limitations may exist with regard to responsiveness of 
the patient, amount of available material, residual tumor mass and/or recurrent 
tumor mass, antigenic heterogeneity, and immunoresistance. We are fully aware 
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Table 1. Rationale for using Newcastle disease virus (NOV)-infected autologous tumor cells (A TV
NOV) as vaccine for postoperative active specific immunotherapy (ASI) treatment 

Variable 

Specificity 

lmmunogenicity 

Valency 

Tolerability/side effects 

Effectiveness 

Practicability 

ATV-NOV 

High: includes individually 
distinct MHC-associated tumor 
antigens; closest match to 
the patient's own cancer 
High: intact cells, in particular 
virus-infected cells, superior 
to subcellular material for 
T cell responses 
As a polyvalent reagent. such a 
vaccine is better suited 
than monovalent reagents 
to treat heterogenoeous 
cellular disease such as cancer 
Both components well 
tolerated; side effects 
very few 
Local immune reactions: 
apparent synergistic 
interaction of ATV and NOV 
in skin reactivity to the vaccine 
Systemic reactions: 
increased OTH reactivity 
to challenge with autologous 
tumor cells. reactions at sites 
of residual disease. reduced 
recurrence rate 
Can be prepared within 6-12 h 
from fresh specimens; 
feasible for a central laboratory 
with trained staff; mail service 
possible within 24 h 

Limitations 

Nonantigenic tumors; 
proportion of stroma cells 
and infiltrating host cells 

lmmunoresistant tumor cell variants 

Standardization 

Tumor enhancement. induction of 
suppression 

Nonresponding patients 

Possibly tumor mass 

Amount of material; 
general availability 

MHC, major histocompatibility complex; DTH, delayed-type hypersensitivity. 

that this type of treatment must be combined with other modalities, but this is 
also true of other immunotherapeutic approaches. As a local form of treatment, 
ASI is better tolerated by cancer patients than systemic high-dose cytokine 
treatment or adoptive therapy with Iymphokine-activated killer cells or tumor
infiltrating lymphocytes. Intensive research in this promising area of clinical tumor 
immunology is warranted to increase our strategies for treatment of metastatic 
disease. 

The next generation of biotherapy approaches is likely to involve rational 
combinations of biologicals. Combination strategies are now "en vogue" and are 
supported by observations that tumors considered unresponsive even to high 
doses of individual factors can be responsive to certain combinations at lower 
doses. Rational combinations of biologicals with existing conventional treatment 
modalities should also be tried. After all, according to a recent analysis (DESAI 

1994), the current therapeutic advances that have accrued are due to an intense 
interaction between various therapeutic disciplines. Evidently what is needed 
now, at a time when we seem to have reached a plateau, is the inclusion of 
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biological factors and treatment strategies and the integration of these without 
too much reluctances and resistance in clinical medicine. 

A recent editorial (KENNEY and PAGANO 1994) spoke of a new age for "therapeu
tic" viruses for cancer treatment and claimed that, because of its relative safety, 
NDV has great promise for this purpose. It has already been sucessfully applied as 
a selective oncolytic agent (LORENCE et al. 1994), as a nonspecific immuno
stimulant in advanced human cancer (CASTARY et al. 1993). and as a costimulatory 
biological in cancer vaccines for inducing systemic protective immunity against 
metastases (ERTEL et al. 1993). Since NDV infection also leads to genetic modifi
cation, introduces a new adhesion molecule, induces locally cytokines, and has a 
costimulatory effect on T cells, ATV-NDV may be a feasible reagent for ASI 
induction. More defined reagents could possibly be developed in the future and 
used for ASI maintenance vaccination. 

6 Cellular Therapies 

Among the novel biological strategies that have emerged in recent years for the 
treatment of cancer, we should also mention the cell-based therapies involving 
transfer of activated tumor-reactive lymphocytes for adoptive cellular immuno
therapy (AD I) (SCHIRRMACHER et al. 1995). ADI with Iymphokine-activated killer cells 
or with tumor-infiltrating lymphocytes was reported to have an overall response 
rate of about 25% in metastatic melanoma and renal cell carcinoma patients 
(ROSENBERG et al. 1993; OSBAND et al. 1990). In this context, we must also mention 
the improvement of clinical leukemia treatment when using allogeneic human 
leukocyte antigen (HLA)-matched bone marrow in comparison to autologous 
bone marrow transplantation (BMT). This allogeneic graft versus leukemia effect 
(GvL) is clearly dependent on allogeneic T cells that are transferred together with 
bone marrow cells. This strategy of cellular immunotherapy has already been 
further improved by donor lymphocyte infusions with or without IFN-a in the 
treatment of recurrent leukemia after BMT (SLAVIN et al. 1992; KUMAR et al. 1994). 

In contrast to most other cellular therapies that use in vitro cultured lympho
cytes stimulated with or without cytokine as effector cells, we have focused our 
attention on the use of in situ activated immune T lymphocytes for adoptive 
immunotherapy studies. Thus, peritoneal effector cells (PEC) generated from 
intrapinna tumor-immunized and intraperitoneally restimulated mice were able to 
transfer protective immunity in the absence of exogenous cytokines into normal, 
irradiated, or severe combined immunodeficient (SCID) mice which had been 
injected either subcutaneously or intravenously with increasing numbers of 
metastatic tumor cells. Expression of protective immunity was independent of 
host T cells, since it was similarly expressed in SCID mice and in sublethally 
irradiated mice. Preincubation in vitro for 24 h of the PEC before adoptive transfer 
led to a pronounced decrease of protective immunity, while the tumor-specific 
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CTL activity was maintained or even enhanced. These results demonstrated that 
protective immunity in vivo requires more than tumor-specific cytotoxic activity 
and that the in vitro culture of immune cells can change their in vivo functional 
properties (SCHIRRMACHER and GRIESBACH 1994). 

We went on to improve the overall protective immunity of these immune 
cells by combining the ADI therapy with other treatment modalities. The cellular 
therapy effects seen with immune PEC could be augmented by host irradia
tion and by combination with ASI using previously established virus-modified 
tumor vaccines. In an attempt to study the possible role of cytokines in the 
system, we tested the effect of neutralizing antibodies to TNF-a and INF-y on 
the therapeutic effect. Anti-TNF-a, but not anti-IFN-y antibody treatment aug
mented the immunotherapeutic effectiveness of immune PEC-mediated ADI 
(SCHIRRMACHER 1995). 

Using the ESb lymphoma as a model, we were able to describe experimental 
conditions for obtaining either synergistic or antagonistic effects between host 
irradiation and T cell-mediated antitumor immunity. Sublethal irradiation of mice 
during the afferent (induction) phase, but not during the efferent (effector) phase 
of the antitumor immune response had a strong suppressive effect on protective 
immunity. The immune system of syngeneic (DBA/2) and allogeneic (B1 0.D2) 
mice changed within 24 h after first contact with the ESb tumor cells from radio
sensitivity to radio-resistance. This possibly reflected an active cellular response 
associated with the change from virgin to an antigen-sensitized (primed) state 
of T lymphocyte differentiation. T cell depletion experiments revealed that 
the afferent phase was dependent on both CD4 and CDS host T lymphocytes, 
while the efferent phase was mainly CDS T cell dependent (SCHIRRMACHER and 
ZANGEMEISTER-WITIKE 1994). 

Using in situ activated tumor immune T cells induced in allogeneic, tumor
resistant, MHC-identical but superantigen-different donor mice (B10.o2), we 
were able to show the specific eradication of micrometastases upon immune cell 
transfer into syngeneic tumor-bearing DBA/2 mice (SCHIRRMACHER et al. 1991). The 
B 1 0.D2 antitumor immune Tcells were shown to contain both tumor-specific T 
cell clones and T-cell clones directed against minor DBA/2 histocompatibility 
antigens, so that GvL and graft versus host (GvH) effects could be expected. 
Nevertheless, the GvH reactivity was not lethal, and long-lasting tumor immunity 
could be established following migration, survival, and establishment of memory 
cells for tumorprotectivity (ZANGEMEISTER-WITIKE and SCHIRRMACHER 1991). 

Recently, we were able to demonstrate the unique efficiency of this model 
system in rejecting even late-stage disease of advanced metastasized cancer. 
Systemic immune cell transfer into 5-Gy-irradiated DBA/2 mice bearing syngeneic 
tumors established for up to 4 weeks and macrometastases in livers and kidneys 
led to massive infiltration of tumor tissues by CD4 and CDS donor T lymphocytes. 
Upon interaction of immune CD4 donor T cells with host APC in synergy with 
immune CDS donor T cells attacking the tumor cells directly, primary tumors (1.5 
cm in diameter) were encapsulated and rejected from the skin, and liver 
metastases were eradicated (SCHIRRMACHER et al. 1995). 
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Further studies with separated and enriched CD4 or CDB donor immune T 
cells alone or in combination revealed a strong synergistic effect of CD4 and CDB 
immune T cells both in primary tumor rejection and in ADI-mediated prolongation 
of survival. Transfer of either CD4 or CDB immune cells alone prevented further 
progressive tumor growth, but did not lead to regression of primary tumors. 
Combined transfer of CDB and CD4 immune cells caused complete tumor 
regression, although somewhat delayed in comparison to immune spleen cell 
transfer (SCHIRRMACHER et al. 1995). 

Synergistic effects of CD4 and CDB immune T cells were also seen in the 
selective eradication of ESb-L /ac-Z and ESb-MP liver metastases and in their 
targeting by the transferred immune cells. Quantitative data on tumor-infiltrating 
lymphocytes in liver metastases were derived from immunohistology by counting 
in representative liver sections the number of tumor cells and tumor-infiltrating 
lymphocytes at different time points under ADI. Independent of the size and 
cellularity of metastases, the percentage of tumor-infiltrating lymphocytes of 
both the CDB and CD4 type was significantly higher in AD I-treated than in 
nontreated animals. Synergism between CD4 and CDB immune T cells with 
regard to targeting to liver metastases was seen within the first week after 
treatment (SCHIRRMACHER et al. 1995). 

These model studies using freshly in situ achieved antitumor immune cells 
from MHC congenic mice revealed strong GvL effects in the presence of tole
rable GvH effects. These model studies may thus be of great relevance for 
further understanding and improving leukemia treatment following BMT. The 
reasons for the predominantly protective effects of this ADI protocol and a 
possible downregulated GvH reactivity are not yet entirely clear. Since we 
observed a late chronic GvH reaction in some experiments a contribution of 
minor histocompatibility antigen-specific T cells and thus of GvH reactivity in 
this anti tumor effect cannot be excluded. ADI by syngeneic in situ activated 
PEC also works in this model, but is not as effective as the allogeneic cells from 
MHC congenic mice. Preliminary findings indicate that mouse mammary tumor 
virus (MMTV)-derived viral superantigens which are present in DBA/2 but not 
B 1 0.D2 mice and which delete T cells with certain v-~-chains from the repertoire 
of DBA/2 are associated with ESb lymphoma sensitivity of resistance of these 
strains. 

Our studies on cellular therapies suggest that better GvL effects can be 
expected in clinical treatment if the donor T cells are presensitized against the 
tumor of the host. In principle this can be achieved either in vitro or in vivo. 
Since in vitro culture of T cells could affect their homing properties, possibili
ties for in vivo immunization of T cells for clinical ADI studies should not be 
excluded. All the experience that has been gained with tumor vaccines could 
be exploited for such application. It is to be expected that such immune T cells 
can be transferred into patients following allogeneic BMT because the latter 
procedure may have already established a lymphoid chimerism between 
donor and host. 
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7 Conclusions and Future Perspectives 

Various approaches for immunotherapy of metastases have been described. 
Regardless of whether they are based on antibodies, antigens (tumor vaccines), 
or immune cells, they all have in common the aim of being more specific and 
selective than cytostatics or radiotherapy. 

One of the main problems with immunotherapy is still the selective recogni
tion of metastases and an efficient targeting. We were able to compare targeting 
of liver metastases by immune T cells with that of an mAb which reacts with a 
differentiation antigen (C02) on ESb-MP lymphoma cells and which does not 
react with normal liver tissue. While the antibody targeted very well to the 
lymphoma liver metastases, especially after debulking of the primary tumor 
(SCHMID et al. 1993), a quantitative autoradiographic evaluation revealed signifi
cant heterogeneity in radioactivity retention with some metastases which re
mained nontargeted. Heterogeneity of uptake was even more pronounced in the 
primary tumor. The findings with immune T cells from tumor-resistant MHC
compatible strains clearly demonstrates the superiority of the T cell-targeting 
approach. This works for the primary tumor and for metastases of different sizes, 
macrometastases, foci, and small clusters down to single, disseminated cells. 
The superiority of T cell targeting in comparison to antibody targeting is likely due 
to the inherent active motility of the cells. 

While many immunotherapy studies have reported on prophylactic immuni
zation effects obtained with modified tumor vaccines, those that dealt with 
therapeutic applications usually reported on effects between 3 and 9 days after 
tumor implantation, while advanced diseased stages were usually not affected. 
Our ASI studies with whole cell vaccines showed that intact live cells are more 
immunogenic than cell Iysates. Prophylactic immunization with live, nontumori
genic, I L-4-transfected Eb lymphoma cells induced long-term tumor-specific 
immunological protection. This correlated with the persistence of dormant tumor 
cells in the bone marrow (KHAZAIE et al. 1994), thus leading to persistent antigenic 
stimulation of the immune system. These findings appear to have a clinical 
correlate, because dormant tumor cells have also been detected in the bone 
marrow of many carcinoma patients (LINDEMANN et al. 1992). Future protocols may 
involve the use of live tumor cell vaccines incorporating a "suicide gene" which 
would allow their destruction if necessary. 

Magnetic resonance spectroscopy data revealed that one of the early effects 
of ADI immune cell transfer was a change in the pH milieu in the primary tumor. 
Immune T cell transfer also influenced the microenvironment in the target organ 
liver. Both immunotherapy approaches, ASI and ADI, were able to activate liver 
sinusoidal endothelial cells and liver-derived Kupffer cells to become and remain 
activated and to produce NO and other substances and thus to contribute to anti
metastatic resistance of the host (ROCHA et al. 1995a; UMANSKY et aI., submitted). 
Further conclusions from the ADI studies were that CD4 immune T cells alone 
and CD8 immune T cells alone conferred only partial protection and resulted in 
stable disease, whereas when transferred together there was a strong synergistic 
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interaction. CD4 plus COB immune T cells were able to reject large primary 
tumors from the skin and to completely eradicate metastases, independent of 
size and heterogeneity. 

New tumor T cell targets will be discovered through the exploration of known 
genetic changes in tumors and their associated influences. New techniques have 
already been developed for the identification and cloning of genes for T cell 
targets and the identification of T cell epitopes by sequencing peptides eluted 
from HLA molecules on tumor cells. When combined with our increasing ability to 
manipulate the immune system, these advances must surely provide hope for 
effective immunotherapy and vaccination against cancer. As such approaches to 
T cell immunotherapy develop, the ability of a tumor cell to evade immunity by 
variation in HLA expression (or by other means) may prove to be a formidable 
barrier to effective cancer immunotherapy. It is thus extremly important that 
clinical experiments are well thought out and carefully designed. Immune moni
toring should include measurements of the immune response and characteriza
tion of HLA expression on tumors and should be accompained by HLA and other 
immunogenic typing of the cancer patient. Only in this way will immunotherapy of 
metastases eventually receive the attention that it undoubtedly deserves. 
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Colorectal carcinoma (CRC) is among the most common cancer types in the 
western world. With the exception of Japan, it has a high incidence in the 
developed countries that is still rising (VOGEL and MCPHERSON 1989). In the United 
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States of America, it accounts for approximately 150 000 new cases and about 
50 000 fatalities per year (BORING et al. 1993). Despite several new treatment 
modalities, the prognosis depends largely on the extent of disease at the time of 
diagnosis. While surgery may be curative in earlier stages, about 50% of patients 
will suffer a relapse and die within 5 years (FLEISCHER et al. 1989). However, it has 
been demonstrated that adjuvant strategies can significantly improve survival in 
certain stages of CRC (MOERTEL et al. 1990, 1992). 

2 Prognostic Factors in Advanced Disease 

Over the years, several reports have correlated prognostic factors to response or 
survival. So far, the only reliable prognostic factor found by several authors to be 
statistically significant in CRC is the performance status (for a review, GRAF et al. 
1991). KEMENY and BRAUN (1983) detected no prognostic factor for response in 220 
patients with advanced CRC. However, statistically significant for a poor progno
sis were an elevated lactic dehydrogenase (LDH) level, an abnormal carcino
embryonic antigen (CEA) level, a white blood cell count (WBC) of over 10 000, a 
Karnofsky performance status of less than 60%, and liver metastases. GRAF et al. 
(1991) examined 340 patients with advanced CRC and found the hemoglobin 
level, the disease-free interval, the number of symptoms, and the performance 
status to be statistically significant prognostic factors for survival, while the main 
independent determinant of response was the hemoglobin level. In another 
retrospective analysis of 324 patients included in four chemotherapy trials, the 
same group found only a response to chemotherapy of 4 months' duration to be 
associated with a statistically significant survival advantage (GRAF et al. 1994a). 
When these prognostic factors were tested in an independent population for their 
relationship to survival by univariate and multivariate analyses to determine their 
predictive value, the group was able to confirm the importance of the hemoglobin 
level, the disease-free interval, and the Karnofsky performance status in both 
analyses. However, they found statistical significance for the number of symp
toms only in the univariate analysis (GRAF et al. 1994 b). STEINBERG et al. (1992) 
reported baseline albumin and glutamic oxaloacetic transaminase (GOT) to be 
significant determinants of survival, while the performance status was prognostic 
for the response. In a recent prospective randomized trial in 142 patients with 
advanced eRC, a Karnofsky performance status of less than 80%, an elevated 
alkaline phosphatase and/or GOT, and no response to chemotherapy were all 
found to have a statistically significant negative impact on survival using multi
variate analysis. In this study, patients with a Karnofsky performance status of 
less than 80%, liver metastases and no response to chemotherapy had only a 
10% survival rate after 7 months, while those with a Karnofsky performance 
status greater than 80%, response to therapy within the first 4 months of 
treatment, and metastases to the lung only showed a survival rate of 75% after 
7 months (p = 0.0001; KREUSER et al. 1995). 
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3 Biochemical Modulation 

In recent years, biochemical modulators have been introduced in the treatment of 
cancer patients. There are noncytotoxic drugs which are supposed to enhance 
the efficacy of the main cytotoxic agent in various pathways by altering 
intracellular metabolism (Table 1). 

3.1 5-Fluorouracil 

Since the time it was first introduced in the treatment of cancer patients in the 
1950s, 5-fluorouracil (FU) has remained the most active drug in CRC (HEIDELBERGER 
et al. 1957; for a survey, see HASKELL et al. 1990). While phase I1II trials disclosed 
a median response rate of 20% with a range of 8%-54% for treatment with FU 
alone in patients with CRC, this response rate was reduced to 12 % in randomized 
trials (HASKELL et al. 1990; Table 2) and to 11 % in a recent meta-analysis (ADVANCED 
COLORECTAL CANCER META-ANALYSIS PROJECT 1992). 

3.2 5-Fluorouracil and Folinic Acid 

The hitherto most efficient modulator in CRC is folinic acid (FA). Its use in 
combination with FU is based on the ability of the FU metabolite fluorodeoxy
uridine monophosphate (FdUMP) to inhibit the enzyme thymidilate synthase 
(TS). This results in the inhibition of thymidilate (dTMP) production and subse
quently interferes with DNA synthesis. The ability of FdUMP to inhibit TS is 
affected by the intracellular level of 5,1 O-methylenetetrahydrofolate, a reduced 
folate. The coadministration of FA as an exogenous reduced folate has been 
shown to enhance the cytotoxicity of FU in several preclinical models (for review 
SOTOS et al. 1994). 

Phase II trials in previously untreated patients showed the average median 
response rate for the combination of FU/FA to be between 20% and 30% (for a 

Table 1. Biochemical modulators of 5-fluorouracil (FU) and mechanisms involved 

Modulator 

Folinic acid 
Interferon-a 
Methotrexate 

Trimetrexate 

PALA 

Uridine 

Known or presumed mechanism of action 

Increased TS inhibition 
Increased FU metabolism? 
Purine synthesis inhibition 
Increased PRPP levels 
Increased FU incorporation into RNA 
Purine synthesis inhibition 
Increased PRPP levels 
Increased FU incorporation into RNA 
Pyrimidine synthesis inhibition 
Increased FU incorporation into RNA 
Selective decreased FU incorporation into RNA? 

Modified from SOTOS et al. (1994). TS, thymidilate synthase; PALA, N-(phosphonacetyl)- L-aspartate; 
PRPP, phosphoribosylpyrophospate. 
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Table 2. Randomized trials: 5-fluorouracil (Fu) versus 5-fluorouracil/folinic acid (FA) in colorectal (FU) 
carcinoma 

Author Year Patients Response rate Time to disease Median survival 
enrolled' ('Yo) progression (months) (months) 
(n) 

FU FU + FA FU FU + FA FU FU + FA 

PETRELLI et al. 1987 52 11 48 
ERLICHMAN et al. 1988 125 7 33 2.9 · 5.1 9.6 * 12.6 
POON et al. 1989 429 10 43b 7.7 * 12.0 
PETRELLI et al. 1989 343 12 30' 6.0 8.0 11.5 13.7 
VALONE et al. 1989 245 17 19 4.6 5.5 11.5 11.8 
CLENDENINN et al. 1990 218 23 33 4.4 5.5 12.7 10.6 
OOROSHOW et al. 1990 79 13 44 4.0 · 5.5 12.8 (*) 14.4d 

LABIANCA et al. 1991 182 10 22 6.0 6.0 11.0 11.0 
01 COSTANZO et al. 1992 119 18 16 5.0 5.3 15.5 13.3 
NOBILE et al. 1992 142 8 23 3.0 5.0 11.0 11.0 
STEINKE et al. 1992 122 20 30 3.0 · 8.5 7.0 10.5 

Medium 12.5 33 4.4 5.5 11.5 11.9 

, For all arms. 
b Low dose of FA. 
'High dose of FA. 
d Crossover study. 
'Statistically significant difference. 

review, see GREM et al. 1987). In seven out of 11 randomized trials conducted from 
1987 to 1990, significantly higher response rates were seen for the combination 
of FU and FA than for FU alone (Table 2). An analysis of the time to disease 
progression yielded a statistical significance for five of the trials, but only two out 
of 11 studies showed a significantly improved survival in patients treated with the 
combination (Table 2). A meta-analysis of numerous randomized clinical trials 
comparing FU to a combination of FU/FA also revealed the latter to be associated 
with better response rates (23% versus 11 %; ADVANCED COLORECTAL CANCER META
ANALYSIS PROJECT 1992). However, there was no clear evidence that the modula
tion of FU by FA also improved time to disease progression or survival. 

While these results could not confirm the superiority of FU/FA, POON et al. 
(1989) reported a considerable weight gain as well as an improvement of the 
performance status and the symptoms of disease in patients treated with FU/FA, 
compared to those treated with FU only. 

A randQmized trial comparing two FU/FA protocols in advanced CRC was 
published in 1994. A 5-day FU regimen plus low-dose FA was not superior to 
weekly FU plus high-dose FA with regard to response rates and survival; how
ever, the financial costs and side effects were lower (BUROKER et al. 1994). Several 
groups investigated the efficacy and toxicity of high-dose FA and high-dose FU as 
a continuous infusion in patients with advanced CRC. 

Using 24-h infusion of 2600 mg FU/m2 with 500 mg FNm2 over 24 h, ARDALAN 
et al. (1991) reported a response rate of 30% in ten patients .. To confirm these 
results, WEH et al. (1994) conducted a multicenter trial. Patients received 2600 mg 
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Table 3. 5-Fluorouracil/methotrexate, in colorectal, carcinoma (phase II trials) 

Author Year Regimen Interval Patient Response rate 
MTX/5-FU (h) (n) (%) 

CANTRELL et al. 1982 FU/MTX/FA 1 16 6 
AJANI et al. 1985 FU/MTX 1 30 3 
PANASCI et al. 1985 FU/MTX/FA 1 25 28 
HANSEN et al. 1986 FU/MTX/FA 1 26 19 
PYRHONEN and KOURI 1992 FU/MTX/FA/EPI 1 85 29 
WEINERMAN et al. 1982 FU/MTX/FA 4 29 42 
HERRMANN et al. 1984 FU/MTX/FA 7 20 40 
LEONE et al. 1986 FU/MTX 20 24 46 
LEONE et al. 1992 FU/MTX/FA 20 33 33 
GLiMELIUS et al. 1986 FU/MTX/FA 3/23 50 50 
KEMENY et al. 1984 FU/MTX 24 43 32 
SINNIGE et al. 1990 FU/MTX/FA 24 20 20 
ABAD et al. 1991 FU/MTX/FA 24 30 40 

FU, 5-fluorouracil; MTX, methotrexate; FA, folinic acid; EPI, epirubicin. 

FU/m2 over 24 h weekly, preceded by 500 mg FA/m2 as a 1-h infusion. All patients 
had been pretreated, mostly with FU/FA and/or FU/IFN. In patients who had a 
partial remission (PR) or stable disease (SO) with an improved clinical condition, 
therapy was continued until progression occurred. Five out of 57 patients (9%) 
achieved a PR, while 56% of patients (32 out of 57) remained stable. A total of 
81 % (30 out of 37) of those showing an overall response (PR/SO) under this 
regimen had a response before. The median duration of response was 3 months, 
and the median survival for all patients was 8 months (range, 3-17+ months). 
There was one toxic death; other side effects included mucositis, nausea, 
diarrhea, and hand-foot syndrome (WEH et al. 1994). 

3.3 Methotrexate 

Methotrexate (MTXl. an antimetabolite, causes an increased intracellular concen
tration of phosphoribosylpyrophosphate due to MTX inhibition of purine metabo
lism, which results in an increased formation of fluorouridyl triphosphate (FUTP) 
(CADMAN et al. 1980). FUTP is then integrated into RNA instead of the physiologic 
uridine triphosphate (UTP). 

The proper timing of sequential MTX and FU is an important issue. Phase II 
trials showed response rates of approximately 40% when MTX was applied 4-7 h 
before FU (Table 3). In randomized trials with FU and MTX versus FU alone, the 
combination was distinctly advantageous for the response and in some reports 
also for survival when the interval between MTX and FU application was longer 
(Table 4). For comparison, a MTX to FU interval of only 1 h resulted in a response 
rates of 3%-28%, while a 24-h interval yielded responses of 20%-32% of the 
patients. This trend toward better results with a longer interval was confirmed by 
a phase III trial comparing a 1-h to a 24-h interval. The arm with the 24-h interval 
was significantly better with respect to the overall response rate (29% versus 
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Table 4. 5-Fluorouracillmethotrexate versus 5-fluorouracil in advanced colorectal carcinoma 
(randomized trials) 

Author Year Regimen Interval No. RR Survival 
MTX/5-FU (h) Pat. (%) (months) 

PETRELLI et al. 1987 FU/MTX 4 21 5 10 
FU 19 *11 11 
FU/FA 25 *48 12 

O'CONNELL et al. 1990 FU/MTX 7 45 7 7 
FU/FN 49 *33 *14 
FU/FA' 42 *33 *13 

HERRMANN et al. 1992 FU/MTX 7 83 25 13 
FU 76 18 15 

ABAD et al. 1992 FU/MTX/FA 10 60 25 13 
FU/FA 56 18 13 

DELFINO et al. 1992 FU/MTX/FA 18 28 *18 8 
FU 33 0 11 

MACCHIAVELLI et al. 1990 FU/MTX/FA 20 60 *28 N/A 
FU 58 12 8 

NGTATG 1989 FU/MTX/FA 3 + 21 82 *24 *10 
FU 91 3 6 

KEMENY et al. 1988 FU/MTX 24 17 6 10 
MOF/Strep 17 35 12 

POON et al. 1989 FU/MTX 24 39 *26 8 
FU/MTX/FA 7 39 21 8 
FU 39 10 8 

VALONE et al. 1989 FU/MTX 24 96 20 12 
FU 52 17 12 

MARSH et al. 1991 FU/MTX/FA 24 76 *29 *15 
FU/MTX/FA 83 14.5 12 

NGTATG, Nordic Gastrointestinal Tumor Adjuvant Therapy Group; RR, response rate; FU, 5-fluoro-
uracil; MTX, methotrexate; FA, folinic acid. 
, Low-dose FA. 
b High-dose FA. 
'Statistically significant. 

14.5%), the time to disease progression (9.9 months versus 5.9 months), and the 
median survival (15.3 months versus 11.4 months; MARSH et al. 1991). A recent 
meta-analysis of phase III trials of sequential MTX and FU versus FU alone found 
a statistically significant doubling of the response rate as well as a significant 
survival advantage for the combination (ADVANCED COLORECTAL CANCER META-ANALYSIS 
PROJECT 1994). 

3.4 Phosphonacetyl-L-Aspartate 

In 1979, N-(phosphonacetyl}-L-aspartate (PALA) was introduced into clinical trials 
as a potent inhibitor of de novo pyrimidine biosynthesis. It inhibits the enzyme 
aspartate carbamyl transferase (ACTase), thus depleting cells of uridine nucleo
tide pools and subsequently causing an increased uptake of FU by RNA 
(MARTIN and KEMENY 1992). MARTIN et al. (1983) showed in preclinical models that 
PALA is more effective when given at a lower rather than a higher dose. Clinical 
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Table 5. 5-fluorouracil+N-(phosphonacetyl)-L -aspartate (PALA) in advanced colorectal cancer 

Author Year PALA dose Response rate (%) Patients (n) 

Responders Total 

ARDALAN et al. 1981 HD 11 2 18 
WEISS et al. 1982 HD 10 2 21 
ERLICH MAN et al. 1982 HD 4 1 28 
PRESANT et al. 1983 HD 20 2 10 
BUROKER et aI.' 1985 HD 12 4 34 
MUGGIA et al. 1987 HD 24 9 37 
ARDALAN et al. 1988 LD 37 7 19 
AHLGREN et al. 1990 LD 30 3 10 
O'DWYER et al. 1990 LD 43 16 37 
KEMENY et al. 1992a LD 35 15 43 

HD, high dose; LD, low dose. 
'Randomized study. 

trials with different dosages of PALA in combination with FU have shown 
response rates of 10%-43% (median, 26%; Table 5). However, randomized trials 
comparing FU/PALA to FU alone are still lacking. 

4 Immunotherapy for Advanced Colorectal Cancer 

Recent years have witnessed the exploration of many new immunotherapeutic 
strategies in eRe. Immunotherapy can be divided into an active and a passive 
category. Active immunotherapy should ideally stimulate host antitumor immu
nity, either cellular or humoral. Numerous specific tumor vaccines have been 
developed and tested for this purpose (for a review, see FOON 1989). Active 
specific immunotherapy (AS!) against tumor-associated antigens is thought to 
result in a host immune response with subsequent selective cytotoxicity for 
tumor cells (KENNETI et al. 1980). Passive immunotherapy relies on the administra
tion of biologically active agents with innate antitumor properties such as reactiv
ity to monoclonal antibodies and conjugates (FOON 1989). 

4.1 Interleukin 

Interleukin-2 (rIL-2i is a 15-kDa glycoprotein secreted by T-helper lymphocytes 
following activation by antigens or mitogens (MORGAN et al. 1976). It enhances 
natural cytotoxicity, mediated by natural killer (NK) and Iymphokine-activated killer 
(LAK) cells (GRIMM et al. 1983; ORTALDO et al. 1984). 

Earlier clinical studies showed response rates of up to 17% in eRe after 
treatment with r1L-2 alone or in combination with LAK cells (ROSENBERG et al. 1987, 
1989). HAMBLIN et al. (1989) reported an enhanced response rate of 29% after 
combining r1L-2 and FU. YANG et al. (1993) reported a 44% response rate in 
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patients treated with high doses of FU, FA. and rIL-2, but all of the patients had 
responded well to FU/FA before receiving IL-2. A recent randomized trial in which 
FU/FA was compared with a combination of FU, FA. and r1L-2 did not disclose 
significant differences between the two schedules. Response rates were 16% 
and 17%, respectively (HEYS et al. 1995). 

4.2 Interferon 

Interferons (IFN) are a group of glycoproteins with common antiviral, immuno
modulatory, and antiproliferative functions. The three main types, U-, p-, and y
interferon, are characterized by their acid stability, cell surface receptors, and 
primary sequences. While the exact mechanism of action is still unknown, 
antiproliferative effects against various tumor cell lines and immunostimulatory 
effects in vivo have been reported (for a review, see ITRI 1992). In the late 1980s, 
initial clinical trials with FU/IFN showed promising results, especially in patients 
with advanced CRC who had received no prior chemotherapy (WADLER et al. 1989). 
The excellent results reported in this initial study could not be confirmed in later 
trials. In 20 phase 1/11 trials conducted between 1987 and 1993 with a total of 453 
patients, the median response rate of FU/IFN combined was 31 % (range, 5%-
63%; Table 6). Two randomized trials of FU/FA versus FU/IFN did not show a 
statistically significant difference of FU/IFN regarding response, time to disease 
progression, or survival (CORFU-A STUDY GROUP 1995, KREUSER et al. 1995; Table 7). 
Recently, a prospective randomized trial was performed to determine the effi
cacy, toxicity, and quality of life with FU and FA compared to FU and IFNu2b 

(KREUSER et al. 1995). This study, in which a total of 142 patients were treated, 
revealed a significantly improved quality of life in the FU/FA treatment arm 
compared to the patients treated with FU/IFN. Quality of life in this study was 
assessed with the European Organization for Research and Treatment of Cancer 
(EORTC) QLQ C 30 questionnaire before and during the first 6 months of 
chemotherapy. 

Clinical trials using double modulation of FU by FA and IFN did not show a 
clear benefit, the median response rate being 28% (Table 7). Several randomized 
trials comparing the triple combination (FU/FNI FN) to FU/FA yielded contradictory 
results, the double modulation showing no clear advantage in the form of higher 
response rates or longer survival (Table 8). 

5 Locoregional Therapy 

Approximately 40% of patients with CRC will develop metastases to the liver as 
the primary organ during the course of their disease (WEISS et al. 1986). Therefore, 
several treatment approaches directed at liver metastases have been developed. 
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Table 6. Phase 1/11 trials with 5-fluorouracil and interferon in colorectal carcinoma 

Author Year Response rate (%) Patients (n) 

Responders Total 

Rlos et al. 1987 19 3 16 
CLARK et al. 1987 5 1 20 
AJANI et al. 1989 7 2 29 
DE VECCHIS et al. 1989 25 3 12 
WADLER et al. 1989 63 20 32 
KEMENY et al. 1990 26 9 34 
PAZDUR et al. 1990 35 16 45 
DOUILLARD et al. 1991 31 5 16 
HUBERMAN et al. 1991 39 13 33 
JAIYESIMI et al. 1991 16 4 23 
WADLER et al. 1991 42 15 36 
BANG et al. 1992 35 6 17 
BOTTO et al. 1992 40 19 47 
JOHN et al. 1992 33 16 48 
PAVLICK et al. 1992 36 4 11 
WEH et al. 1992 31 17 55 
AlBA et al. 1993 24 6 17 
MEEHAN et al. 1993 24 4 17 
PAZDUR et al. 1993 31 12 39 

Median 31 

Table 7. 5-fluorouracil. folinic acid. and interferon in colorectal carcinoma' 

Author Year Response Rate 
In) (%) 

LABIANCA et al. 1990 4/15 27 
GREM et al. 1991 10/22 45 
INOSHITA et al. 1991 14/46 30 
KOHNE-WOMPNER et al. 1991 3/32 9 
PIEDBOIS et al. 1991 7/10b 70 

1/6' 17 
SEYMOUR et al. 1991 17/47 26 
TAYLOR et al. 1991 3/14 21 
BRUNETTI et al. 1992 3/17 18 
CASCINU et al. 1992 23/45 51 
VAN HAZEL et al. 1992 7/25 28 
KREUSER et al. 1992c 18/62 29 
LABIANCA et al. 1992 8/36 22 
LEMBERSKY et al. 1992 9/11 82 
MOORE et al. 1992 7/25 28 
PUNT et al. 1992 5/19 26 
SOBRERO et al. 1992 6/44 14 
GREM et al. 1993 24/44 54 
SINNIGE et al. 1993 17/30 57 
AUBER et al. 1994 3/10 33 
BUTER et al. 1994 26/49 53 
PAZDUR et al. 1994 14/47 30 

Median 28 

'At least 10 patients included. 
bPreviously untreated. 
'Pretreated. 
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Table 8. Randomized trials including 5-fluorouracil (FU), folinic acid (FA), and interferon (IFN) in 
colorectal carcinoma 

Author/year Patients Regimen Response Time to disease Median 
rate progression survival 

(n) ('Yo) (months) (months) 

DUFOUR et al. 1992 43 FU 18 5.0 N/A 
FU/IFN 24 6.9 N/A 

YORK et al. 1993 146 FU 19 3.9+ 13.6 
FU/IFN 31 4.6 12.4 

CELLERINO et al. 1994 131 FU 14 4.0 12.0 
FU/IFN 6 4.0 12.0 

RECCHIA et al. 1992 72 FU/FA 45 7.0 8.2 
FU/FA/IFN 22 6.6 8.2 

KOSMIDIS et al. 1993 95 FU/FA 19 5.8 10.0 
FU/FA/IFN 6 4.0 7.0 

PENSEL et al. 1993 48 FU/FA 33 8.3 11.1 
FU/FA/IFN 42 9.9 13.2 

SEYMOUR et al. 1994 165 FU/FA 30 N/A 10.8 
FU/FA/IFN 31 N/A 10.0 

Corfu - A Study Group 1995 449 FU/FA 18 6.2 11.0 
FU/IFN 21 7.3 11.0 

KREUSER et al. 1995 142 FU/FA 8 3.7 7.4 
FU/IFN 8 2.2 9.3 

N/A, not applicable. 

5.1 Hepatic Artery Infusion 

Since the 1960s, the delivery of chemotherapy directly to the liver via hepatic 
artery infusion (HAl) has aroused considerable interest and is now almost exclu
sively performed with percutaneous intra-arterial catheters and external pumps 
(SHEPARD et al. 1983). As in systemic therapy, fluoropyrimidines such as FU and 
fluorodeoxyuridine (FUdR) so far are the most potent cytotoxic drugs regarding 
response rates (PAD and MAVLlGIT 1991). Numerous phase II trials with FU/FUdR 
in patients with metastatic eRe have reported response rates of 5%-83% and 
a median response rate of 47% (Table 9). The survival in these studies varied 
between 9 and 31 months, and median survival was 14.5 months. Response 
rates and survival in pretreated patients was comparable. Toxicities of HAl 
included direct hepatic toxicity, biliary sclerosis, and gastric/duodenal irritation 
and ulceration. In a recent randomized trial, patients treated with dexamethasone 
in addition to HAl were able to achieve a greater dose intensity and had improved 
response rates while showing similar toxicity (KEMENY et al. 1992 b). To enhance 
the efficacy of HAl, several trials combined modulators such as FA and IFN with 
the fluoropyrimidines. While response rates in phase II trials were encouraging, the 
combination of FUdR and FA considerably increased hepatic toxicity(KEMENY et al. 
1994; PAD et al. 1994). Five randomized trials conducted between 1987 and 1994 
compared locoregional with systemic chemotherapy in patients with metastatic 
eRe (Table 10). While four of them showed a significantly higher response rate for 
intra-arterial treatment, only one found a significant improvement of survival for 
this treatment, and none showed a difference in time to disease progression. 
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Table 9. Locoregional chemotherapy in advanced colorectal cancer' 

Author Year Drug Patients Pretreated Response Median 
enrolled ('Yo) rate survival 
(n) ('Yo) (months) 

BALCH et al. 1983 FUdR 50 40 83d 26 
COHEN et al. 1983 FUdR' 50 36 51 N/A 
WEISS et al. 1983 FUdR 17 85 29 31 
KEMENY et al. 1984b FUdR 41 43 42 12 
NIEDERHUBER et al. 1984 FUdR 70 45 83 25 
JOHNSON and RIVKIN 1985 FUdR' 40 0 47 12 
SCHWARTZ et al. 1985 FUdR 25 N/A 15 18 
SHEPARD et al. 1985 FUdR' 53 42 32 17 
COHEN et al. 1986 FUdR' 36 42 70 12 
QUAGLlUOLO et al. 1987 FUdR 60 N/A 26 17 
ROUGIER et al. 1987 FUdR 16 N/A 53 15 
SCHEELE et al. 1991 FUdR' 72 0 54 13 
LORENZ et al. 1992 FUdR 112 45 16 
KEMENY et alb 1993 FUdR 49 100 33 15 

FUdR' 45 100 47 19 
STAGG et al. 1991 FUdR/5-FU 64 47 50 22 
GRAGE et al. 1979 5-FU 31 0 34 10 
DENCK et al. 1984 5-FU 24 0 44 14 
THIRLWELL et al. 1986 5-FU 68 30 60 13 
WILS et al. 1986 5-FU' 30 0 30 19 
CORTESI et al. 1987 5-FU' 12 0 33 11 
ARAI et al. 1988 5-FU' 33 N/A 64 12 
SCHLAG et al. 1988 5-FU 36 0 72 14 
GOLDBERG et al. 1990 5-FU 20 0 5 9 
ROUGIER et al. 1991 5-FU' 48 0 60 14 

RR=response rate; N/A=not applicable 
'Nonrandomized trials. 
bRandomized trial. 
'Combination therapy. 
dEvaluation of response by carcinoembryonic antigen (CEA) value. 

Table 10. Locoregional versus systemic chemotherapy in advanced colorectal cancer' 

Author Year Patients Response Time to disease Median Survival 
enrolled rate progression (months) 
(n) ('Yo) (months) 

IA IV IA IV 

CHANG et al. 1987 64 62 · 17 7 9 
KEMENY et al. 1987 99 50 · 20 9 5 
HOHN et alb 1989 143 42 · 10 13 7 
MARTIN et al. 1990 74 48 21 5 6 
ROUGIER et al. 1992 166 43 · 9 14.5 5.5 

IA. intra-arterial (hepatic artery infusion, HAl); IV, intravenous, N/A, not applicable. 
, Randomized trials. 
b Crossover study. 
'Statistically significant. 

IA 

18 
17 
17 
12.5 
15 

IV 

12 
12 
16 
10.5 
11 
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5.2 Chemoembolization 

Chemoembolization is a new technique performed by placing a catheter in the 
hepatic artery followed by concomitant local delivery of chemotherapy and a 
vascular occlusion agent. In comparison with HAl, this should result in a more 
confined and prolonged delivery of chemotherapy. Experience with chemoem
bolization in metastatic CRC is still limited. Several phase II trials with different 
combinations of cytotoxic agents such as doxorubicin, mitomycin C, FU, and 
cisplatin have resulted in response rates of 17%-50%, and median survival was 
between 11 and 18 months (DANIELS et al. 1992; LANG and BROWN 1993; MARTINELLI 
et al. 1994). 

6 New Drugs in the Treatment of Colorectal Cancer 

Due to the unsatisfactory results obtained by treating advanced CRC with the 
agents described above, several new drugs are currently undergoing preclinical 
and clinical investigation. 

6.1 Echinomycin 

Echinomycin is a new bifunctional intercalating agent derived from Streptomyces 
echinatus. In a recent phase II trial in advanced CRC, it showed only modest 
activity with a response rate of 10% (WADLER et al. 1994). Since treatment was 
accompanied by massive anaphylactic reactions, premedication with dexametha
sone is required. 

6.2 Fludarabine 

A number of phase I and II studies utilizing different dose levels and schedules of 
fludarabine phosphate, a new purine antimetabolite, have been reported for seve
ral malignancies. However, no activity was noted in advanced CRC (AJANI 1988). 

6.3 Gemcitabine 

Gemcitabine (2',2'-difluorodeoxycytidine) is a new deoxycytidine analogue. De
spite structural and metabolic similarities to cytarabine, it exhibited a different 
schedule dependency: intermittent rather than daily drug administration resulted 
in higher cytotoxicity in vitro (HERTEL et al. 1990). Several phase II trials have found 
this drug to be effective in non-small-cell lung cancer (ANDERSON et al. 1994; 
NEGORO et al. 1994) and squamous cell cancer of the head and neck (CLAVEL et al. 
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1992), while in advanced CRC only one PR was reported among 26 patients in a 
recent phase II trial (ABBRUZZESE et al. 1991). 

6.4 lododoxorubicin 

4'-lodo-4'-deoxydoxorubicin (iododoxorubicin, IDX) is a halogenated doxorubicin 
analogue with increased lipophilic property and antitumor activity compared to 
doxorubicin in preclinical trials (MROSS et al. 1990). It also had a significant 
inhibitory effect on human colon cancer cell lines in vitro (VILLA et al. 1990). 
Despite this promising preclinical data, a recent German multicenter phase II trial 
did not find any objective response in 18 previously untreated patients with 
metastatic CRC (HERRMANN et al. 1995). 

6.5 Trimetrexate 

Trimetrexate (TMTX), like MTX, is an antifolate inhibitor of the enzyme dihydro
folate reductase (DHFR). In contrast to MTX, it does not compete with FA for 
cellular uptake and metabolism (ROMANINI et al. 1992) because of several different 
attributes (for a review, see O'DWYER et al. 1987). In vitro studies showed a 
cytotoxic effect of TMTX in combination with FU/FA (ROMANINI et al. 1992). The 
combination of FU, FA, and TMTX was also found to be more cytotoxic than MTX 
alone. A phase I trial in pretreated patients with colon carcinoma yielded a 
response rate of 20% (CONTI et al. 1994). Several phase II trials with a combination 
of TMTX and other modulators are presently under way. 

6.6 Docetaxel 

Taxol, a diterpene alkaloid isolated from the bark of Taxus brevifo/ia, has a unique 
mechanism of action. It promotes the formation of microtubule polymers in a cell 
by reversibly and specifically binding the j3-subunit of tubulin. Taxol is adminis
tered intravenously by a 3- to 24-h infusion at 3-week intervals and has shown 
activity in ovarian and breast cancer, but not in CRC (CALDAS et al. 1993; SEIDMAN 
et al. 1993). 

6.7 Tegafur 

Tegafur, a prodrug to FU, is hydroxylated and converted to FU by hepatic 
microsomal enzymes, which may lead to a steadier level of FU in the tumor (Au 
et al. 1979; ANTIlLA et al. 1983). Clinical development of tegafur was discontinued 
in the United States because of massive gastrointestinal and central nervous 
system (CNS) side effects without any apparent therapeutic advantage being 
gained over FU itself when given intravenously (FRIEDMAN and IGNOFFO 1980). 
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In a recent phase II trial at the MD. Anderson Cancer Center, a response rate 
of 42% was achieved with UFT, a mixture of uracil and tegafur at a molar ratio of 
4:1, combined with FA given orally (PAZDUR et al. 1994). Serious side effects were 
not seen with this regimen. There has not yet been any report on survival data. 

6.8 Topoisomerase-Ilnhibitors 

Camptothecin (CPT) is a plant alkaloid obtained from Camptotheca acuminata, that 
shows significant antitumor activity against several experimental tumors (GALLO 
et al. 1971). Reports of severe side effects such as leukopenia, gastrointestinal 
toxicity, and hemorrhagic cystitis in earlier trials led to abandonment of the 
drug for further clinical investigation. Camptothecin-11 (CPT-11), a CPT derivative, 
was first synthesized in 1983 and found to be less toxic than CPT (KUNIMOTO et al. 
1987). Preclinical and phase II trials have demonstrated CPT-11 activity in several 
malignancies (for a review, see SHIMADA et al. 1993; MATSUOKA et al. 1994). A recent 
phase II study demonstrated some activity in CRC, with a response rate of 27% 
(17 out of 63 patients); however, no complete response was seen (SHIMADA et al. 
1993). 

7 Quality of Life 

Since treatment of advanced CRC is still palliative, attention has recently shifted 
to the quality of life as a valid end point for clinical trials. So far several investiga
tors have attempted to assess the quality of life in patients with CRC. SCHEITHAUER 
et al. (1993) reported that chemotherapy with FU, FA, and cisplatin improved both 
the quality of life and survival in a small number of patients compared to 
supportive care alone. The quality of life was measured by using a 22-item self
assessment scale. A Swedish group conducted interviews with patients treated 
for CRC using a questionnaire (GLIMELIUS et al. 1994). Comparison of two treat
ment modalities revealed a significant difference in the quality of life, but not in 
the response or survival. 

A more widespread instrument for assessing quality of life over time is the 
OlO C 30 questionnaire developed by EORTC, which consists of functional 
scales (physical state, ability to work, and cognitive, emotional, social, and 
global quality of life) as well as symptom scales (pain, nausea, vomiting, 
fatigue, dyspnea, loss of appetite, sleep disturbances, diarrhea, and constipation) 
(AARONSON et al. 1993). In addition to this validated "core questionnaire," there are 
several modular supplements specifically designed for certain types of cancer 
(BERGMAN et al. 1994). In a recent randomized clinical trial comparing FU/FA and 
FU/IFN in advanced CRC, quality of life was for the first time a major end point of 
the study. In a total of 142 patients, serial self-assessment revealed a significantly 



Treatment of Advanced Colorectal Cancer 231 

reduced quality of life in the FU/IFN treatment arm. This result was not expected 
from the physicians' rating conducted at the same time by using the National 
Cancer Institute (NCI) Common Toxicity Criteria. The compliance with the quality 
of life self-assessment by the patients was 92%. Evaluability of the EORTC 
questionnaire was also high (88%), thereby qualifying as a valuable instrument for 
assessing patients' quality of life in future randomized trials in CRC (KREUSER et al. 
1995). 
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Although liver metastases may provide the first evidence of cancer progression, 
they almost always indicate general dissemination of malignancy. Treatment 
options for hepatic metastases include surgical resection, administration of 
regional chemotherapy, systemic chemotherapy, radiotherapy, and various inno
vative strategies to achieve specific drug targeting. In spite of all advances, 
surgery is currently the only therapy that prolongs survival or even provides the 
chance of cure. Technical standards constitute no longer a limiting factor in the 
use of hepatic resection for malignant disease. Although hepatic resection 
remains a major procedure, current mortality rates of 0%-6% justify widespread 
use of this type of surgery (FOSTER and LUNDY 1981; GAYOWSKI et al. 1994). 
Consequently, it is now even more important to establish accurate guidelines 
defining the indications of hepatic resection for malignant disease. 
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Due to its high incidence, most of the available information regarding hepatic 
resection for metastatic disease relates to metastases arising from colorectal 
primaries. About 80% of hepatic resections are performed for colorectal second
aries, while 20% are undertaken for non-colorectal metastases (IWATSUKI et al. 
1989). In spite of the poor prognosis of patients with liver matastases, occasional 
success of surgical resection resulting in long-term survival has been reported. 
This observation suggests the existence of a subset of patients who benefit from 
surgical therapy. 

Improved understanding of tumor biology has been incorporated in treatment 
strategies and has been used to refine techniques in surgery and adjuvant 
therapies, which offer promising prospects for future therapy strategies. 

2 Clinical Diagnosis 

The basic step in the diagnostic evaluation of liver lesions involves confirming the 
presence of malignancy, which may be difficult without biopsy. While liver 
function tests provide no specific information, determination of the serum level of 
a range of tumor markers can be helpful in establishing the correct diagnosis 
(LUCAROTII et al. 1991; AL JARALLAH et al. 1993). If high levels of (X- fetoprotein (AFP) 
(greater than 100 ng/I) are detected, presence of a primary hepatocellular carci
noma is very likely. Colorectal metastases may be associated with increased 
levels of carcinoembryonic antigen (CEA) and CA 19-9. An increased level of CEA 
(more than 5 ng/ml) is found in about 90% of all patients with hepatic metastases 
of colorectal carcinoma. However, the specifity and sensitivity for CA 19-9 is low 
(60%-65%) (HOHENBERGER et al. 1994). Pathologic liver function tests and in
creased levels of CA 15-3 are indicative of hepatic metastases of breast carcinoma 
(GERAGHTY et al. 1992). 

Ultrasonography is generally the initial imaging method for detection of 
suspected liver metastases. The accuracy of this method is substantially influ
enced by the presence of independent hepatic pathology such as liver cirrhosis. 
Consequently, the sensitivity and specifity of ultrasonography may be as low 
as 50% for the detection of hepatic tumors, and similar results have been 
reported for conventional computed tomography (CT) (WERNECK et al. 1991). 
Special CT techniques, e.g., angiographically enhanced CT and incremental 
dynamic bolus CT, have been demonstrated to be more sensitive for the detec
tion of small liver tumors (SOYER et al. 1994; COLLIER and FOLEY 1993). Recently, 
comparable results were obtained for magnetic resonance imaging (MRI), and 
further development of contrast media such as gadopentate dimeglumine may 
induce improved imaging of hepatic tumors by this technique (MITCHELL et al. 
1994; SEMELKA et al. 1994). 

At present a reasonable degree of accuracy in the differentiation of benign 
and malignant liver tumors can be achieved by a combination of several imaging 
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methods. Dynamic bolus CT is reasonably specific in the diagnosis of 
hemangioma. Characteristically, hemangiomas appear as a hypodense lesion 
followed by peripheral enhancement during infusion of bolus of contrast and 
gradual filling of the lesion. However, these criteria are typical in no more than 
55% of the cases (FREENY and MARKS 1986). Other radiologic investigation tech
niques such as angiography, scintigraphy, and single photon emission CT (SPECT) 
can contribute significantly to increasing the accuracy of the diagnosis. In a recent 
study on 83 patients with hepatic lesions, MRI was used to discriminate between 
hemangiomas and malignant lesions with a 97% accuracy (McFARLAND et al. 
1994). TC 99m sulfur colloid scintigraphy is very useful for differentiating focal 
nodullar hyperplasia (FNH) from other hepatic masses, because uptake of 
this compound is extremely uncommon in other lesions (WELCH et al. 1985). 
Promising results were also reported for MRI in FNH and hepatic adenoma 
(FERRUCCI 1990). 

Immunoscintigraphy using monoclonal anti-CEA antibodies has proved 
valuable for the detection of liver metastases of colorectal carcinoma. A sensitiv
ity ranging from 50% to 80% and a specifity of up to 85% has been obtained 
(HASEMANN et al. 1992; IMDAHL et al. 1994). The results of this technique depend 
on the specifity of the antibodies as well as on the stability of the labeling and 
the imaging technique used (HaLTING et al. 1990). 

3 General Considerations for Surgical Resection 

The indication for hepatic resection is limited to patients who are potentially 
curable by surgery. The presence of hepatic or celiac node involvement as well 
as other extrahepatic spread implies the impossibilty of eradicating the disease 
completely by liver resection. Unfortunately, discontinuous extrahepatic spread, 
including lymph node involvement, local recurrence, and peritoneal carcinosis, 
is described in 10%-25% of patients with hepatic metastases, and infiltration 
beyond the liver in adjacent organs is found in up to 30% of cases (HUGHES et al. 
1988; WAGNER et al. 1984). However, preoperative imaging is often not sensitive 
enough to identify patients with extrahepatic spread. In up to 40% of patients, 
involvement of extrahepatic structures is demonstrated on laparotomy (STEELE 
et al. 1991). Although infiltration per continuitatem may be treatable by muti
visceral resection, the prognosis in these patients is poor. Laparoscpy and 
laparoscopic ultrasound can be helpful in diagnosing dissemiated malignancy, 
thus avoiding futile laparotomy (HUNERBEIN et al. 1994). In the future, the analysis 
of CK-18-positive cells in the bone marrow may become a further important factor 
in decision-making regarding liver resection. These cells probably indicate dis
seminated disease with a poor prognosis not suitable for surgical, i.e., local 
measures. 
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4 Surgical Results in the Treatment of Liver Metastases 

4.1 Colorectal Cancer 

At the time of diagnosis, liver metastases are found in 15%-25% of patients 
with colorectal cancer, while a further 25%-30% will develop metachronous 
metastases after resection of the primary tumor (NIH 1990 ASBUN et al. 1994; 
FOWLER et al. 1993; ELIAS et al. 1993). This means that ultimately about 50% 
of the patients will show liver metastases in the course of their disease. Pro
gression of liver involvement is the most limiting factor for survival in 
colorectal malignancy. Untreated liver metastases from colorectal cancer are 
associated with a surivival time of between 5 and 25 months (Table 1). The 
median survival time is somewhat less than 10 months (WAGNER et al. 1984; LAHR 
1983; STEELE et al.1991). 

A multitude of therapeutic approaches have been evaluated to improve the 
outcome of patients with hepatic metastases. Presently the only treatment 
option providing a realistic chance for cure remains surgical resection. Surgery 
has been increasingly used as primary therapy. This has mainly been caused by 
the decrease in morbidity and mortality of the procedure due to increased 
experience and technical advances. 

However, as a result of advanced nonresectable or disseminated disease or 
poor general condition only about 25% of patients are suitable for surgery 
(BALLANTYNE and QUIN 1993). Despite preoperative staging in patients considered 
for liver resection, a considerable proportion have extensive disease that is 
discovered by laparotomy. In a recent study of the Gastrointestinal Tumor Study 
Group (GITSG)' 69 of 150 patients (42%) with potentially resectable liver meta
stases on the basis of preoperative staging were found to have non resectable 
disease at surgery (STEELE et al. 1991). Curative resection was possible in 46%, 
while 12% of the patients underwent noncurative resection. The median survival 
time of patients who underwent a curative procedure was significantly longer than 
in those who underwent noncurative resection (37 versus 21 months). However, 
there was no survival benefit for the noncurative resection group compared to 
untreated patients (16 months). Consequently, noncurative resection is best 
avoided in patients with liver metastases from colorectal cancer. 

Table 1. Surviva'i of patients with untreated colorectal secondaries to the liver 

Reference Patients (n) Median survival time Five-year survival 
(months) rate(%) 

GOSLIN et al. 1982 125 10-24 0 
LAHR et al. 1983 147 4.5-12 
WAGNER et al. 1984 252 11 -21 <5 
SCH EELE et a I. 1990 983 6.9-14.2 0 
STEELE et al. 1991 47 16.5 n.s. 

n.s., not stated. 
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The role of surgical resection of colorectal metastases to the liver has 
been investigated extensively. Surgery has improved overall survival and has 
been curative in selected patients. Actuarial 5-year survival rates of 23%-40% 
have consistently been reported in major studies (Table 2). The 10 year survival 
rate has been recorded to be 12%-25%. The operative mortality rate ranged from 
0% to 6%. 

These data indicate that hepatic resection for colorectal metastases is a safe 
and efficient procedure. Nonetheless there is ongoing controversy regarding 
patient selection for resective surgery, although a number of clinical and patho
logical prognostic factors have been identified. Numerous studies have sug
gested that the number and distribution of metastases significantly affect survial. 
Although there is no general consensus, most authors agree that hepatic resec
tion should be limited to patients with less than four metastases (HUGHES et al. 
1988; ASBuN et al. 1994). While patients with one to three metastases have a 
similar prognosis resulting in 5-year survival rates of about 30%, patients with 
four or more metastases have a very poor prognosis, with a 5-year survival rate of 
3% (GAYOWSKI et al. 1994). Interestingly, in this recent report bilobular distribution 
of the metastases had adverse effects on overall and median survival, which is in 
contrast to the results of most other studies (STEELE et al. 1991; FOSTER 1990). 

Although the specific type of operation (e.g. anatomic versus wedge resec
tion) apparently has no influence on survival, it is crucial to obtain a tumor-free 
resection margin of at least 1 cm. Consequently, for larger lesions anatomic 
lobectomy may be more appropriate even if a non-anatomic procedure is techni
cally feasible. A diameter of the metastastic lesion of more than 5 cm has been 
considered an important determinant by some authors, but this has not reached 
general acceptance. A multicenter retrospective review by the Registry of He
patic Metastases demonstrates that a disease-free interval of less than 1 year 
was associated with less favorable survival rates (HUGHES et al. 1988). Patients 
with a disease-free interval of more than 1 year achieved a significantly improved 
5-year survival rate (26%) compared to those with a shorter interval (16%). This 
may reflect the biological properties of the primary tumor and favors resection 
of metachronous secondaries that develop more than 1 year after resection of 
the primary tumor. Nonetheless, resection of a synchronous liver metastases may 

Table 2. Survival after resection of hepatic metastasis from colorectal cancer; studies with more than 
100 patients 

Reference 

GAYOWSKI et al.1994 
SCHEELE et al. 1990 
HUGHES et al. 1988 
ADSON et al. 1984 
FOSTER and LUNDY 1981 

n.s., not stated. 

Patients (n) Five-year survival rate (%) 

204 32 
183 40 
859 33 
141 25 
231 23 

Perioperative mortality 
rate (%) 

o 
5.5 
n.s. 
4 
6 
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be performed with good results if a solitary lesion can be removed by limited 
resection with a minimal risk of bleeding and contamination (VOGT et al. 1991). 

Unfortunately, recurrence of liver metastases after seemingly curative resec
tion is observed in about 30%-50% of cases (HUGHES et al. 1988; NORDLINGER et al. 
1994). Only a small percentage of recurrent metastases appear to be 
resectable. In a French multicenter study, 116 patients underwent second liver 
resection, resulting in an overall 3-year survival rate of 33% (NORDLINGER et al. 
1994). In contrast, only 26% of the patients with unresected recurrence confined 
to the liver survived 3 years. The operative mortality due to a second liver 
resection was below 1 %. In our experience in 151 patients with hepatic recur
rence, a second resection was performed in 34 patients, with a postoperative 
mortality rate of 5.8% and a median survival time of 18 months. These results 
demonstrate that a second resection of recurrent liver metastases can be 
beneficial in a carefully selected group of patients with limited disease. Therefore, 
in the absence of extrahepatic disease we recommend surgery as the therapy of 
choice even for a second recurrence in the liver, using the same indication criteria 
as for primary hepatic metastases. 

The role of orthotopic liver transplantation in the treatment of colorectalliver 
metastases has been examined in several studies. A review of data from seven 
European centers and 30 patients undergoing liver transplantation for colorectal 
secondaries showed a 1- and 2-year survival rate of 28% and 14%, respectively 
(KONERU et al. 1988). Most patients develop recurrence within a short interval after 
transplantation due to immunosuppression. At present, hepatic transplantation is 
not justified for the treatment of colorectal liver metastases. 

4.2 Gastric Cancer 

The prognosis of advanced gastric cancer is extremely poor, and surgery is the 
only therapeutic approach that offers the prospect of cure. In the presence of 
metastatic spread to the liver, the 1-year and 5-year survial rates are less than 
20% and 10%, respectively (BABA et al. 1992). Survival beyond 1 year of patients 
with untreated hepatic metastases is rare. 

With respect to the different biological behavior and prognostic significance, 
it is mandatory to distinguish between involvement of the liver by direct infiltration 
and discontinuous metastases. 

Current opinion maintains that resection of gastric cancer including en 
bloc resection of the left lobe of the liver should be performed if the tumor can 
be removed completely (ADAM and EFRON 1989). HABu et al. recently reported 
the results of surgery in 196 patients with gastric cancer extending to adjacent 
organs (HABu et al. 1990). Of 12 patients who underwent combined resection 
for infiltration of the liver, four (33%) survived more than 12 months, while all 
seven patients without combined resection died within 6 months. Combined 
resection showed a slight but significant effect on the mean survival of patients 
with liver involvement. Consequently, en bloc resection may be considered 
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beneficial in selected patients with respect to median survival, although 5-year 
survival cannot be guaranteed (KORENAGA et al. 1988; TABUCHI et al. 1977). Little 
has been published about hepatic resection for discontinuous metastases arising 
from primary gastric carcinoma. Most reports are collective reviews with pooled 
data of liver resections for metastasis of various primaries. These studies provide 
only sparse information on the therapeutic significance of liver resection for 
gastric cancer (Table 3). The figures for 5-year survival range between 5% 
and 12 % after liver resection for gastric cancer (FOSTER 1978; MORROW et al. 1982; 
WOLF et al. 1991). Recently more comprehensive data have been presented 
by BINES et al. (1993). Liver resection for metastatic spread in ten patients resulted 
in long-term survival in one patient with adenocarcinoma of the stomach. 
The collective 1- and 5-year survival rates were 45% and 30%, respectively. 
However, a rather high hospital mortality rate of 25% was observed. Other 
groups confirmed a short-term improvement in survival for patients undergoing 
synchronous liver resection at the time of gastrectomy if there was limited spread 
to the liver (KOGA et al. 1980; OKUYAMA et al. 1985). Metachronous resections 
should only be considered for those patients who can potentially be rendered 
disease free. 

4.3 Renal Cell Carcinoma 

In contrast to colorectal cancer with its portal venous route of hematogenous 
spread, isolated liver metastases of renal cell carcinoma are rare. Renal cell 
cancer shows a caval type of dissemination, which favors metastatic spread to 
sites other than the liver. Consequently, even in specialized centers there is only 
a low incidence of liver metastases originating from renal cell cancer. In a series 
of patients with metastatic renal cell cancer evaluated for survival, only 11 % 
developed liver metastases (SWANSON et al. 1983). 

Reviewing the data of 13 studies reporting the results of 1805 liver resections 
for metastatic disease, only 39 patients underwent resection for renal cell 
carcinoma (Table 4). These cases represent 2.2% of all liver resections. Unfortu
nately, only seven of the authors state their treatment results. To our knowledge 
only five patients survived 5 years or longer. 

Table 3. Results of combined hepatic resection and gastrectomy in patients with advanced gastric 
cancer 

Reference Patients (n) 

FOSTER 1978 7 
MORROW et al. 1982 11 
HABU et al. 1990 12 
WOLF et al. 1991 19 
BINES et al. 1993 12 

'Mean survival time, 10 months. 

Five-year survival rate (%) 

o 
12 
-' 
5 

30 

Perioperative mortality 
rate (%) 

6 

8.3 
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Table 4. Results of hepatic resection for renal cell cancer 

Reference Resections (n) Survivors (n) Total number of patients 

RAMMING et al. 1977 8 2' 123 
FOSTER and LUNDY 1981 3 2b 335 
MORROW et al. 1982 1 n.s. 64 
THOMPSON et al. 1983 1 l' 138 
TOMAS-DE LA VEGA et al. 1984 3 2' 29 
KORTZ et al. 1984 1 n.s. 21 
FUNOVICS et al. 1986 4 n.s. 245 
STIMPSON et al.1987 1 n.s. 87 
COBURN et al. 1987 1 n.s. 56 
STEHLIN et al. 1988 4 1 ' 111 
IWATSUKI et al. 1989 3 0' 411 
RINGE et al. 1990 5 n.s. 151 
STURM et al. 1991 2 l' 34 

Total 39 1805 

n.s., not stated. 
'At 5 years. 
b 2 years. 

4.4 Breast Cancer 

Metastatic spread to the liver is a common observation in patients with advanced 
carcinoma of the breast when autopsy is performed. However, conventional 
preoperative staging often fails to detect these metastases. In a study of 43 
patients undergoing laparotomy for staging of advanced carcinoma of the breast, 
MEIRION et al. found intra-abdominal disease not detected by preoperative staging 
in 37% of the patients (MEIRION-THOMAS et al. 1978). 

In spite of the high incidence, there are only sporadic reports on hepatic 
resection for liver metastases in breast cancer. The presence of liver metastases 
is frequently synonymous with generalized disease not curabre by surgery. FOSTER 
et al. reported that none of five patients treated by hepatectomy for metastatic 
breast cancer survived 5 years (FOSTER 1978). ELIAS et al. have evaluated the role 
of hepatic resection in a multimodal treatment protocol including pre- and 
postoperative chemotherapy (ELIAS et al. 1991). In a series of 22 patients, surgical 
exploration revealed benign lesions in four patients, while nonresectable intra
abdominal spread was present in six patients. Consequently, hepatectomy was 
performed in only 12 patients (54%). The median survival time for these patients 
was 37 months, which was twice as long as that of control patients (13-17 
months). However, a high rate of recurrence occurred in the survivors, with only 
two patients remaining free of disease at 46 and 29 months, respectively. 

These data demonstrate that resection of liver metastases from breast 
cancer can prolong survival in highly selected patients if a multimodal approach is 
used. The results of hepatic resection for secondary involvement of breast cancer 
might be improved by using more sensitive staging techniques such as laparo
scopy. However, the main limiting factor in cytoreductive surgery for metastatic 
breast cancer remains the efficacy of systemic treatment regimens. 
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4.5 Miscellaneous Sites 

Although most of the data regarding hepatic resection for metastatic disease 
relate to colorectal cancer, a significant proportion (10%-15%) of secondary 
hepatic neoplasms originate from various other sites. The overall 5-year survival 
rate after resection of noncolorectal metastases may be as high as 20% (WOLF 

et al. 1991). The primaries include pancreatic carcinoma, malignant melanoma, 
sarcoma, and endocrine tumors such as carcinoid, gastrinoma, and gynecologic 
neoplasms. Occasionally, patients with these primaries present with metastatic 
disease that seems to be limited to resectable sites of the liver. Due to tech
nical advances that allow liver resections to be performed safely, surgical treat
ment may be considered in selected patients. However, the results of hepatic 
resection must be compared with the natural course of the disease. Presently 
no general guidelines for the indications for surgery can be provided because of 
the lack of representative data. 

To date the only information available consists of reports from single institu
tions on the treatment of small numbers of patients. The prognosis of patients 
undergoing liver resection for non-colorectal liver metastases is generally poor, 
with a mean 5-year survival rate of 17% and a mean survival time of 23 months 
(WOLF et al. 1991). Long-term survival is not usually observed in patients with 
pancreatic cancer and gynecologic malignancies, but liver resection may be 
beneficial for some patients with hepatic metastases of carcinoid tumors or 
sarcomas. STEHLIN et al. reported that liver resection for metastases resulted in 5 
year survival of two of three patients with carcinoid tumors (STEHLIN et al. 1988). 
Even if cure is not possible, significant symptom palliation can be achieved by liver 
resection in some patients with endocrine tumors. Especially in patients with 
carcinoid tumors or gastrinoma, cytoreduction can reduce systemic tumor effects 
and may therefore facilitate management of the disease. As an exception to the 
rule, patients with hormone-active endocrine tumors may benefit from liver 
transplantation, as even in a palliative situation alleviation of severe symptoms 
may justify transplantation. 

5 Adjuvant Therapy After Liver Surgery 

Recurrence after curative resection of hepatic metastases may be due to persist
ent microsopic disease in the liver or to homing of circulating malignant cells 
following liver resection. Preoperative or adjuvant treatment strategies are aimed 
at the eradication of such minimal disease. Adjuvant chemotherapy following liver 
surgery has been administered intra-arterially via the hepatic artery, intera
peritoneally, or systemically. None of the studies showed a significant benefit in 
comparison to surgery alone (Table 5). More recently, active, specific immuno
therapy was tested. In our experience, at 18 months after RO resection of 
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Table 5. Results of selected trials on adjuvant regional chemotherapy of the liver after resection of 
hepatic metastases from colorectal cancer 

Reference Route Patients Drugs Median survival Survival 
In) time (months) rate (%) 

O'CONNELL et al. 1985 Intravenous 26 
O'CONNELL et al. 1985 Intra-arterial 26 5-FU, Me-CCNU - 15' 
CURLEY et al. 1993 Intra-arterial 18 5-FU 39 
LORENZ et al. 1995 Intra-arterial 60 5-FU, FUDR 44 
DONATO et al. 1994 Intra-arterial 102 5-FU 
TSUJITANI et al. 1991 Intraportal 17 5-FU, MMC 
LORZEN et al. 1992 Intraportal 61 FUDR, 5-FU, LV 36 
AUGUST et al. 1985 Intraperitoneal 21 5-FU 53' 
FORTNER et al. 1984 Intravenous 6 5-FU 24 
O'CONELL et al. 1985 Intravenous 26 Me-CCNU 34 

5-FU, 5-fluorouracil; FUDR, 2-fluoro-2'-deoxyuridine; Me-CCNU, methyl-CCNU (semustine); MMC, 
mitomycin; LV, leucovorin. 
'At 5 years. 

colorectalliver metastases, 61 % of patients had developed recurrence compared 
to 87% of a historically matched group (SCHLAG et al. 1992). The definitive value of 
this treatment strategy cannot yet be determined, and further investigation in a 
prospective randomized trial is now underway. Progress in tumor immunology 
and vaccines designed using molecular biologic and genetic methods will further 
improve adjuvant therapy in the future. 

6 Regional Chemotherapy for Liver Metastases 

Response rates for systemic chemotherapy in most patients with liver meta
stases are limited and do not contribute to an increased survival. Polychemo
therapy and high-dose regimens are accompanied by severe side effects and 
unacceptable discomfort to the patient. Therefore, regional chemotherapy is of 
special interest for the treatment of nonresectable liver metastases, because 
high local tumor concentrations of chemotherapeutic agents are achieved with 
low systemic toxicity. 2-fluoro-2-deoxyuridine. (FUDR) and 5-fluorouracil (5-Fu) 
have mainly been used for hepatic artery infusion (HAl), as these drugs have a 
high hepatic excretion rate. Response rates are consistently better for intra
arterial infusion (40%-60%) than for systemic chemotherapy (10%-20%). How
ever, in most of the reported trials the overall sUNival was not significantly 
different, and extrahepatic disease progression was more frequent in patients 
treated by intra-arterial therapy (ROUGIER et al. 1990). To overcome this drawback, 
HAl has been studied in combination with systemic chemotherapy (KEMENEY 
et al. 1992). Again, this has not resulted in better survival when compared to HAl 
alone (MARTIN et al. 1990). With tumor necrosis factor-u administered intra
arterially, sporadic antitumor effects were observed (ZUKIWSKI et al. 1989). In a 
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randomized trial comparing splenic artery infusion of interleukin-2 (lL-2) for hepatic 
metastases of various malignancies, the splenic route was more advantageous 
(MAVLlGIT et al. 1988). The blood supply of hepatic metastases relies predomi
nantly on the arterial route, although the periphery of the metastasis is mainly 
perfused by the portal system. Sudden interruption of the arterial blood supply is 
followed by partial tumor necrosis. Various techniques have been investigated to 
achieve such interruption including hepatic artery ligation, complete desarteria
lization of the liver, hepatic artery embolization using degradable or nondegrad
able microspheres, Gelfoam (absorbable gelation) sponges, Lipiodol (iodized oil) 
or lyophilized dura, indwelling ballon catheters, and extra-arterial inflatable bal
loons, allowing repeated interruption of arterial blood flow (GERARD et al. 1991; 
HUNT et al. 1990). Finally, isolated hepatic perfusion has been performed for 
different types of hepatic metastases to obtain higher local drug concentrations 
(BARONE et al. 1990; MORIYA et al. 1991). Unfortunately, it has not been established 
whether any of these techniques improve survival in patients with hepatic 
metastases. Other treatment modalities include induction of interstitial hyper
thermia by microvaves, electromagnetic waves, or laser application. Radiation 
treatment has been performed by the external or internal route with radioisotopes 
coupled to microspheres or antibodies. The latter have also been coupled to 
cytotoxic drugs. Local treatment of liver metastases has been attempted by 
cryotherapy, alcohol injection and interstitial radiation with iridium-192 alone or 
in combination with chemotherapy. The primary goal of these treatments is 
palliation, and their effect on survival is questionable. 

7 Conclusion 

The liver is a common site of metastastic spread arising from various cancers, 
especially from gastrointestinal primaries. Various treatment options, including 
regional and systemic chemotherapy, have been used for metastatic disease to 
the liver. However, it has not yet been shown, that these methods prolong 
survival or lead to long-term survival. In contrast, surgical resection of metastases 
can result in cure for selected patients. 

Hepatic resection can now be performed with an acceptable risk. The 
mortality rate has decreased significantly in the last few decades (GAYOWSKI et al. 
1994; FOSTER and LUNDY 1981). Since there are no longer any restrictions on 
hepatic surgery from a technical point of view, accurate selection of patients who 
will benefit from aggressive surgery has become even more important. Numer
ous studies have clearly demonstrated that hepatic resection of secondary 
lesions of colorectal cancer can imporve survival (HUGHES et al. 1988; STEELE et al. 
1991; GAYOWSKI et al. 1994). Five-year survival rates as high as 40% have been 
reported when appropriate patient selection criteria were used (SCHEELE et al. 
1990). Although various studies were performed to identify these criteria, there 
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are currently only a few generally accepted prognostic factors to guide surgical 
decisions. The presence of widespread disease, i.e., portal/celiac lymph nodes, 
extrahepatic metastases, and multiple liver metastases, must be considered 
clearly as a contraindication for resection of hepatic metastases of colorectal 
cancer. In most institutions, three to four metastases are considered to be the 
upper limit for resection. Patients with longer interval between resection of the 
primary and diagnosis of liver metastases have a significantly improved prognosis 
after resection of the metastases. However, a short disease-free interval or the 
presence of synchronous metastases is not an absolute contraindication to 
surgery. Nevertheless, surgical resection of liver metastases should be aban
doned in the presence of extrahepatic disease or if a complete removal of the 
metastatic lesions (RO resection) is unlikely to be achieved. The prognostic factors 
for resection of noncolorectal metastases to the liver are contradictory at the 
moment, and the indications for resection are not consistent. The results of 
hepatic resection for secondary involvement must be judged with respect to the 
natural course of untreated disease. However, resective treatment should not be 
denied to patients with noncolorectal liver metastases if no other treatment 
is available and curative resection may be possible. 

Adjuvant chemotherapy following surgery of liver metastases did not im
prove survival rates. Tumor cell vaccination after resection of liver metastases is 
an attractive concept. Early reports are promising, and randomized controlled 
trials have been initiated. 
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